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Foreword

Biopolymers adopt distinct conformations in order to express functions that are
key to life. Examples are the sheet, helix, and turn motifs of proteins, the double
and triple helix, quadruplex, or hairpin motifs of nucleic acids, or the helical
structures of carbohydrates such as starch. Without these preferred structures, ex-
pression and translation, recognition, catalysis, and transport in living systems
could not be achieved. While chemists have learned since the middle of last cen-
tury how to analyze conformational preferences of small molecules and to apply
this knowledge to regio- and stereoselective chemical transformations, the control
of the three-dimensional structure — and thereby the function — of synthetic
oligomers and polymers has only recently become a hot research topic.

Foldamers, i.e. synthetic oligomers with distinct conformational preferences,
are at the interface of covalent (molecular) and noncovalent (supramolecular)
chemistry. Their investigation will enable chemists to develop geometrically
defined oligomers that promise to rival biopolymers in their function and appli-
cation. Increasingly, foldamers with covalent or supramolecular backbones are
switchable under external stimuli between two defined stable states, can be pre-
pared by dynamic combinatorial synthesis, or can assemble to functional fol-
damer complexes. They will find use as novel biomimetic receptors and catalysts,
light and energy capturing and storage devices, delivery and transport systems for
synthetic drugs and membrane-impermeable biomolecules, and materials that in-
terface with biological tissues.

The construction of foldamers starts from small, intelligently programmed
monomeric modules, which contain the information to generate oligomers with
distinct three-dimensional structures. The geometries are controlled by a variety
of parameters, including backbone conformational preferences, backbone inter-
chromophoric interactions (such as aromatic—aromatic interactions), side chain
interactions, solvophobic interactions, metal ion coordination, and H-bonding
molecular recognition. These parameters are logically analyzed in the mono-
graph, resulting in useful design protocols. Functions of synthetic foldamers
and their relationships to biopolymers are described for systems spanning from
biomimetic oligomers to zm-conjugated oligomers. I strongly recommend this
monograph to all academic and industrial researchers interested in fascinating
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perspectives for future chemical research; it will also take its place in modern
graduate student education.

Zurich, September 15, 2006 Francois Diederich
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Preface

Research in molecular chemistry is essentially devoted to understanding the rela-
tionships between chemical structures and their properties and functions. One
key parameter of a molecule’s structure is its overall shape: its three-dimensional
conformation. It is thus no surprise that conformational analysis and strategies
to control conformation lie at the heart of many disciplines. Not unexpectedly,
Nature has evolved the ultimate realization of function based on controlling and
altering conformation of its molecular machinery. Prominent examples include
information storage, duplication and translation using DNA and ribosomes and
cooperative oxygen transport by hemoglobin. These achievements are based on
large and complex yet remarkably defined structures, which are obtained through
the folding of long polymeric chains and a subtle balance of noncovalent forces.
On the contrary, many synthetic systems with defined conformations rely on co-
valent restriction of the molecules’ flexibility. Pre-organization has long been a
cornerstone of molecular design, as exemplified by the fact that most drugs are
cyclic or macrocyclic. However, during the past decade, chemists have been in-
spired by self-organized natural systems and have gained increasing knowledge
of how to design molecular strands, so-called foldamers, that are capable of adopt-
ing well-defined folded conformations.

Foldamers have been loosely defined by Gellman as “polymers with a strong
tendency to adopt a specific compact conformation” or more restrictively by
Moore as “oligomers that fold into a conformationally ordered state in solution,
the structures of which are stabilized by a collection of noncovalent interactions
between nonadjacent monomer units”. Usage of the term foldamer has mostly
been targeted to synthetic oligomers (see Chapters 1-4). Artificial folded struc-
tures, which in fact are covered by the same definition, were studied extensively
long before the term foldamer was coined and include synthetic (non-natural) o-
peptide sequences (Chapter 5), artificial proteins (Chapter 9), nucleic acids (Chap-
ter 10), and helical polymers (Chapters 11 and 12), among others.

The aim of this book is to cover the breadth of the rapidly developing field of
foldamer research and to unite the different aspects and schools by illustrating
the generality of underlying concepts. The central theme is the synthetic
construction and functional exploitation of chain molecules with a conforma-
tional preference. While the first part of the book is devoted to foldamer design

XV
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concepts, the second part covers the use of conformational control to create
chemical entities with beneficial functions in biology and materials science.

Synthetic oligomers can be divided into four major families (Chapters 1-4) ac-
cording to the factors that dominate folding, i.e. local rotational restrictions, inter-
actions between sites remote in the sequence, solvophobic effects, and assembly/
hybridization. This division, however, is not exclusive. Folding is often the result
of a combination of these factors and, in all cases, requires intrinsic backbone ri-
gidity. Other factors, such as electrostatic and steric repulsions, may play a less
visible but no less important role in reducing the accessible (unfolded) conforma-
tional space. Experimental studies of synthetic oligomers provide insight into
thermodynamics and sometimes kinetics of folding events. In parallel, molecular
modeling has advanced to become a useful tool that can aid conformational anal-
ysis and “observe” missing links, as well as predict preferred folded conforma-
tions (Chapter 6). The design of new folding backbones and subsequently, but
not necessarily, new functions, may be termed a “bottom-up approach” to fol-
damers (Chapters 1-5). In contrast, “top-down approaches” (Chapters 9, 10) start
from the well-known folding behavior of proteins and polynucleotides and,
through directed evolution techniques or through rational design, target func-
tions while simplifying structures. The dynamic nature and flexibility of fol-
damers arise from the deliberate utilization of various noncovalent interactions
for structure formation. It gives rise to adaptability and responsiveness as key
requirements for efficient recognition (“induced fit”) and hence functions (e.g.
in sensing). This flexible yet defined shape of foldamer-based chemical systems
leads to a large variety of applications ranging from biological, such as inhibitor
design and antimicrobial activity (Chapters 7-9), to the materials and nano
sciences, such as biomineralization/composite materials, RNA/DNA architecton-
ics, sensors, and functional interfaces (Chapters 7, 10-13).

It is quite surprising to note that only 15 years ago, molecular folding was
thought to be associated solely with biopolymers, as if natural building blocks
had characteristics unique to themselves. The huge body of recent work on fol-
damers has clearly demonstrated that multiple ‘abiotic backbone families are
able to adopt folded secondary motifs as well. Nowadays, biopolymers can be
viewed as one — arguably very important — class of folding molecules among
many others. The secondary folding motifs discovered thus far in synthetic back-
bones do not differ much from those of biopolymers. Turns, helices, linear
strands, and multi-stranded systems, such as double helices and sheets, seem to
be the most common — perhaps universal — folding motifs. Alternate folding
modes, for example knots, are possible but much less common. Furthermore,
synthetic systems will undoubtedly benefit from utilizing Nature’s hierarchical or-
ganization involving control over local conformation, i.e. rotation about bonds,
and orientation in larger structures thereby controlling global conformation, i.e.
primary — secondary — tertiary — quaternary structure evolution.

Much has been achieved; yet foldamer chemistry is still a young field and a
great deal is to be expected. For instance, tertiary abiotic folds with functions re-
main to be seen and constitute one of the main challenges ahead. The long-term
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prospect of building fully synthetic analogs of proteins is not illusionary, though
it will require even more powerful design and synthetic strategies than those cur-
rently at hand. In this respect, combining bottom-up and top-down approaches,
strategies that have thus far evolved independently, may be a promising way to
follow. While foldamer-based biomimicry certainly provides deeper insight into
Nature’s mysteries, it also allows function to be explored in a non-natural context
using the increased structural diversity and chemical robustness of foldamers.
The potential benefits of this endeavor are enormous. Native folded biopolymers
efficiently perform a multitude of functions using sequences based on relatively
small alphabets — four nucleobases and roughly 20 amino acids. As shown in
artificial proteins and nucleic acids, the same alphabets can be used to achieve
numerous non-natural functions. The prospect of extending such alphabets to
abiotic folding motifs, either already described in synthetic oligomers or yet to
be discovered, thus opens the opportunity for countless applications.

We hope that this book will serve as both inspiration to the non-expert as
well as a valuable resource for the specialist and bring together scientists from
different disciplines to communicate with each other, engage in a joint effort to
unravel one of Nature’s mysteries, and create exciting new opportunities for fu-
ture discoveries.

Last but not least, we want to express our sincere thanks to the authors of the
individual chapters for their unique contributions of exceptionally high quality.
Furthermore, we are indebted to our students, coworkers, and colleagues, with
whom we had the privilege to interact and share the interest and enthusiasm for
this exciting field of interdisciplinary research. We also want to thank the Wiley—
VCH team, in particular Elke Maase for establishing this fruitful endeavor as well
as Manfred Kohl and Steffen Pauly for their professional assistance during the
editing and publishing process.

April 2007 Stefan Hecht and Ivan Huc
Miilheim an der Ruhr and Bordeaux
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Structure: Foldamer Design Concepts






1
Foldamers Based on Local Conformational
Preferences

Ivan Huc and Louis Cuccia

1.1
Introduction

Folding, as it occurs in biopolymers, refers to the prevalence of well-defined con-
formers in solution and, in most cases, to proximity in the folded state between
chemical groups that are remote in the molecules’ backbones. As illustrated in
the first three chapters of this book, a multitude of non-natural folding oligomeric
molecules — termed foldamers — have been designed, prepared and characterized
[1-3]. The factors that promote folding of a linear molecular strand are manifold:
specific attractive or repulsive interactions between sites remote in oligomeric se-
quences, solvophobic effects, local conformational restrictions or any combina-
tion thereof. This chapter deals with arguably the most important route to pro-
mote well-defined conformations within oligomers. It consists of introducing
backbone rigidity through local conformational preferences that stabilize folded
structures and also reduce the number, and raise the energy level, of non-folded
states. Even when other strong effects are at play as, for example, hydrogen bond-
ing (see Chapter 2) and solvophobic effects (see Chapter 3), their efficiency at pro-
moting folding relies on the premise that the molecular backbone is sufficiently
rigid so that the entropic cost of adopting a well-defined conformation is not
excessive.

In this chapter, we focus on foldamers whose folding occurs mainly due
to backbone rigidity, determined locally at the molecules’ rotatable bonds, in the
absence of other strong factors. Backbone rigidity can be imparted in many ways
and occurs in quite diverse families of folding oligomers. It is not our intention to
make an exhaustive presentation, but rather to select representative examples of
these families. We may also add that determining which factors dominate a given
folding event is often not a clear cut issue: some of the examples presented in this
chapter may appear in Chapters 2 or 3 and vice versa. It remains that several gen-
eral characteristics emerge from the diverse families of “rigid” foldamers pre-
sented here: the first is a high level of predictability of the folded conformation,
be it by advanced computational means (see Chapter 6) or by a simple paper
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sketch, structure prediction in rigid foldamers is, in many cases, reliable. A sec-
ond general characteristic is a relatively low solvent dependence of the prevailing
folded conformations in solution. A third important aspect is that, owing to the
narrow distribution of conformations in solution, “rigid” foldamers tend to be
much more crystalline than others: a majority of foldamer X-ray crystal structures
belong to the families of molecules presented in this chapter.

1.2
Rigidly Locked Molecules

Different levels of rigidity can be imparted to a molecular backbone leading
to various degrees of “foldability”. Folding is a dynamic process that supposes,
a priori, an ability to unfold. In extreme cases, the nature of intramolecular con-
nections may result in a single-well energy landscape corresponding to a rigidly
locked conformation. Although these molecules may not be considered foldamers
per se because they show poor capacity to unfold, they do provide a firm starting
point for this chapter.

[n]Helicenes are n-conjugated helical molecules consisting of n all-ortho annu-
lated benzene rings (for example, [9]helicene; Fig. 1.1a) [4]. At first glance, one
would expect helicenes with more than five fused aromatic rings to be rigidly
locked into either a right- or left-handed helical conformation. However, a distri-
bution of molecular deformations over a large number of bonds does allow for
racemization of helicenes ranging from hexahelicene to nonahelicene [5, 6]. In
gelinder helices the building blocks are perpendicular compared with helicenes.
In the case of a bridged para-terphenylophane gelinder (Fig. 1.2b), the molecule

o
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Fig. 1.1 Rigidly locked molecules: (a) helicenes; (b) gelander helices;
(c) molecular ribbons; (d)-(e) molecular rods. These molecules are
termed oligomeric in the sense that there is a repeating motif.
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can be locked into either a right- or left-handed “spiral staircase” conformation
[7]. An intriguing variation on oligoparaphenylene helices are molecular ribbons
reported by Fuji et al. (Fig. 1.2¢). The locking mechanism in these configuration-
ally defined oligonaphthalene derivatives relies on restricted rotation about single
bonds due to unfavorable steric barriers (that is, atropisomerism) [8]. Molecular
rods are rigid “unfoldable” oligomers with well-defined molecular dimensions.
For example, Semetey et al. have reported the synthesis of a series of water-
soluble oligopiperidine molecular rods with as many as ten piperidine rings
(Fig. 1.2d). There is NMR evidence for a chair conformation of each piperidine
ring with each piperidine unit in an equatorial position with combined nitrogen
inversion and chair—chair inversion throughout the well-defined backbone. Ac-
cording to the authors, there is rotation about the C—N bonds, but this results in
only small deviations of the linear geometry of the molecule [9]. A more rigid
spiro-linked molecular rod was reported by Levins et al. This molecular scaffold
was elegantly prepared by rigidifying a flexible oligomer via the formation of two
diketopiperazine rings (Fig. 1.2e) [10]. With regards to molecular rods, some mol-
ecules can have unrestricted rotations along the backbone but do not fold for ge-
ometric reasons — that is, if the backbone is linear (180° connectivity) no amount
of rotation will cause molecular folding (however molecular “twisting” can oc-
cur). This is the case for oligo( para-phenylene ethylene) molecular wires reported
by Schumm et al. [11].

1.3
Predictable Foldamers

Fully predictable foldamers may be defined as oligomeric structures that possess
numerous rotatable bonds — in contrast with the oligomers shown in Fig. 1.1 —
and that may, in principle, envelop a vast array of conformations, but whose con-
formational space is narrowed down to a single conformer because a well-defined
preference exists at each rotatable bond. There is no need to explore the confor-
mational space accessible to the entire molecule to determine its most stable con-
formation since it primarily results from local conformational preferences. Tak-
ing as an illustration the Ramachandran plots used to map the torsion angles
corresponding to stable folded conformations in peptides (see Chapters 2 and 5),
the experimentally encountered values for the torsion angles in fully predictable
foldamers are reduced to very small areas. A simple example is the secondary
amide bond: rotation about this bond is possible but the equilibrium between
the possible rotamers is completely shifted in favor of the transoid conformation.
Cis-secondary amides are rarely observed and generally not considered in peptide
structures: including a third dimension in Ramachadran plots to describe amide
bond rotation is of no use.

Literature pertaining to fully predictable foldamers is already abundant and
is steadily growing. Because of their features, they are archetypical structures
among the molecules described in this chapter: their structure is very well-

5
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defined, predictable, and these compounds are highly crystalline (thus easily
characterized).

1.3.1
Local Conformational Control

Though the definition given above of fully predictable foldamers seems quite
general, the families of molecules that fall in this category are, in fact, rather ho-
mogeneous and almost all consist of n-conjugated systems — for example, aryls,
amides, esters or ureas — connected by single bonds. Evidently, z-conjugation is
a very efficient means of restricting rotation about a single bond as it stabilizes
conformers where two n-systems are close to being coplanar, allowing the z-
orbitals of sp?-hybridized atoms to overlap. This effect is stronger in true -
conjugated systems where para- or ortho-connectivity between aryl rings gives
rise to resonance, but it remains substantial even for meta-connected — cross-
conjugated — systems. Upon effecting a 180° rotation about the single bond
between two n-systems, two degenerate conformers may be possible, but degen-
eracy is easily lifted. Fig. 1.2 shows a number of conformational equilibria for
which a single stable conformation exists at a single bond connecting two z-
conjugated systems. These examples are representative of the families of fol-
damers described in Sections 1.3.2 and 1.3.3, but it is clear that many alternate
schemes could be devised along the same lines.

Thus, aryl-CONH single bonds adopt syn conformations when the aryl ring
possesses a hydrogen bond donor ortho to the amide group (Fig. 1.2a). The hydro-
gen bond donor may be an exocyclic OH [12] or NH [13-17], or an endocyclic
NTH [18]: all three moieties hydrogen bond to the amide carbonyl and repel the
amide proton. Conversely, the anti conformation of aryl-CONH linkages is stabi-
lized by hydrogen bond acceptors on the aromatic ring (Fig. 1.2b) which attract
the amide proton and repel the amide oxygen. The most common groups used
as hydrogen bond acceptors are endocyclic nitrogen atoms [13, 15-42] or exocy-
clic ether oxygen atoms [39, 43-55], but other functional groups have also been
shown to be effective, for example, exocyclic fluorine [56], imino nitrogen [57],
N-oxide oxygen [14] and phenolate oxygen [12].

Conformations about aryl-NHCO linkages are controlled in a very similar way
by hydrogen bond donors or acceptors ortho to the amide function on the aro-
matic ring. For instance, a syn conformation is favored by a proton [18, 37, 38,
58-60] or a metal ion [40, 61, 62] that can coordinate to an amide carbonyl (Fig.
1.2¢). An anti conformation is favored when a hydrogen bond acceptor is intro-
duced which binds to the amide proton and/or repels the amide oxygen (Fig. 1.2d).
Effective acceptors include exocyclic ether oxygen [12, 27, 28, 40, 44, 45, 47, 49—
55] or sulfur [43, 63—65] atoms; exocyclic fluorine [56]; endocyclic nitrogen [18-
21, 29, 33, 37, 38, 41]; exocyclic N-oxides [66] or phenolates [12]; exocyclic car-
bonyl oxygen [16, 17, 32, 39, 48, 67-70]; as well as sp? nitrogen atoms belonging
to connected [71] or fused [24-26, 29, 30, 34—36] aromatic rings.
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Fig. 1.2 Stabilization of well-defined rotamers
through local attractive (hashed lines) and
repulsive (double headed arrows) interac-
tions. The stabilized conformer is shown

on the left side of each equilibrium. “X-A"
and “X-D" correspond to hydrogen bond
donor and hydrogen bond acceptor moieties,
respectively. When “X—D" does not bear a

hydrogen but a metal ion, it is an electron
acceptor. (a)—(b) aryl-CONH linkage;
(c)—(e) aryl-NHCO linkage; (f) aryl-aryl,
aryl-imine and aryl-hydrazone linkages;
(g) restricted rotation about an acetylene
bond; (h) aryl-carboxyl bond where sp?
and sp? hybridized oxygen atoms are
discriminated.

These numerous examples are illustrative of the diversity of aromatic amide
foldamers. The attractive interactions that stabilize a given rotamer often consist
of bifurcated and not necessarily strong hydrogen bonds. However, the role of re-
pulsive interactions (double headed arrows in Fig. 1.2) should not be underesti-
mated. Although their exact contribution has not been quantified, it is likely that
their strength is no less than that of hydrogen bonds.

Related structures involve aromatic sulfonamides [72], hydrazides [73], or diazo
groups [42]. In some cases, conformational preference may appear as less obvi-
ous, but nevertheless exists. For example, in the 2-pyridyl-carboxyl linkage shown

7
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in Fig. 1.2h, both the sp? and sp? hybridized oxygen atoms of the carboxyl func-
tion are a priori involved in repulsive electrostatic interactions with the neigh-
boring endocyclic nitrogen atom. However, a stronger repulsion involving the car-
bonyl oxygen leads to a stabilization of the anti conformer [26]. For the 2-pyridyl
ureas shown in Fig. 1.2e, attractive interactions exist both for the syn and anti
conformers [74-78]. While both conformers are at equilibrium when the urea
moiety is unsubstituted [76, 79, 80] the cis urea conformation and thus the syn
conformation of the aryl-urea linkage are stabilized by an N-alkyl group [81]
(see also Section 1.4.1).

The schematic equilibrium shown in Fig. 1.2f covers a number of aryl-aryl
connections between pyridine, and other aza-aromatics, as well as aryl-hydrazone
linkages. These have been used extensively by the group of Lehn to produce a
wide variety of foldamers [82-98].

The restricted rotations presented above are all well documented in the litera-
ture. In particular, crystallographic data are available in most cases. The global
trend that emerges from these data is a remarkable reliability of the predicted pre-
ferred conformations. Only three crystal structures were found showing signifi-
cant deviations from the predicted more stable conformations. As shown in Fig.
1.3, they all concern the anthranilamide motif and represent interesting snap-
shots of presumably ill-folded conformations [14, 15].

Finally, rotamers stabilized by local interactions that involve weak z-conjugation
or no conjugation at all should also be mentioned. This is the case for the equilib-
rium shown in Fig. 1.2h where rotation about a diaryl-acetylene linkage is re-
stricted by hydrogen bonding between functions on either side of the triple bond
[99-101]. This motif has been introduced within some solvophobically driven fol-
damers such as oligophenylethynylenes (see Chapter 3) to stabilize the folded
conformations in solvents that do not promote solvophobic effects. Other exam-
ples include 3,5-linked oligopyrrolin-4-one [102] and some constrained dipeptides
[103] (see Section 1.3.3).

Fig. 1.3 Top view and front view of three anthranilamide motifs
observed in the crystalline state showing substantial deviations from
the canonical planar six-membered NH---O=C intramolecularly
hydrogen bonded ring [14, 15].
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1.3.2
Folded Conformations of n-conjugated Systems

The interactions that drive the local conformational preferences in fully predict-
able foldamers are largely two-dimensional (2-D); this can be attributed to the pla-
nar nature of the repeating unit(s), the linkages, and the relative positioning of
consecutive units (Fig. 1.2). The curvature (or lack thereof) resulting from this
2-D folding relies on the nature and geometry of intramolecular hydrogen bond-
ing, electrostatic repulsions, and/or steric interactions. The crystal structures of
short sequences of monomers actually often reveal rigorously flat arrangements.
It is this 2-D nature that makes structure prediction so easy; simple molecular
modeling or even paper sketching allows one to determine the relative orientation
of the consecutive units according to the conformational preferences shown in
Fig. 1.2. When several units are connected within a sequence, the overall confor-
mation results from the sum of each preferred rotamer.

1.3.2.1 Crescents and Helices
The relative orientation of consecutive units within even a very short oligomer
may result in a stable, planar, curved, crescent-like conformation. In this respect,
fully predictable foldamers strongly differ from most other foldamer families
where strand bending is hardly possible in the absence of contacts between func-
tions remote in the sequence as found in helices or hairpin turns. As the length
of a crescent-like oligomer is increased, deviation from planarity is imposed by
steric repulsions between the extremities of the crescent, and the 2-D structure
becomes three-dimensional, giving rise to a helical conformation. As shown in
Fig. 1.4, such helices have been designed and characterized using various types
of monomeric units and certainly represent the flagship of fully predictable fol-
damers. The top views of the structures of Fig. 1.4 are illustrative of the structural
differences between the helices highlighting the different number of units per
turn and the variable inner diameters. The side views of the structures are re-
markably similar despite the completely different nature of backbone composi-
tions: in all cases, the helical pitch of these n-conjugated systems equals the thick-
ness of one aromatic ring. Most of these oligomers are constructed by alternating
two types of symmetrical units and do not possess a helical polarity such as that
of peptides. However, the examples shown in Figs. 1.4a and d are built using di-
rectional units (3-amino-benzoic acid [45] and 8-amino-2-quinolinecarboxylic acid
[97], respectively), but in both cases, these have been connected to a central sym-
metrical spacer in order to double the oligomer length in the last synthetic step.
Helices such as those of Fig. 1.4 emerge primarily from the preferred confor-
mations of each rotatable bond. Yet, intramolecular n—= stacking between aryl
moieties clearly provides additional conformational stabilization. It seems, how-
ever, that n—z stacking is not directional to the extent that it has an influence on
the actual strand curvature so as to promote specific favorable contacts between
aryl groups: curvature in helices is similar to that of crescents where no stacking

9
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Fig. 1.4 Molecular formulae and X-ray structures — all at the same scale
— of helical fully predictable foldamers. References for structures (a),
(b), (¢), (d), (e), and (f) are found in [45], [97], [93], [26], [20], and [31],
respectively. Side chains, including solvent molecules and non-amide
hydrogens have been omitted for clarity.



1.3 Predictable Foldamers

is involved. n—= stacking becomes critical in those cases where local conforma-
tional control is not complete [31, 42]. Considering, for example, the oligomer
shown in Fig. 1.4f, conformations about aryl-CONH bonds are well defined [31]
(see Fig. 1.2b) as opposed to conformations about aryl-NHCO bonds. Helical
folding is thus partly driven by n—= stacking and, indeed, is promoted by protic
solvents such as methanol [31]. Such foldamers are closely related to those pre-
sented in Chapter 3.

The stability of the helical foldamers shown in Fig. 1.4 is illustrated by the fact
that their folding apparently occurs in any type of solvent. Though most solution
conformations have been characterized in chlorinated, aromatic, or polar non-
protic solvents [24, 36, 53], folding has been observed in water as well [30]. Rates
of helix handedness inversion are considerably longer than for most other types
of oligomers, which also suggest high conformational stability: several hours for
the structure shown in Fig. 1.4d [26]. The stability and the compact shape of the
helices are likely the origin of their high propensity to crystallize, and crystallog-
raphy has clearly emerged as a method of choice to structurally characterize these
oligomers.

Depending on the geometry of the repeating motifs (that is, the relative orien-
tation between consecutive units in their preferred conformation), the confor-
mation of fully predictable foldamers can display positive, negative, or zero
curvature. For example, two 0° units, three 60° units, or six 120° units would be
required to complete one turn of a helical foldamer. On the other hand, units that
present an angle of 180° or with an overall zig-zag conformation (see Section
1.3.2.2) will not combine to form helical conformations. In essence, one can tune
helix diameter by changing the curvature imparted by each monomer in the se-
quence. [lustrations of this remarkable feature of fully predictable foldamers are
given in Fig. 1.5 for aza-aromatic and aromatic amide oligomers. The propensity
of oligoheterocyclic pyridine—pyrazine (Fig. 1.5a) [90, 91] pyridine—pyrimidine
(Fig. 1.5b) [85, 89, 94] and pyridine—pyridazine (Fig. 1.5c) [86, 87] sequences
to form a helical motif stems from structure-inducing “codons” that enforce
helical winding due to the strongly favored transoid conformation of the oo’
interheterocyclic bonds (Section 1.3.1; Fig. 1.2f). However, the curvature (and
thus diameter) imposed by the position of the nitrogen(s) in the heterocyclic
monomers and their connectivity strongly differ in these three oligomers. The
geometrically-optimized structure has four heterocycles per helix turn with
ortho—meta connectivity (Fig. 1.5a); six heterocycles per helix turn with meta—
meta connectivity (Fig. 1.5b); and twelve heterocycles per helix turn with para—
meta connectivity (Fig. 1.5¢). Another means to increase helix diameter, though
less dramatic than going from ortho- to meta- or para-substitution, was to replace
the 2,6-substituted pyridine unit (meta) with a larger 2,7-substituted 1,8-naphthyr-
idine ring ( pseudo meta-substitution) [95].

Similarly, curvature and helix diameter have been tuned in amide-linked aro-
matic foldamers based on the intramolecular hydrogen bonds discussed in Sec-
tion 1.3.1. Thus, an estimated 20 residues per turn is expected for the motif shown
in Fig. 1.5d [45] with meta—para connectivity! The expected end-to-end NOE sig-
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Fig. 1.5 Tuning curvature and helix diameter. The structures shown in
(a), (b), (c), (d), (e) and (f) are from references [90, 91], [85, 89, 94],
(86, 87], [45], [45], and [35, 36], respectively.

nal was observed in an oligomer possessing 21 units [45]. The foldamer shown in
Fig. 1.5e [45] (see also Fig. 1.4a) with meta—meta connectivity has approximately 7
residues per helix turn; once again, end-to-end NOE contacts indicate the ex-
pected helical conformation. Oligomeric strands based on quinoline amino acid
monomers (Figs. 1.5f and 1.4d) possess a high curvature imparted by a pseudo-
ortho connectivity and comprise 2.5 heterocyclic units per helix turn. It is note-
worthy that the number of units observed for these three systems differ from
the values expected if ortho, meta and para connectivities were associated exactly
with 60°, 120° and 180° angles. In fact, intramolecular hydrogen bonding be-
tween consecutive units tends to decrease curvature when it occurs at the helix
periphery (Figs. 1.5d and f) [35, 36], and to increase helix curvature when it oc-
curs in the helix interior. It is important to note that decreasing curvature at each
unit results in larger and potentially more useful cavities, but also increases the
number of units per turn making it more difficult to synthesize multiple turn
helices. In contrast, highly curved oligomers give access to helices with high as-
pect ratios after relatively short syntheses. Such highly tunable systems represent
versatile frameworks for developing helical receptors that bind guests into their
cavities (see Chapter 7). To this end, the next level of complexity consists of in-
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corporating different types of units within the same sequence so as to tune the
curvature along the length of the same strand, giving access to conical objects or
closed shells [29].

1.3.2.2 Linear Strands

Upon controlling the relative orientation of consecutive units, the diameter of
crescent oligomers may be increased indefinitely to produce linear objects such
as those represented in Fig. 1.5. When para—para connectivity is used (Figs. 1.6¢
and d) [27, 28, 48], the conformation indeed resembles a linear tape, but crinkle-
tapes may also be obtained using ortho—ortho (Fig. 1.6e) [14] or meta—meta
(Figs. 1.6a and b) [18, 37, 55|, connectivity where curvature is alternatively
positive and negative at each unit. In the strand shown in Fig. 1.6¢, the conforma-
tion also results from a periodic change of curvature sign, but it occurs at each
unit and not between units. When such para connections are introduced within
a helical sequence, an inversion of helix handedness (and thus a meso helix) re-
sults [39]. Some of these linear and zig-zag ribbons possess two different edges
resulting in different line tensions which eventually gives rise to a slight bending
(Figs. 1.6a, b, and d), and may in fact be considered as fragments of very wide
helices. Other ribbons have two identical edges and are rigorously straight (Fig.
1.6c and e).

1.3.2.3 Macrocycles

The underlying noncovalent interactions responsible for the conformational driv-
ing force of foldamers can be taken advantage of to form what can be considered
as “self-templated” macrocycles. In essence, properly arranged functional groups
during a reaction can be used to drive macrocyclization. The macrocycles de-
picted in Fig. 1.7 contain various combinations of one or two aromatic groups
which can hydrogen bond to the linking unit in such a way as to rigidify the link-
age in a well-defined conformation. The resulting “directed conformational pre-
organization” is a powerful approach to overcome the unfavorable entropy associ-
ated with macrocyclization reactions [104]. Hunter et al. developed a series of
macrocycles and catenanes to evaluate the role of intramolecular hydrogen bond-
ing in macrocyclization [22].

It is not surprising that the same starting materials used in crescent or helical
foldamers (Section 1.3.2.1), can be used for the synthesis of macrocycles. In fact,
by taking advantage of intramolecular interactions during the synthetic process,
macrocycles can be prepared from irreversible reactions in one step, without
the need for external templates, even at relatively high concentrations (typically
from 0.07 to 1 M). As expected, in the case of linear or zig-zag foldamers (Section
1.3.2.2), the geometry of the system does not allow for macrocyclization to occur.
Ultimately, it is the precise shapes and conformations that result from intra-
molecular interactions that allow for macrocyclization.

In this regard, Bohme et al. have prepared heterocyclic formamidine and urea
macrocycles in excellent yields from the reaction of 2,6-diaminopyridine with
triethyl orthoformate and N,N-carbonyldiimidazole, respectively (Fig. 1.7a and b)
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Fig. 1.6 Molecular formulae and representative X-ray structures — all at
the same scale — of linear fully predictable foldamers. References for
(), (b), (c), (d), and (e) are from [55], [18, 37], [48], [27, 28] and [14],
respectively. Not shown are examples of linear aza-aromatics and aza-
aromatic amides [41, 98].

[75, 105]. In both cases, the driving force for macrocycle formation is intramolec-
ular hydrogen bonding between the pyridyl nitrogen atom and the amino hydro-
gen of the urea or the C-H (or N-H) of the formamidine linkage. The impor-
tance of the pyridyl nitrogen for macrocyclization was demonstrated by the fact
that when 2,6-diamino pyridine was substituted with 1,3-phenylenediamine, oli-
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Fig. 1.7 Self-templated macrocycles (% yield). (a) n = 3 (97%) [105];
(b) n =3 (90%) n = 4 (10%) [75]; (c) n = 3 (91%) [106]; (d) n = 6
(78%) [107]; (¢) n = 4 (95%) [108]; () n =2, R = H (46%) or CH3
(64%) [78]; (g) n = 2 (38%) [72; (h) n =3 (69%) [109]; (i) n = 3
(20%), n = 4 (20%) [110]. R and R’ indicate various types of alkyl
chains.

gomeric polyformamidines or polyureas were exclusively formed. Analogous self-
templated macrocyclization reactions were reported by Xing et al. starting from
2,7-diamino[1,8]-naphthyridine for the preparation of the analogous trimeric for-
mamidine macrocycle in 75% yield and the trimeric urea macrocycle in 64% yield
[78].

Macrocycles are commonly synthesized by reactions of bifunctional monomers.
However the kinetic competition between macrocyclization and polymerization
can be a major problem. Chemists often use high-dilution and templating tech-
niques to prevent undesirable polymerization reactions. In some cases dynamic
(reversible) covalent chemistry provides an attractive synthetic strategy to yield
thermodynamically favored macrocyclic products. The Schiff-base condensation
of 2,3-dihydroxybenzene-1,4-dicarbaldehyde with 1,2-phenylenediamine gives a
macrocyclic hexaimine in 91% yield (Fig. 1.7c) [106]. The selective formation of
this cyclic trimer was rationalized by the stabilization of favorable conformations
required for cyclization through intramolecular hydrogen bonding. Furthermore,
because this product has low solubility in the reaction solvent, there was a ther-
modynamic driving force for the formation of this macrocycle. An excellent exam-
ple of using rigid precursors that are predisposed to a particular geometry was
demonstrated in the preparation of a related Schiff-base macrocycle from the
6 + 6 reaction of 3,6-diformyl-2,7-dihydroxynaphthalene with 4,5-diamino-1,2-
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dihexyloxybenzene (Fig. 1.7d) [107]. According to Hui et al. the ability to synthe-
size this 66-membered macrocyle can be attributed to maximizing intramolecular
hydrogen-bonding and its poor solubility which again drives the reaction thermo-
dynamically.

Zhang et al. have prepared a urea-linked macrocycle from a 2 + 2 reaction be-
tween two diarylurea units rigidified by intramolecular hydrogen bonding (Fig.
1.7e) [108]. The authors rationalize that the limited conformational freedom of
the dimeric starting material and the tetrameric intermediate is expected to facil-
itate macroyclization. Another variety of urea-linked macrocycles was synthesized
from N-isobutyl-3,6-diaminopyridazine reacting with either 1,3-phenylene diiso-
cyanate or tolylene-2,6-diisocyanate (Fig. 1.7f) [78]. It is believed that both hydro-
gen bonding and steric interactions are involved in macrocyclization and that the
formation of these intramolecular hydrogen bonds in the transition state directs
the irreversible macrocyclic ring closing reaction to occur at such high yields
in the absence of a template. The presence of the tolyl groups (R = CHj3) versus
the phenyl groups (R = H) illustrates the importance of steric repulsion to direct
macrocyclization. This is supported by the difference in yield of the tolyl-
containing macrocycle (64%), compared with the phenyl-containing macrocycle
(46%). The tolyl methine group prevents alternative planar conformations due to
unfavorable steric interactions with the urea carbonyl oxygens.

The one-step preparation of a macrocyclic polysulfonamide in 38% yield based
on intramolecular three-center H-bonding was described by He et al. (Fig. 1.7g)
[72]. In related work, Yuan et al. reported highly efficient (69% yield), one-step
macrocyclization reactions by treating 4,6-dimethoxy-1,3-phenylenediamine with
the appropriate diacid chloride (Fig. 1.7h) [109]. Three-center H-bonds rigidify
the backbone and pre-organize the precursor oligomers for macrocyclization.
Likewise, Jiang et al. attribute cyclization of oligoamide macrocycles to precursor
pre-organization (Fig. 1.7i) [110]. In this case two different macrocycles (n = 3
and n = 4) were obtained. In all cases, it is believed that the strong conforma-
tional preference of the building blocks once the linkage is formed gives rise to a
thermodynamic preference for macrocyclization.

1.3.3
Partially z-conjugated Oligomers

Whilst z-conjugated systems represent by far the largest body of fully predictable
foldamers, some with aliphatic or partly aliphatic backbones have also been re-
ported (Fig. 1.8). These systems very much resemble those shown in Sections
1.3.2.1 and 1.3.2.2 in that folding may be defined by local conformational prefer-
ences directed by interactions between adjacent units, and that such control may
in principle operate at every rotatable bond. However, the lack of conjugation in-
creases the number of accessible conformations and hence the fold is entropically
destabilized; strong deviations may be observed from the canonical equilibria
shown in Fig. 1.2. These oligomers are much related to those described in Chap-
ter 2 (Section 2.3.2).
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Fig. 1.8 Examples of aliphatic oligomers, the conformations of which
are defined by interactions between adjacent units.

The 3,5-linked polypyrrolin-4-one scaffold (Fig. 1.8a) allows for a wide variety of
folding motifs. This outcome may be ascribed to the cooperative effect of: (i) the
dihedral angles of the backbone that are locked by the pyrrolinone ring, (ii) re-
stricted rotations due to gauche steric interactions between the side chains and
the neighboring pyrrolinone rings, and (iii) C=O--H—N intramolecular H-bonds
between adjacent pyrrolinone rings [102]. The 3,5-linked homochiral polypyrroli-
none motif provides for an excellent f-sheet/f-strand peptidomimetic [111]. On
the other hand, alternating p,v (heterochiral) polypyrrolinones preferentially
adopt a f-turn [112]. Finally, studies of N-methylated bispyrrolinones indicate
the possibility to obtain f-turn and helical structures [113].

The use of y-lactams such as (25,4R)-4-amino-5-oxopyrrolidine-2-carboxylic
acid as conformationally constrained dipeptide building blocks locks every other
amide linkage in the cis conformation resulting in rigid peptide foldamers with
an alternating cis-trans amide sequence (Fig. 1.8b). In the solid state, the trimer
folds into a crescent shape. Unconstrained backbone ¢ and y torsional angles are
100 + 15° and 138 + 13°, showing that the expected intramolecular hydrogen
bonds between the amide NH and the lactam carbonyl and between the lactam
NH and the amide carbonyl do not occur. In the solid, intermolecular hydrogen
bonds apparently prevail over intramolecular hydrogen bonding [103].

Foldamers that contain the 4-carboxy-5-methyloxazolidin-2-one unit fold into
well-defined f-bend ribbon spirals (Fig. 1.8c). Factors that influence folding in
these strands include: (i) the rigid -CO-N(CH<)—-CO- moiety, which favors a
trans conformation, (ii) the formation of C=0--H—C* hydrogen bonds, and (iii)
the formation of alternate 1« 4 intramolecular C=0---H-N hydrogen bonds
[114].

1.4
Semi-rigid Backbones

Backbone rigidity, in other words a limited number of unfolded conformations,
is the main factor that favors the folding of an oligomeric or polymeric chain.
Chapters 2 and 3 present families of foldamers where backbone rigidity is com-
bined with at least a second strong folding force: attractive interactions such as
hydrogen bonds (see Chapter 2), or solvent-induced collapse of solphovobic —
essentially hydrophobic — moieties (see Chapter 3). When backbone rigidity is
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not as overwhelming as in the foldamers presented in Section 1.3 and when no
other strong folding force is at play, folding may still arise from less obvious yet
efficient factors that determine local conformational preferences, for example
steric and stereoelectronic effects, or weak n—n interactions. As shown in the fol-
lowing sections a great diversity of structures may be classified in this category.

1.4.1
Tertiary Aromatic Amides, Imides and Ureas

The oligomers described in this section resemble most of those described in Sec-
tion 1.3 in that they consist of a string of n-conjugated units separated by single
bonds. They thus possess a reduced number of accessible conformers. However,
in these cases none of the schemes shown in Fig. 1.2 apply: unambiguous confor-
mational preferences do not exist at the single bonds separating the z-(systems).
Rotation about these bonds is nevertheless restricted by various factors, such as
intramolecular 7—= stacking between aromatic units and steric hindrance associ-
ated with bends in the backbone architectures. The bends arise from the pre-
ferred cis conformation of tertiary amides of aromatic acids and aliphatic—
aromatic secondary amines (Fig. 1.9), in which the two aryl groups project to the
same side of the amide bond [115]. Even though no clear conformational prefer-
ences are defined at the aryl-NCO and aryl-CON linkages, rotation about these
bonds is hindered by steric effects and weak attractive electrostactic interactions
between aryl groups. When the molecules are soluble in protic solvents, interac-
tions between the aryl groups are reinforced by solvophobic effects (see Chapter
3, Section 3.4.1).

= O
@ Mé

Fig. 1.9 Cis—trans equilibrium of aliphatic aromatic tertiary amides. See
Itai et al. [115].

This pattern has been efficiently exploited in oligomers derived from aliphatic—
aromatic tertiary ureas and guanidines [81, 116], imides [117, 118], and amides
[119-122]. In urea and imide functional groups, two cis conformations are com-
bined, resulting in a strong kink between each aryl group that allows almost per-
fect face to face stacking of adjacent aryl rings. In the solid state, these oligomers
adopt folded ladder-like conformations consisting of a pseudo-helical arrangement
of imide or urea moieties around a central column of stacked aryl groups (Figs.
1.10a, b and d) [81, 117]. Tertiary amides give rise to less pronounced kinks and
thus less pronounced interactions between adjacent aryl groups in the sequence.
However, solid state structures show that these oligomers adopt compact helical
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Fig. 1.10 Formulae and crystal structures at the same scale of tertiary
ureas, amide and imide oligomers. (a)—(b) front view and side view;
(c) top view and side view; (d) two possible conformations. References
of examples (a)—(d) are from [81], [81], [120] and [117], respectively.

conformations where aryl-aryl contacts are observed between nonadjacent units
(Fig. 1.10c) [120].

Evidence that solution conformations resemble those observed in the solid state
come from NMR studies that show NOE and upfield shifts of the proton signals
involved in n—n stacking. However, the absence of strong directional interactions
in the folded conformation leads one to suspect that the solution structures are
not as well-defined as the solid state structures. At each aryl-amide, aryl-imide
or aryl-urea linkage, several conformers are compatible with 7—= stacking of the
aryl moieties. This is well illustrated by the two crystal structures shown in Fig.
1.10d. They correspond to two distinct folded conformations of the same back-
bone where the upper and lower naphthyl groups have been flipped upon rota-
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Fig. 1.11 Schematic representation of possible conformers of the
oligomers shown in Fig. 1.10d [117].

tion of the naphthyl-imide linkage by 180°. Even though these two structures be-
long to two molecules which possess methyl and benzyl residues, respectively,
there is no reason to exclude an equilibrium between the two conformers for
both species, as illustrated in Fig. 1.11. To the extent that the structures shown
in Fig. 1.10 may be called helices, such rotations about aryl-imide, aryl-urea
and aryl-amide linkages amount to locally inverting the helix handedness. It is
remarkable that such inversions may occur many times within an oligomer with-
out disrupting the overall arrangement of the stacked aryl groups. Thus, the solu-
tion conformations of aromatic tertiary amide, urea and imide oligomers presum-
ably consist of an ensemble of closely related conformers.

The equilibria involved between these conformers may be shifted upon intro-
ducing a chiral bias at each aliphatic substituent of the backbone nitrogen atoms:
a chiral side group gives a local preference in favor of the left-handed or the right-
handed helical turn. Thus, in oligoimides [118], and polyamides [120, 122] pos-
sessing a chiral aliphatic residue at every unit, strong induced circular dichroism
bands are observed, suggesting a long range helical order in the backbone. From
the studies above however, it might be hypothesized that the effect of chiral resi-
dues is local and that “majority rules” and “sergeant and soldiers” principles ap-
ply to a limited extent in these systems (see Chapters 11 and 12).

1.4.2
Tertiary Aliphatic Amides: Polyprolines and Peptoids

The helix is ubiquitous in the secondary structure of a-peptides and their - and
y-homologs (see Chapters 2 and 5). In regular helices formed from secondary
a- or f-peptides (Figs. 1.12a and D), intrachain C=0--H—N hydrogen bonding
between nonadjacent residues is essential to folding: for example, between
C=0; and N-H;,4 for an o-helix (3.613-helix); between C=0O; and N-H;,; for a
310-helix in a-polypeptides; and between N—H; and C=0;,, and for a 314-helix in
f-polypeptides. Intuitively, it might be imagined that upon converting these sec-
ondary amides to tertiary aliphatic amides, the resulting loss of hydrogen bond
donors may result in the inability of an oligomeric strand to adopt a well-defined
folded conformation. This is, however, not the case. Oligomers of the naturally
occurring amino acid proline also adopt helical conformations despite the fact
that proline is a secondary amine and that its oligomers are tertiary amides
unable to form intramolecular hydrogen bonds (Fig. 1.12c). For an «-helix, the ¢,



1.4 Semi-rigid Backbones

e LR

(b
H¢ wOow Oln H R
.

(© (d) (e)
S Wl v

Fig. 1.12 Repeat units of (a) a-polypeptides; (b) f-polypeptides;
(c) polyproline; (d) peptoids (poly(N-substituted glycine)); and
(e) N-methylated polypeptides.

v torsion angle distribution (Fig. 1.12a) in the Ramachandran plot lies near
(—63°, —42°) [123]. The Ramachandran plot of polyproline is quite distinct be-
cause the ring structure of the pyrrolidine ring is constrained. The ¢, w distribu-
tion is centered approximately at —75°, 145° for the left-handed polyproline type
IT helix, which is stable in aqueous medium and which contains all-trans tertiary
amides (w = 180°), and at —70°, 160° for the right-handed polyproline type I he-
lix which contains all-cis tertiary amides (w = 0°) (Fig. 1.13) [123].

The polyproline type II helix is found in both folded and unfolded peptides and
plays important roles in biological signal transduction, transcription, cell motility,
and immune responses [125-127]. The triple helix of collagen consists of three
intertwined polyproline type II helices. It is still unclear why the polyproline

Fig. 1.13 Crystal structures at the same scale of: (a) a left-handed
polyproline type Il helix (top view and side view); and (b) a pentameric
peptoid helix [124] (side chains have been replaced by balls in the left-
hand view.
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type II helix is intrinsically so stable despite the absence of strong intramolecular
interactions. In addition to the rigidity imparted by the pyrrolidine ring which
sets the ¢ angle, solvent and stereoelectronic effects apparently determine the pre-
ferred y values. For example, a (possibly cooperative) stabilizing n — n* interac-
tion between O;_; and C’; has been shown to play a substantial role in stabilizing
the polyproline type II helix [125]. Substituents in position 4 of the pyrrolidine
ring modulate the ring conformation which in turn enhance or inhibit the
n — n* interaction and the preference for a trans over cis amide conformation,
thus defining the balance between type II and type I helices [125].

Peptoids (N-substituted glycine derivatives; Fig. 1.12d) have many similarities
to polyprolines, including their inability to form intrachain hydrogen bonds and
the possibility to form cis tertiary amide backbone linkages [128]. However, like
polyprolines, peptoids do fold into helical structures based on conformational
preferences of the backbone chain, side-chain—backbone steric repulsions, and
dipole—dipole repulsions between main-chain amide carbonyl electrons [129].
Peptoids with as few as five residues have been shown to form reversible and
cooperative stable helical structures in both aqueous and organic solvents [128,
130]. Note that the peptoid backbone is achiral and the chirality of the secondary
structure (helix screw sense) is governed by the chirality of the side chains [130].
An Xray crystal structure of an (S)-N-(1-cyclohexylethyl)glycine pentamer re-
ported by Wu et al. shows a left-handed helix with similar torsional angles (¢, v,
and ) as the polyproline type I helix (Fig. 1.13) [124]. Ramachandran plots indi-
cate a greater conformational diversity for peptoids compared with peptides,
which is believed to be related to the lack of substitution on the a-carbon (which
is achiral) and the absence of an amide N—H capable of hydrogen bonding [129,
131]. Nevertheless, peptoids have a great potential for biological applications (see
Chapter 8).

Another family of tertiary aliphatic amides are poly-N-methylated peptides (Fig.
1.12e) which have been described as “more congested peptoid-like molecules”
[70]. In this case, an extended f-strand conformation rather than a helical confor-
mation is adopted. In fact, X-ray crystallography of (N-Me-L-Ala) and all-N-Me-
(Ser(OBz)-Val-Ala-Ser(OBz)-Val-Ala) indicates that the f-strand conformations of
poly-N-methylated peptides retain an ability to form hydrogen bonds with -
peptide f-strands through their carbonyl groups.

Other classes of foldamers related to peptoids and polyprolines include some
f-peptide derivatives containing cyclic tertiary amide linkages that can be broadly
classified as cyclic -peptoids (Fig. 1.14). By controlling all the torsion angles of
the backbone, Lee et al. [132] have designed a completely non-hydrogen-bonded
helical pseudopeptide composed of amide linked oxanipecotic acid units (Fig.
1.14a). In this work, circular dichroism was used to show that an oxanipecotic
acid tetramer adopts a non-hydrogen-bonded helical structure more efficiently
than the nipecotic tetramer (Fig. 1.14b) [133]. The symmetric chemical environ-
ment adjacent to the nitrogen atom in the piperidine ring of nipecotic acid makes
the cis and trans conformation of the amide linkage equivalent whereas this is not
the case in oxanipecotic acid.
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Fig. 1.14 Oxanipecotic acid oligomers (a), nipecotic acid oligomers (b),
2,2-disubstituted pyrrolidine-4-carboxylic acid oligomers (c), benzyl
(4S,5R)-5-methyl-2-oxo-1,3-oxazolidine-4-carboxylate oligomers (d), and
pyroglutamic acid oligomers (e).

Using NMR structural analysis and circular dichroism, Huck et al. have studied
2,2-disubstituted pyrrolidine-4-carboxylic acid oligomers (Fig. 1.14c) that fold into
helical structures without intramolecular backbone hydrogen bonding [134]. The
preferred cis conformation of the backbone amide linkage in this foldamer is
reminiscent of the cis conformation of the backbone in polyproline I helices.

Homo-oligomers of benzyl (45,5R)-5-methyl-2-oxo-1,3-oxazolidine-4-carboxylate
(n = 2-5; Fig. 1.14d) adopt polyproline type II-like helical conformations. Once
again, the torsion angle, ¢, is restricted by the cycle to values between —50 to
—80° while the y and o torsion angles are both trans (140-160° and 180°, respec-
tively). However, in contrast to the polyproline II helix, this helical conformation
is stabilized by intramolecular «-C—H;, 2-oxo-1,3-oxazolidine O=C;;; hydrogen
bonds [135]. Similar stabilization by intramolecular C—H---O=C hydrogen bond-
ing was observed for homo-oligomers of pyroglutamic acid (n = 2—4; Fig. 1.14e)
[136].

1.4.3
Hindered Polymer and Oligomer Backbones

Attractive interactions play a major role in determining conformation and are eas-
ily identified in the structures as they result in a close proximity between the
groups involved. Repulsive interactions are no less important. However, since re-
pulsive interactions often result in some distance between the groups that repel
each other, they are sometimes overlooked, and definitely less commonly used in
design. Steric effects represent one very large class of repulsive interactions. As
shown in the following examples, numerous families of oligomeric and poly-
meric backbones adopt well defined, generally helical, conformations as a result
of steric repulsion between bulky peripheral groups. Among the polymer classes
that fall into this category are polyisocyanides, isotactic polymethacrylates, poly-
isocyanates, polyguanidines, and polyacetylenes. Since the behavior of these poly-
mers is presented in great detail in Chapters 11 and 12, they will be only briefly
discussed here.
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Fig. 1.15 Structures of polyisocyanides (a), polymethacrylates and
polymethacrylamides (b), polyisocyanates (c), polyguanidines (d), and
poly-(dialkoxy-1,4-phenylene-alt-2,5-furan)s (e).

Steric repulsions between the side chains in substituted polyisocyanides (Fig.
1.15a) are large and prevent them from adopting the planar all-trans structure.
Restricted rotation about the single bonds of the polymer backbone results in
right- or left-handed helical polymers with four monomer units per helix turn.
The polymers can be resolved using chiral chromatography and the use of chiral
isocyanides or chiral catalysts can influence the handedness of the helix [137,
138]. Polymethacrylates (Fig. 1.15b) and polymethacrylamides (Fig. 1.15¢) are
among vinyl polymers that adopt helical conformations. In order for these helices
to be stable, bulky side groups are once again required, and the polymerization
process (either anionic or radical) must yield isotactic polymers [139, 140]|. The
helical conformation of polyisocyanates results from a combination of electronic
and steric effects. In essence, the —C(O)-N(R)- linkages are forced to be non-
planar because the substituents are bulky [141]. Polyisocyanates have a rich ster-
eochemistry due to the stability of long helical segments and the ease of control-
ling handedness by incorporating chiral monomers [142]. Polyguanidines (Fig.
1.15d), formed from carbodiimide monomers, have similar helical structures to
those of polyisocyanates. The use of bulky (R) and chiral (R’) substituents leads
to stable one-handed helical polymers with high barriers for conformational
racemization [143]. In alternating poly-(dialkoxy-1,4-phenylene-alt-2,5-furan)s
(Figs. 1.15e and f), favorable interactions between the oxygen atoms of alkoxy
side chains or furan units and the ortho hydrogen atoms connected to the aro-
matic rings lead to restricted rotation about the inter-aromatic bonds and well-
defined conformations. By varying the substitution pattern of these conjugated
polymers, rigid-rod-like (poly(dialkoxy-2,5-phenylene)-alt-2,5-furan)s) or helical
(poly-(dialkoxy-1,4-phenylene-alt-2,5-furan)s) conformations can be obtained [144].

Several classes of oligomers have also been shown to adopt sterically-induced
helical conformations. Their oligomeric nature (as opposed to the polymers
shown above) simply reflects that these molecules were synthesized in a stepwise
fashion. Similar conformations would be expected had polymerization techniques
been used for their preparation. Thus, ortho-oligophenylenes (Fig. 1.16a) adopt a
tight helical conformation with three aromatic rings per helix turn that was char-
acterized in the solid state. The geometry and sterics of this hindered structure
does not allow free rotation about the interaromatic single bonds [145]. Similarly,
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Fig. 1.16 Structure of ortho-oligophenylenes (a), polythiophenes (b),
oligoimides of trans-1,2-diaminocyclohexane (c).

torsional effects play the major role in biasing a helical conformation of sexi-
thiophenes in the solid state (Fig. 1.16b) [146]. Finally, oligoimides of trans-1,2-
diaminocyclohexane have been shown to fold into helical conformations (Fig.
1.16¢). Although these oligomers have fixed (R,R) chirality, they can fold into ei-
ther M or P helical conformers. The folding into helical conformations is once
again driven by the strict steric constraints of the system which restricts rotation
about the single bonds while the preference for M or P helicity has been attrib-
uted to intermolecular interactions [147].

1.5
Conformational Transitions

To a large extent, the functions and properties of foldamers rely principally on
their structures. This is the case, for example, in molecular recognition using fol-
damers (see Chapter 7), including molecular recognition of biomolecules to elicit
biological responses (see Chapter 8). Foldamers with well-defined structures may
serve as scaffolds to display arrays of recognition functions that bind to specific
targets. Besides the structures themselves, structural changes or “‘conformational
transitions”, sometimes of large amplitude, are also useful for a number of appli-
cations. For example, sensing and memorizing, as described in Chapter 11, may
arise from conformational changes of helical polymers. Large, controlled, confor-
mational changes also provide a framework to elaborate molecular machines
[148]. Interest for such phenomena is fueled by their relation to natural molecu-
lar factories and by the prospect of elaborating useful chemical devices.
Conformational transitions may be envisaged in any class of folding molecules.
The most common transition is that between a folded state and a more or less
defined ill-folded state (the so called “random coil”). It may be triggered by a va-
riety of stimuli, such as solvent, temperature, light, guest molecules, or minor
chemical transformations. Transitions may also exist between two (or more) dis-
tinct well-defined conformations. To achieve control over large conformational
transformations, a high level of predictability of the structures is necessary. As
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Fig. 1.17 Transitions between helical and extended linear conformations
via sequential protonation and deprotonation.

shown in Chapter 10, nucleic acids have proven particularly useful in this respect.
The foldamers described in this chapter have also been much exploited, particu-
larly the “fully predictable” foldamers presented in Section 1.3.

Leaving aside the simplest transitions such as, for example, the dynamic equi-
librium between right-handed and left-handed helical conformations, which may
be biased in various ways [25, 34, 47], more dramatic transitions between helical
and fully extended linear conformations have been implemented in various fully
predictable foldamers. For example, 180° rotation about aryl-NHCO and aryl-
CONH linkages in aromatic amide foldamers can be effected via sequential pro-
tonation and deprotonation reactions [18, 37]. Dolain et al. have shown the fold-
ing diversity of a single foldamer capable of transforming between two different
helical conformations via a linear conformation using sequential protonation.
TFA was used to protonate diaminopyridine units of a helical foldamer (Fig.
1.17a) giving rise to an extended linear conformation (Fig. 1.17b). Subsequent
protonation by a stronger acid of the alternating pyridinedicarboxamide units re-
sults in an “inside-out” helical conformation (Fig. 1.17c) [18]. An original aspect
of this system is that the linear strand shown in Fig. 1.2b may convert into a helix
either upon protonation or deprotonation. In an analogous fashion, Kanamori
et al. demonstrated linear-to-turn transformations in unsymmetrically linked
phenolic oligoamides. In this case, deprotonation was used to switch between
the linear conformer (Fig. 1.17d, NH---OH and OH.--O=C hydrogen bonding)
and a bent conformer (Fig. 1.17e NH---O(oxyanion) hydrogen bonding) [12].

Lehn’s group has also used metal coordination to effect conformational
changes in oligoheterocyclic molecular strands. In this case, aryl-aryl and aryl-
imine linkages undergo 180° rotations upon ion binding that result in linear-to-
helical or helical-to-linear conformational transitions of oligomeric strands (Fig.
1.18) [82, 98, 149]. For example, the interaction of PDb(II) with helical oligo—
pyridyl-pyrimidine strands generates polymetallic racks — or grid-type supramo-
lecular architectures — by uncoiling of the oligomeric ligand. The reversible inter-
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conversion between the helical free ligand and the linearly extended ligand was
controlled by coupling the ion binding/unbinding process with a competing li-
gand (tris(2-aminoethyl)amine; tren), whose ion affinity can be modulated with
pH. Additional conformational changes can be envisaged in the folded conforma-
tions stabilized by metal coordination. For example, electrochemical changes of
the oxidation state of the metal may induce a rearrangement of its coordination
sphere that, in turn, modifies the conformation of an oligomeric ligand [150].

1.6
Conclusion and Perspectives

Local conformational preferences can be imparted to oligomeric chains in various
ways: ring closure, 7-conjugation, steric effects, electrostatic attractions and repul-
sions between neighboring units and combinations thereof. All these factors can
contribute to limit (if not completely restrict) bond rotation, and result in differ-
ent levels of rigidity of molecular backbones, which, in turn, correspond to quite
diverse structural families of foldamers. In this chapter, we have grouped these
families into three categories. First, oligomeric backbones whose conformational
space is essentially reduced to a single conformer; since such molecules cannot
unfold, they stand at the border of what the term “foldamer” encompasses. Sec-
ond, rigid structures that possess numerous rotatable bonds and that undergo
dynamic structural changes, but whose structure is perfectly and robustly defined
because conformational preferences exist at each and every rotatable bond; to em-
phasize these characteristics, these oligomers were termed “fully predictable fol-
damers”. Third, semi-rigid structures where strong conformational preferences
exist, but not at every rotatable bond; these molecules possess limited conforma-
tional spaces and adopt well-defined conformations (though less well-defined
and/or less stable than the two categories above) as a result of additional weaker
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effects such as electrostatic interactions as involved in z—= stacking and n — =*
interactions, at the exclusion of strong hydrogen bonding or hydrophobic effects,
which are dominant in the foldamers described in Chapters 2 and 3.

Numerous families of synthetic molecules have been designed and character-
ized that mimic the secondary structural folded motifs of biopolymers — helices,
turns or linear strands. As a result of their folded structures, these molecules ex-
hibit multifaceted properties that are amenable to applications (see Chapters 7, 8,
and 10-13). Yet, it remains to be shown whether these same artificial folding
molecules can also mimic the structures, and ultimately the functions, of the ter-
tiary and quaternary folds of proteins and nucleic acids. Some of the challenges
ahead thus lie in controlling tertiary structures as efficiently as we control second-
ary structures, thus integrating the structural and functional characteristics of
biopolymers with the chemical stability and diversity of synthetic polymers and
oligomers.

Fully predictable foldamers are currently the object of intense developments
and may prove highly versatile building blocks for this purpose. The very high
stability of their folded conformations and the high level of understanding that
we have regarding their folded structures should be useful in the context of mod-
ular approaches where several secondary motifs would be hierarchically inte-
grated into larger architectures, through covalent or noncovalent assembly. On
the other hand, fully predictable foldamers may, in one sense, be considered as
too well-defined and do not undergo structural changes as easily as their natural
counterparts. Semi-rigid backbones are less well-defined. Their structures are less
easy to understand and to predict and, in this respect, have more in common
with naturally occurring folding molecules. Semi-rigid backbones also clearly pro-
vide a greater variety of chemical structures and it is fair to speculate that only a
small part of this variety has been uncovered, and that we are still in the initial
stages of this unfolding story.

During the course of the preparation of this chapter, a relevant focus review
paper on shape-persistent aromatic amide oligomers was published.

Z.-T. Li, J.-L. Hou, C. Li, H.-P. Yi,
Chem. Asian J. 2006, 1, 766—778.
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Foldamers Based on Remote Intrastrand
Interactions

Philippe Le Grel and Gilles Guichard

2.1
Introduction

In just a decade, the field of foldamers has gained respectability. The early contri-
butions of Gellman [1, 2] and Seebach |3, 4] with foldamers based on remote in-
trastrand interactions have undoubtedly played a large part in the current dyna-
mism of this rapidly evolving field. In the mid-1990s, both groups demonstrated
that designed short-chain homo-oligomers made of unnatural units (f-amino
acids) could self-organize in a controlled fashion to form defined secondary struc-
tures (e.g. helices, sheets and f-hairpins) reminiscent of those of a-polypeptides.
To a large extent, unnatural backbones with folding propensity reported in this
chapter are “proteinomimetics”. In principle, intrastrand interactions in designed
oligomers may result from a variety of noncovalent forces including steric repul-
sion, H-bonds, electrostatic and aromatic—aromatic interactions, coordination to
metal ions, as well as solvophobic effects (see also Chapters 3 and 4). H-bonds
play an important role in foldamer design, in part because they are robust and
directional. H-bonding certainly provides the most versatile way to create intra-
strand connections that are useful to stabilize intrinsically flexible oligomeric
chains into ordered structures. In this context, the amide linkage has regularly
appeared as a motif to elaborate oligomeric strands that self-organize through
H-bonding. In recent years, nonpeptide backbones, hetereogeneous (hybrid)
oligoamide backbones composed of multiple residue types as well as abiotic aro-
matic oligoamides have emerged as new classes of folded oligomers. These sys-
tems, whose propensity for folding is also controlled by noncovalent interactions
between non-nearest neighbors, are surveyed in this chapter. The main chal-
lenges lie in the ways to control backbone pre-organization, to develop robust pre-
dictable secondary motifs and to integrate multiple levels of complexity to create
unprecedented folded shapes. Recent studies have highlighted the strength and
usefulness of theoretical studies to explore possible secondary structure en-
sembles in aliphatic oligoamides of various complexities (see also Chapter 6). In
a number of systems based on remote intrastrand interactions, the predictability
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of folding can now be integrated to develop molecules with function. Successful
applications of these foldamers in biology are further discussed in Chapter 8.

2.2
What can be Learned from Strategies used to Control Conformations of
a-Polypeptides?

Remarkable progress has been achieved over the last 20 years in understanding
the factors that govern folding of linear a-polypeptide strands into well-ordered
and compact secondary structures, as well as in the de novo design of individual
protein secondary structure elements and protein folds from a-polypeptides (see
also Chapter 4) [5-10]. The principles that guided the design of well-folded -
polypeptides have been an invaluable source of inspiration to those in the field
of foldamers based on remote H-bonding interactions.

Formation of stable and regular secondary structures maintained by intramo-
lecular H-bonds (e.g. helices) requires pre-organization of the main chain so that
sequentially remote H-bond donor and acceptors can be positioned in close spa-
tial vicinity, and optimal H-bonding can occur without significant conformational
alteration [11]; (in a-polypeptides, the preferred backbone conformation derives in
part from minimization of Newman and Pitzer strain, as well as pseudo-allylic
a(1,3) strain, which restricts the ¢ and y torsion angle values accessible to protei-
nogenic amino acid residues). A number of approaches have been developed to
reinforce the stability of a-peptide folds. Proteinogenic o-amino acids have intrin-
sic and distinct propensities for helices and sheets and can be selected accord-
ingly to stabilize a given fold [12-14]. For example, in the case of noncharged res-
idues, Ala and Leu are strong helix inducers compared with f-branched Val which
instead has an intrinsic propensity to stabilize sheet structures. A higher degree
of stabilization can be achieved by restricting further the available conformational
space of amino acids in the sequence [5]. This approach has been instrumental in
the successful design of foldamers based on remote intrastrand interactions (see
following sections). In «-peptides, Thorpe—Ingold effects (C(x)-tetrasubstitution)
have been used extensively to impose such a restriction on ¢ and y angles [15].
Aib («-aminoisobutyric acid), the archetype of achiral «,«-dialkylated residue with
(¢,w) values around (+60°,+30°) and (—60°, —30°) is a remarkably strong pro-
moter of helical (319 and o-helices) and S-turn (type III/II1" and type I/1') struc-
tures [5, 10].

The o-helix is polarized from N to C terminus. Hence, its stability can be en-
hanced by suppressing repulsive electrostatic interactions between the terminal
charges and the helix dipole, using appropriate capping groups [12, 16]. Con-
versely, favorable charge—dipole interactions can be introduced by positioning res-
idues with appropriately charged side chains close to the N and C termini [12].
The creation of ion pairs or salt bridges between oppositely charged side chains
of amino acids separated by one helical turn (i and i + 4 positions) has been suc-
cessfully applied to stabilize a-helical secondary structures [17]. Other helix stabi-
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lizing i/i + 4 side-chain to side-chain interactions include hydrophobic interac-
tions [12] and polar interactions with aromatic side chains [18, 19]. The spatial
proximity of residues in a i/i + 4 relationship within the a-helical backbone also
offers the possibility of constructing various types of helix-stabilizing macrocycles
closed by metal [20, 21], disulfide [22], lactam [23] or olefinic [24, 25] bridges.

23
Helices from Homogeneous Oligomeric Backbones with Periodicity at the Monomer
Level: o-Peptides and their Analogs

Helices (single-stranded and multi-stranded) represent a major structural motif
in biological macromolecules and are interesting scaffolds for displaying appen-
dages in a controlled direction within the 3-D space. Aliphatic oligoamides built
from enantiopure f- or y-amino acid residues, namely f- and y-peptides are
the archetypal helix-forming foldamers. The conformational preference of these
homogeneous backbones in solution and in the solid state has been extensively
studied and reviewed in detail [2, 4, 26-35]. Five helical shapes differing by the
size and orientation of their H-bonded ring have been identified in f-peptides de-
pending upon residue substitution pattern and stereochemistry, thus illustrating
the remarkable structural diversity of these synthetic oligomers: namely 14-, 12-
(Section 2.3.1), 10- (H-bonding scheme between two consecutive units, men-
tioned in Section 2.3.1), 8- (Section 2.3.2) and mixed 12/10-helices (see Section
2.4). Noteworthy, the first hint that a polypeptide chain composed of f- or y-amino
acid residues could adopt a regular helical fold structure came from studies of -
and y-amino acid homopolymers some 40 years ago [36, 37]. It is worth men-
tioning that a substantial increase in the number of unnatural backbones with
propensity to form regular helices came from exploration of the - and y-peptide
lineages (i.e. - and y-peptide mimetics).

2.3.1
Compact Helices with Large (>10 atoms) H-bonded Rings

2.3.1.1 The Homologation Strategy: - and y-Peptide Foldamers

Selecting (designing) the right monomeric units to build homo-oligomers that
will ultimately show high (helical) folding propensity is obviously a critical and
limiting step in the foldamer arena. The choice of f-amino acids and correspond-
ing f-peptides by Seebach [3] and Gellman [1] was not pure serendipity. It was
initially guided (for Seebach) by the resemblance of the f-peptide backbone to
poly((R)-3-hydroxybutanoic acid) a biopolymer for which a right-handed helical
conformation with about three units per turn had been proposed [39, 40], and
(for Gellman) by the absence of H-bonding between nearest neighbor amide
groups in model f-homoglycine (-HGly) derivatives [41], a criterion used to eval-
uate the propensity of the f-peptide backbone to stabilize folds maintained by H-
bonds between sequentially remote amide groups.
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Fig. 2.1 The homologation approach to
aliphatic oligoamide foldamers. (A) Peptide
foldamers consisting of homologated o-
amino acids generated by insertion of one
(— $?% and f*-peptides) or two (— y*-
peptides) CH, groups, the amino acid side
chain remaining unchanged. According to the
nomenclature proposed by Balaram [49], the
conformational space of - and y-peptides
can be described by the following sets of
backbone torsion angles: (w, ¢, 0, ) and
(e, ¢, 01,05, y), respectively. (B) The f-
peptide 314 helical fold. Stereo view along the

&

14-helix [(P)-314]

&

14-helix [(P)-2.614]

helix axis and top view of the (M)-314-helix
formed by 53-peptide 1 determined by NMR
in CD;OH (adapted from [43, 44]). Average
(¢,0,y) values are (—119°,+63°, —147°).
Side chains have been omitted for clarity.
(C) The y-peptide 2.614 helical fold. Stereo
view along the helix axis and top view of a
(P)-2.614-helical low energy conformer of 2
(from NMR data in pyridine-ds). Average
(¢, 61,02, y), values calculated on residues
2-5 are (—127°, +66°, +64°, —140°). Side
chains have been partially omitted for clarity
(adapted from [45]).
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Detailed NMR conformational analysis of f-peptides consisting of homologated
a-amino acids generated by insertion of one CH, group, the amino acid side chain
remaining unchanged, revealed a stable (8° — f2-peptides) helical fold (314- or
14-helix) stabilized by 14-membered rings with H-bonds in a forward orientation
(1 — 3 H-bonds between NH; and C=0;,) (e.g. 1, |3, 42—44] Fig. 2.1).

Examination of the top view of the helix indicates that the side chains of resi-
dues i and i+ 3 are located nearly on top of each other and suggests that hydro-
phobic interactions between overlapping aliphatic side chains could play a signif-
icant role in stabilizing the overall structure. The distance between facing C(«)
atoms at positions i and i + 3 is approximately 4.8 A. The helix is compact with a
diameter of ca. 4.8 A slightly larger than that of the o-helix (4.2 A). Although less
studied, their homologs with one additional methylene group inserted in the
backbone of each residue, namely the y-peptides, have also been found to form
stable helical secondary structures in solution [45-48]. y*-Peptide chains (e.g. 2)
adopt a 2.614 helical structure stabilized by 1 <+ 4 H bonds between C=0; and
NH; 3 closing 14-membered pseudocycles [45]. While the a-helix of r-a-peptides
and the 314 helix of the corresponding *-peptides have opposite polarity and hel-
icity, the insertion of two CH, groups in the backbone of 1-z-amino acids leaves
these two helix parameters unchanged, both the a-helix and the 2.614 helix of the
resulting y*-peptides being right-handed and polarized from N to C terminus.
Both (M)-314 and (P)-2.614 helical backbones are characterized by a (+)-synclinal
arrangement (gauche conformation) around ethane bonds (e.g. in 1 and 2, 0, 6,
and 60, values are ~+60° (+15°) (see Fig. 2.1 for definitions of torsion angles
[49]).

Besides NMR and X-ray diffraction (see Section 2.3.1.2), circular dichroism
(CD) spectroscopy has been instrumental in studying parameters that influence
the formation and stability of the pg-peptide 14-helix. Typically, 14-helical f-
peptides composed of acyclic amino acid residues display a common CD signa-
ture with one extremum at 215 nm (negative for (M)-helices and positive for (P)-
helices) and the other extremum of opposite sign at 195 nm. In sharp contrast to
a- and S-peptides, CD spectra of y-peptides were not very informative. y*-Peptides
such as 2 which populate the 2.6,4 helical fold in solution do not display any char-
acteristic CD signature in MeOH.

2.3.1.2  Imposing Backbone Conformational Restriction/Pre-organization for
Optimal Helical Folding

Substantial stabilization of both the - and y-peptide 14-helical fold has been
achieved by increasing the level of pre-organization of - and y-amino acid constit-
uents. However, the rules formulated for a-peptides (see Section 2.2) do not nec-
essarily apply (e.g. C(a)- (or C(f5)-) tetrasubstitution of f-amino acid residues is
not compatible with f-peptide 14-helix formation [43, 50-54]) and must be trans-
posed. In particular, it has been shown that acyclic % 3-amino acids of like config-
uration are more effective than their f*-counterparts in promoting requisite syn-
clinal arrangement around C(x)-C(f) bonds in p-peptides (Fig. 2.2A) [43, 55].
With a 0 value fixed at approx. +60°, trans-2-aminocyclohexyl carboxylic acid
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Fig. 2.2 Optimal S-peptide backbone pre-
organization for helix formation. (A) Acyclic
53 amino acid residues and (S,5)-ACHC
residues which promote gauche conforma-
tion arouch the C(x)—C(f) bond are 14-helix
stabilizers. The related five-membered ring
ACPC promotes larger 6 values which are

not compatible with the 14-helical conforma-

tion. (B) Comparison of f-peptide 14- and
12-helices (¢, 0, ) conformational space.

(M)-14-helix (values for 1, red closed circles,
values for 2, green closed circles), (M)-12-
helix (values for 3, blue closed circles). The
enantiomeric positions in the (¢, 0, y) space
are shown as open circles. (C) Side view and
top view of the (M)-12-helix formed by (R,R)-
ACPC hexamer 3 as determined by X-ray
diffraction (adapted from [59]). Average

(¢, 0, y) values for central residues are
(88°,—85°,98°).

(trans-ACHC), a cyclic #%3-amino acid, in which the C(«)-C(f) bond is part of a 6-
membered ring, is ideally pre-organized for 314 helix formation (Fig. 2.2A) [1, 56,
57]. In contrast, homo-oligomers (e.g. 3) consisting of the smaller ring size trans-
2-aminocyclopentyl carboxylic acid (trans-ACPC) for which larger values of 6 only
are accessible, adopt a stable 12- (2.53)-helix with a (1 < 4) H-bonding pattern
that differs markedly from the 14-helix (Fig. 2.2) [58—60]. The 14- and 12-helices
populated by (S,S)-ACHC and related (S,S)-ACPC oligomers, respectively have
opposite polarity and helical screw sense. The (P)-12-helix display a CD pattern
distinct from that of the corresponding 14-helix with a maximum at 204 nm,
zero crossing at 214 nm and minimum at 221 nm.

f-Amino acids constrained with smaller rings such as cis-aminooxetane carbox-
ylic acids have been shown to promote the formation of a 10-helical structure (e.g.
4) with H-bonds between neighboring amide units ((1 — 2) H-bonding scheme)
[61]. The 10-helix was later identified in short ACHC oligomers (tetramer), sug-
gesting that it could represent a conformational intermediate in the folding pro-
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cess toward the thermodynamically stable 14-helix [62]. The incorporation of
cyclic w-amino acid units to fix the peptide backbone in a geometry favorable
to helix formation has since been widely utilized (see also following sections)
[63-64]. This approach was recently extended to higher oligoamides such as
o-peptides [66—69]. Conformational search using the methods of ab initio MO
theory identified several H-bonded helical backbones accessible to J-peptides
[70]. Experimental validation came from studies with oligomers composed of car-
bohydrate-derived tetrahydrofuran amino acids with restricted rotation around
C(x)—C(pB) and C(B)—C(y) bonds. In chloroform solution, octamer 5 was found to
adopt a well-defined 16-helical fold with 1 «— 4 H-bonding pattern, reminiscent of
the a-peptide 7-helix [69].

R = TBDMS, Bn

Scheme 2.1

The intrinsic conformational preferences of substituted y-amino acid con-
stituents of y-peptides derive in part from avoidance of destabilizing syn-pentane
interaction [71, 72]. It is recognized that this effect plays a key role in fixing the
bioactive conformation of a number of y-amino-acid-containing natural products
such as Bleomycin A, [73]. In y*-peptides five out of nine conformations gener-
ated by rotation around C(x)-C(f) and C()-C(y) bonds are free of syn-pentane
interaction.

Adding substitutents at the 2-position (like configuration, see Fig. 2.3A) or
at both 2 and 3-positions (like,like relative configuration) reduces to two the num-
ber of conformations devoid of syn-pentane interaction (conformation II in Fig.
2.3A is almost identical to that found in the y*-peptide 14-helical backbone) and
thus reinforces optimal pre-organization for 14-helix formation (y** and y23:#-
peptides) [45—48]. Other strategies to restrict the conformational space of the y-
amino acid backbone, such as o,f-unsaturation (cis-vinologous y-peptides [74]),
tetrasubtitution [oligomers of 1-(aminomethyl)cyclohexaneacetic acid (gabapen-
tin, Gpn) [75]] cyclic y-amino acids (cis-y-amino-1-proline oligomers [76]) have
been reported.

The y-peptide 14-helical backbone is characterized by large y values ranging
from 120 to 150° (or —120 to —150°). This observation led to the finding that sub-
stituting urea for the CH,—CO—NH unit in y-peptide (substitution of nitrogen for
C(«) in y-amino acids) can be used to rigidify the 14-helical fold by fixing the “y”
angle to a value close to 170-180° (Fig. 2.3B) [77-80]. In methanol or pyridine
solution, the resulting enantiopure N,N’-linked oligoureas (e.g. 6) adopt a well-
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Fig. 2.3 (A) The two conformations free of
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in 2,4-disubstituted y-amino acid derivatives
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helical backbone (see Fig. 2.1) (B) Structural
analogy between the y*-peptide and N,N’-
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enantiomeric positions in the (¢, 61/62, w)
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(D) The (P)-12,14-helical structure of N,N’-
linked oligoureas. View along the helix axis
and top view of a low energy conformer of
nonamer 6 as determined by NMR
spectroscopy and restrained molecular
dynamics calculations in pyridine solution.
Average (¢, 01, 0, y) values for central
residues are (—105°,55°,88°, —168°). With
an internal diameter of ~3 A, the helix is
particularly compact and is devoid of empty
volume in the interior. Side chains have been
partially omitted for clarity (adapted from
[78).
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defined 2.5 helical fold, reminiscent of the y*-peptide 14-helix (Fig. 2.3C and D).
The structure is held by H-bonds closing both 12- and 14-membered rings (12,14-
helix) and is characterized by a stable (+)-synclinal arrangement around the
ethane bond. CD spectra recorded in MeOH display a characteristic signature
with an intense maximum near 204 nm [79]. This is in contrast to related helical
y*-peptides that do not exhibit any characteristic CD signature.

Alternatively, in a manner analogous to o-peptides (see Section 2.2), a helical
backbone may be stabilized by creating a covalent linkage (e.g. disulfide bond) be-
tween two spatially proximal but sequentially remote side chains (e.g. i/i + 3 side
chains in the 3y4 helix) [81].

2.3.1.3 Folding in an Aqueous Environment

The nature of the solvent can influence to a large extent the propensity of un-
natural oligomers to adopt a given H-bonded fold. Conformational studies
aimed at identifying new foldamers are often performed in apolar or moderately
polar organic solvents (e.g. chloroform, MeCN, pyridine, trifluoroethanol (TFE),
MeOH). However, determination of a folding pattern in an aqueous environment
is highly relevant to applications of foldamers in biology.

Considerable efforts have been undertaken to address this issue in the case of
14- and 12-helical p-peptides. To increase water solubility of helical f-peptides
composed of ACHC (14-helix promoter) or ACPC (12-helix promoter) oligomers
while maintaining the level of backbone pre-organization, Gellman and co-
workers developed amino-functionalized versions of trans-2-aminocycloalkane
carboxylic acids. f-Peptides composed of alternating ACHC/DCHC [82] and
ACHC/APIC [83] residues adopt a robust 14-helical conformation in aqueous
solution (Fig 2.4A). Similarlyy, ACPC/APC [84], ACPC/AP [85], ACPC/3-
aminomethyl-ACPC [86] repeats promote stable 12-helix formation (Fig 2.4A).

Alternatively, the introduction of a limited number of acyclic #3- or % Lys resi-
dues (1/3) in ACHC- and ACPC-peptides does not preclude the formation of sta-
ble 14- and 12-helical structures in aqueous solution [87-89]. Although helicity in
water is intrinsically weaker in the absence of strong backbone pre-organization
(e.g. p*-peptides), principles guiding the design of f*-peptides with high levels
of 14-helicity in aqueous solution (e.g. 7, Fig. 2.4B) have recently been delineated
by several groups [90-96]. They parallel those formulated for c-helical a-peptides
(see Section 2.2) and include: (i) salt bridge or lactam formation between comple-
mentary charged i/i + 3 side chains (e.g. f*-HOrm/f*-HGlu; *-HOrn/f*-HAsp;
f3-HDab/f3-HAsp; Dab = 2 4-diaminobutyric acid; Orn = ornithine); (ii) maxi-
mization of electrostatic interactions with the helix macrodipole (e.g. by free
charged termini, appropriate location of charged side chains, appropriate orienta-
tion of salt bridges) and (iii) introduction of f*-amino acids with high intrinsic
14-helix propensitiy. For noncharged f*-amino acids, 14-helix propensities have
been found to differ significantly from «-helix propensities of corresponding o-
amino acids. Ala is the most o-helix-stabilizing «-amino acid but the methyl side
chain is one of the least 14-helical stabilizing. In contrast, branched side chains of
Ile, Thr, and Val which display only moderate to low «-helix propensity are all
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combining: salt bridges between i/i + 3 side 25 °C [95].

strongly 14-helix stabilizing. Intramolecular interhelical hydrophobic interactions
(in a 3-peptide two-helix bundle) have also been shown to increase 14-helicity in
aqueous solution [97].

If p-peptides are indisputably the best characterized helical aliphatic peptide fol-
damer system in aqueous solution so far, some of the aromatic foldamers de-
scribed in Chapter 1 fold into water even better than they do in organic solvents
without any specific adjustment of their structure. It remains to be seen whether
other foldamers based on remote intrastrand H-bonds can be designed to adopt
robust helical structures in water.

2.3.1.4 Dynamics of - and y-Peptide Helices: Evidence for Noncooperative
Folding /Unfolding Processes

The unfolding and folding mechanisms of 14-helical f-, y-peptides and analogs
have been investigated in polar solvents by various approaches. Temperature-
dependent-CD and NMR measurements suggest that 14-helical f-peptides [44]
and also 14-helical y*3*-peptides [48] and helical N,N’-linked oligoureas [77-
79], undergo noncooperative unfolding upon heating in MeOH. For instance,
the intensity of the extremum at 215 nm for f-peptide 1 decreases linearly (by ca
12% per 20 K) and noncooperative break-up of the structure is observed between
295 and 333 K. The scan, which is reversible, suggests that the unfolding and
folding route of the helix must be reversible [44]. Insight into the dynamics of
f-peptides and evidence for reversible folding were also provided by molecular
dynamics (MD) simulations (GROMOS96 force-field [98], reviewed in Chapter 6)
in explicit solvents and at different temperatures [99-104]. By simulating on a
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time scale that is long compared with the lifetime of any specific conformation
(typically > 50 ns), it has been possible to determine the population and average
lifetimes of the different conformations observed and to explore paths and rates
of interconversion between the experimentally observed 14-helix conformation
and (partially) unfolded conformations [102, 104]. In the course of a 50-ns simu-
lation and irrespective of its initial conformation, f-peptide 1 folds rapidly (in the
order of a few nanoseconds) into the experimentally observed 14-helix conforma-
tion (maximum lifetime ~ 10 ns at 340 K) which is populated 50% of the time at
340 K [99, 101].

Recent progress towards the synthesis of the spin-labeled f*3-amino acid
trans-f-TOAC (4-amino-1-oxyl-2,2,6,6-tetramethylpiperidine-3-carboxylic acid) and
its incorporation into ACHC-peptides at i/i + 3 positions suggest that it might
soon be possible to use electron spin resonance (ESR) to investigate further the
structures and folding transitions in 14-helical f-peptides [105].

23.2
Extended Helices with Small H-bonded Rings Centered at a Single Residue

This section focuses on small (generally < 10 atoms) pseudocycles with 1 < 3 H-
bond interaction as potent helix building blocks. The pseudocycle is centered at
the (i + 1) residue, with an H-bond joining the C=0 and NH groups at positions
i and i + 2 respectively (Fig. 2.5A). This H-bonding scheme recurs in the - and -
peptide lineage subject to the presence of strong pre-organization structural ele-
ments in monomeric units (e.g. ring, backbone or side chain heteroatoms).

2.3.2.1 a-Peptides: the y-Helix

In o-peptides, 1 < 3 H-bond interaction corresponds to a seven (C;) H-bonded
ring, i.e. the ypturn (¢ ~ 4+70°, y ~ —70°) or the more stable inverse y-turn
(¢ ~ =70°, w ~ +70°) according to the equatorial or axial orientation of the side
chain [106]. They are quite common structuring elements of cyclic peptides, and
can also be observed in crystallized proteins, although much less frequently than
f-turns. A series of consecutive inverse y-turns generates a theoretical 2.2;-helix
called y-helix [107] (Fig. 2.5B), which has, however, not been detected in natural
peptides or proteins so far. Recently, a first step was accomplished towards the
construction of an artificial y-helix template. Jiménez et al. showed that the dipep-
tide Ac-1-Pro-D-c3Dip-NHMe (8) adopts two consecutive y-turns, induced by the
presence of the p-form of the cyclopropane amino acid (c3Dip) derivative (Fig.
2.5B) [108].

2.3.2.2 o-Peptides with Specific Conformation-stabilizing Elements

p-Peptides: the 8-helix The world of S-peptides is mostly associated with the
prominent 12- and 14-helical folds. Considering that their topology excludes the
presence of axial substituents (see Fig. 2.2), f-peptides consisting of geminally
disubstituted amino acids or of f*3-amino acids of unlike configuration (see
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Fig. 2.5 (A) 1 < 3 H-bonding scheme in conformations of f-peptides 9-11 consisting
w-peptides and analogs. (B) The o-peptide of specific conformation-stabilizing elements:
y-helix and the two consecutive C7 turns (C) (2R,3S)-o-hydroxylated 3-amino acid
observed experimentally for dipeptide 8 in [109], (D) T-aminomethylcyclopropane-
the solid state [108]. (C—E) Expansion of the carboxylic acid [50], and (E) trans-oxabornene-
o-peptide C; structure by the addition of f-amino acid residues (B3LYP/6-311-++G#**
one backbone atom: the C3 H-bonded minimum energy conformation) [110].

also Section 2.5) cannot fit in any of the two folds. Seebach and collaborators
found that f-peptides consisting of (2R,3S)-a-hydroxylated % 3-amino acid resi-
dues (e.g. 9) exist in polar solvent as a helical conformation based on repeti-
tive 8-membered H-bonded rings resulting from 1+« 3 H-bond interactions
(C=0;-*H—-Nj;,) [109]. The structure is probably further stabilized by an addi-
tional interaction between C=O;---H-O; (Fig. 2.5C). A remarkably similar Cs-
based conformation was reported for f*2-substituted oligomers consisting of
1-aminomethylcyclopropanecarboxylic acid residues (Fig. 2.5D) [50]. X-ray diffrac-
tion studies of short chain oligomers revealed that orbital hyperconjugation be-
tween the o-bonding orbitals (HOMO) of the cyclopropane ring and the z* non-
bonding orbital (LUMO) of the carbonyl constrained y values close to 0° (bisected
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conformation), thus favoring a Cg H-bonding pattern. A ribbon-like secondary
structure was extrapolated from these data.

Independently, using 'H NMR and density functional theory computa-
tions, Klein and co-workers concluded that the f-peptide consisiting of trans-
oxabornene-f-aminoacid (e.g. 11, Fig. 2.5E) also adopts a Cg-based helix confor-
mation [110]. These results show that cyclohexyl ring bridging and unsaturation
impose angular constraints that translate the robust 314-helix sustained by trans-
ACHC-$*3 amino acid units (see Section 2.3.1.2) [1, 56, 57], into a new folding
pattern. Additional H-bond contacts between amide NHs and the ring oxygens
were also hypothesized. Altogether, these results do not question the proposal for-
mulated by Gellman [41] that 1 < 3 H-bonding between nearest-neighbor amide
groups in f-peptides is not favored, but rather suggest that extra-interaction or
specific angular constraints can overcome this general feature.

y-Peptides  According to model studies [41], y-peptides have higher propensities
than f-peptides to populate conformations stabilized by H-bonding between near-
est neighbor amide groups. Several examples of secondary structures stabilized
by 1 «— 3 H bonds have been identified in designed y-peptides incorporating vari-
ous levels of backbone pre-organization [74-76, 111]. In the case of gabapentin
(Gpn), a y*3-geminally disubstituted amino acid, both C(a)-C(8) and C(f)-C(y)
bonds are locked in a gauche conformation with 0; ~ 0, ~ +60° [75]. In the solid
state, Gpn oligomers populate Cy H-bonded conformations. Because the mole-
cules are achiral, two sets of dihedral angles (+) and (—) of opposite values can
be associated with the Co-pseudocycle. The structure of the dimer shows a
(4, +) arrangement, which can be extrapolated to a 2.7-helix, whereas the struc-
ture of the tetramer corresponds to a heterochiral sequence (4, —, +, —) leading
to a ribbon structure (Fig. 2.6A). In all cases, the secondary structures rely on con-
secutive Cy H-bonded rings [75].

A related Co-ribbon type structure has been postulated on the basis of NMR
spectroscopy data in H,O for y-peptide oligomers of cis-y-amino-1-proline (Fig.
2.6B) [76]. In the proposed secondary structure of 12, the two amide bonds con-
nected to o- and y-positions of each proline residue are in the same plane, perpen-
dicular to the average plane of the proline rings. The solid phase synthesis
approach which authorizes facile incorporation of a variety of acyl and alkyl side
chains at the y-amino position is highly modular.

The carbofuranosyl group was used by Sharma and Kunvar as a conformation-
stabilizing side chain to enforce the backbone of f- and y-peptides into well-
defined folded conformations (see also peptides 16 and 22 in Sections 2.4.2.2
and 2.4.3). A left-handed 9-helix with 1 «— 3 H-bonding pattern (Fig. 2.6C) was
identified from NMR studies in CDCl; solution and molecular dynamics calcula-
tions for a hybrid y-hexapeptide (13) with alternating carbofuranosyl-y*-aminoacid
and y-aminobutyric acid (GABA or y-Gly). It is worth mentioning that the corre-
sponding f-peptides made of alternating (3S)-carbofuranosyl->-amino acid and
B-HGly residues adopt a mixed helical structure with (M)-helicity. (see Section
2.4.2.2).
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Fig. 2.6 Cy H-bonded conformations of y-peptides. (A) Gabapentin
oligomers. Structure of dimer and tetramer in the solid state [75].

(B) Oligomers of cis-p-amino-L-proline [76]. (C) y-Hexapeptide 13 with
alternating carbofuranosyl-y*-aminoacid and y-Gly residues [111].

2.3.2.3 Stabilizing Local Backbone Conformation by Inverse-Bifurcation Involving
an Additional Heteroatom

Oligo a- and g- and y-aminoxyacids As already mentioned in Section 2.3.1.2 for
N,N'-oligoureas (y-peptide lineage), replacing carbon atoms in an w-peptide back-
bone with heteroatoms represents a promising opportunity to design new fol-
damers. a-Aminoxypeptides formerly obtained by substitution of oxygen for the
f-carbon atoms within the f-peptide backbone (Fig. 2.7A) have been investigated
in depth by ab initio quantum-mechanical calculations and molecular dynamics
simulation. This theoretical work predicted that a Cg H-bonded ring (N-O turn,
Fig. 2.7A) should stabilize a 1.8s-helix conformation in homochiral segments
[112, 113] (Fig. 2.7B), at least in aprotic solvents [114]. Spectroscopic studies on
a series of oligomers supported these predictions and established that such an he-
lical conformation occurs in oligomers as short as a trimer [115]. The high stabil-
ity of the helix was interpreted as the result of the replacement of the amide
bonds by “amidoxy” bonds in which the strong withdrawing effect of the oxygen
atom considerably enhances the acidity of the NHs and the strength of the H
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bonds. In addition, the lone pair electron repulsion in the N-O segment reduces
the flexibility of the backbone, which stabilizes the secondary structure, and pro-
motes H-bonding between adjacent residues by selecting favorable dihedral an-
gles. The crystal structure of a model trimer, in good agreement with the calcu-
lated geometry of the N—O turn, comfirm this analysis [116].

Small models of f-aminoxypeptides [117-119] and y-aminoxypeptides [120]

(Fig. 2.7A) were subsequently investigated by the group of Yang. FT-IR and
NMR spectroscopy as well as X-ray diffraction studies also indicated a net prefer-
ence for 1« 3 H-bond interaction, leading respectively to the formation of Cg
and Cyo pseudocycles (Fig. 2.7A). The Co ring is clearly an inverse bifurcated sys-
tem where the NH;,, is H-bonded to both O;; and C=0; (d(N;;,~0;.;) = 2.5A).
It is not the case for the Cyy pseudocycle (right) where the distance between O;;1
to NH;,; is too long (d(N;,—-0,.1) = 3.3 A).
Hydrazinopeptides Oligomers of hydrazinoacetic acid derivatives are aza’-
analogs of f%-peptides (Fig. 2.7A). Secondary structure ensembles for these com-
pounds have been examined at various level of ab initio MO theory by Giinther
and Hofmann [121]. The variety of H-bond networks in hydrazinopeptides is in-
creased compared with f-peptides because of the additional N*H centers which
act as potential H-bond donors and H-bond acceptors. A Cg based helical confor-
mation (calculated 1.75g-helix), similar to that observed for o-aminoxy peptides,
emerged in one mode of calculation. In all other cases the most favorable calcu-
lated secondary structure is a new 14-helix that topologically differs from the f-
peptide 14-helix because of the participation of the lone pair of the sp* N* atom
in the stabilization of the 14-membered H-bonded ring. Although the synthesis
of chiral hydrazinopeptides remains challenging, a series of hydrazinopeptides
up to the hexamer have been prepared by Seebach and co-workers [122]. In
MeOH, the hexamer displays a CD signature that resembles that of the corre-
sponding 14-helical f?-peptide. However, poor signal dispersion and fast ex-
change between NHs precluded detailed NMR studies and subsequent molecular
modeling. These observations suggest dynamic interconversion between compet-
itive conformations.

Aza-f*-peptides Aza-f3-peptides [123], the aza®-analogs of f3-peptides, are
oligomers of N*-substituted hydrazinoacetic acid (Fig. 2.7A, right). The main fea-
ture of this unnatural backbone is that nitrogen atoms bearing the side chains are
sp® hybridized. As a result, aza-f3-peptides are chiral molecules of undefined
configuration. In CDCI; solution as well as in the solid state, their backbone is
structured by a continuous set of Cg pseudocycles (hydrazinoturn [124] or N-N
turn) [125]. Examination of X-ray structures of a dimer and a hexamer (Fig. 2.7C)
reveals that the former corresponds to a homochiral sequence (both nitrogen cen-
ters have the same absolute configuration) that defines an incipient extended
1.75g-helix whereas the latter is characterized by an heterochiral arrangement
(R,R,S,S,R,R chiral sequence) that drives a more folded conformation. In solu-
tion, aza-f>-peptides equilibrate between all possible chiral sequences, all of
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which share the same Cg based H-bond network. The structural resemblance be-
tween a-aminoxypeptide and aza->-peptide backbones which both rely on the for-
mation of a Cg H-bonded network is striking. In both cases, the presence of the
two adjacent heteroatoms is the driving force of the folding process. In aza-f*-
peptide Cg pseudocycles, the *N;,i--H-N;,, distance (~2.25A) is typical of a
H bond but the corresponding angle (~110°) is distorted relative to the expected
value for a standard H bond. The same holds true for the N-O turn
(d(*O;y1--H-#N;;,)). This interaction has been shown to play a crucial role in
the stabilization of the secondary structure [126]. The Cg pseudocycle of aza-f$>-
peptide and probably the N—O turn can thus be described as inverse bifurcated
systems combining interactions between nearest and non-nearest neighbors
[127]. Conformational analyses of aminoxy- and hydrazino-peptides, and also
studies of N,N’-linked oligoureas described in Section 2.3.1.2 illustrate that the
amide linkage is not the only polar bond that can sustain a robust intramolecular
H-bond network for the design of self-organizing oligomers.

It is noteworthy that the intrinsic features and conformational preferences of
linear aza-f3*-peptides can be exploited to generate macrocyclized derivatives with
remarkable efficiency (for example of self-templated macrocycles, see Chapter 1).
This result can be rationalized by invoking a dynamic process, i.e. the ability of
linear precursors to populate heterochiral sequences ideally pre-organized for cyc-
lization. The resulting macrocycles retain the alternated chiral sequence (the py-
ramidal inversion of the chiral nitrogen atoms is now considerably slowed down)
as well as the basic Cg structure (Cs-symetric hexamer, Fig. 2.7D) [128]. The solid
state intramolecular organization of the macrocycles perfectly reflects the major
conformation present in solution (CDCl3).

To conclude this section, it is interesting to point out that, in contrast to the
natural a-peptides, 1 <+ 3 H-bond interaction patterns consistently sustain sec-
ondary structures in different classes of designed w-peptides and their related
analogs. A survey of the present literature also emphasizes how much folding
can be oriented through slight structural modulations, such as stereochemical
modifications, side chain tuning, and backbone alteration, which all subtly mod-
ulate the set of weak intramolecular interactions and, in the end, the shape of the
molecules.

24
Oligoamide Mixed Helices

In contrast to common periodic peptide helices in which components along the
helix axis of backbone C=0O bond vectors point in the same direction, a unique
feature of mixed helices is the alternating direction of the C=O bonds along the
sequence that results in the formation of a ff-sheet-type H-bonding pattern. Mixed
helices are thus characterized by a small macrodipole which implies that they are
energetically disfavored in a polar environment compared with common periodic
helices that have their H bonds oriented in the same direction.
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2.4.1
The a-Oligopeptide Precedent: from Antibiotic Gramicidin A to Poly-GIn Aggregates
in Huntington’s Disease

Mixed helices, also termed f-helices by virtue of this similarity to S-sheet type
structures, were proposed in the early 1970s independently by Ramachandran
and Chandrasekharan [129], and Urry [130] for a-oligopeptides with a regularly
alternating sequence of p and t residues (p,r-peptides) such as the linear penta-
decapeptide antibiotic gramicidin A (HCO-Val-Gly-Ala-p-Leu-Ala-p-Val-Val-p-Val-
Trp-p-Leu-Trp-p-Leu-Trp-p-Leu-Trp-NH-(CH;)-OH), i.e. by repeating a pair of
(¢, ) angles with values lying in the allowed fS-sheet region of the Ramachan-
dran map for 1 and p residues, respectively. The H bonds are formed alternatively
in forward and backward directions along the sequences thus closing intertwined
pseudo rings of different sizes (Fig. 2.8). f-Helices formed by b,i-peptides are
characterized by their structural polymorphism [131-135]. They can be either
right- or left-handed depending on parameters such as sequence, length and en-
vironment. Various periodicity and hence pore size have been predicted and
found experimentally. Finally, -helices can exist either as single helices stabilized
by parallel H bonds or as parallel (or antiparallel) double helices. Gramicidin A,
for example, depending on its surrounding environment has been found to form
either single stranded or double stranded f-helical conformations with residues
per turn ranging from 5.6 to 7.2 [136-139].

Proteins also fold into right- and left-handed p-type helical structures with
larger periodicities [140-142]. The first parallel f-helix fold (right-handed) was
discovered by Yoder and co-workers in the structure of Pectate Lyase C [140].
The repeating unit (i.e. f-helical turn) in such f-helices is formed by three strand
segments connected by three loops and generally comprises 15-23 residues. A
large “loopless” f-helical nanotube with 20 residues per helical turn has been
proposed by Perutz and co-workers to account for the X-ray diffraction patterns
of fibers of a poly-1-Gln peptide (exon-1 peptide of huntingtin) [143]. In addition
to being relevant to Huntington’s disease, this model may also serve to interpret
structures of amyloid fibrils associated with various neurodegenerative diseases.
It is worth noting that this structure which features repetition of a pair of (¢, )

Fig. 2.8 H-bond patterns associated with mixed helical secondary structures in a-polypeptides.
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angles with nearly opposite values (¢; = 160°, y; = —170°%; ¢, = —161°, v, =
178°); is remarkably close to a p,r-peptide f-helical fold.

242
Introducing Periodicity at the Level of a Dimer Unit in f-Peptides leads to a
Remarkably Stable Mixed Helical Fold

Early studies by Seebach and co-workers established that, by analogy to f-helical
a-peptides, f-peptides with an alternating substitution pattern adopt a mixed heli-
cal conformation [55, 144, 145]. The resulting structure which consists of 10- and
12-membered H-bonded pseudo rings alternating in forwards and backwards di-
rection, respectively has only a small resulting macrodipole. This particularly ro-
bust mixed helical fold was subsequently observed for other f-peptides (Fig. 2.9)
exhibiting periodicity at the level of a dimeric unit [146—148].

2.42.1 By Mixing f2- and f3-Amino Acids

The finding that the conformational preferences of “mixed” f-peptides composed
of alternating $3- and f*-amino acid residues differed from that of the corre-
sponding homopolymers consisting exclusively of - or ?>-amino acid residues
(i.e. the 314 helix) was largely unexpected [144]. In MeOH, fS-peptides with (S)-
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Fig. 2.9 Mixed 12/10- (10/12-) helix forming f-peptides [144-148].
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B2/p3 (or (S)-*/p%) dipeptide repeats such as 14 and 15 did not display the CD-
pattern characteristic of the 314 helix. Their CD spectra showed an intense maxi-
mum near 205 nm and no zero-crossing. The dispersion of the chemical shifts as
well as the large 3J(H-C(x), H-C(B)) values (>10 Hz) in their NMR spectra re-
corded in pyridine and CD3;OH indicated that at least one stable secondary struc-
ture was populated. ROESY experiments revealed a NOE pattern substantially dif-
ferent from that of the 314 helix with no i/i + 3 NOE crosspeaks and new i/i + 2
connectivities not compatible with the 3;4 helix. Restrained MD calculations
based on NOEs and | values yielded a unique mixed helical structure with alter-
nating intertwined 12- and 10-membered H-bonded rings. The helical screw
sense was opposite to that of the related 314 helix and the overall macrodipole
was strongly reduced because of alternating orientations of backbone carbonyl
groups. The 12/10-structure of a low energy conformer of ?/f°-peptide 14 [55,
144] and detailed representations of the 12- and 10-membered pseudocycles are
shown in Fig. 2.10. Comparison of the 10/12-helix turns with the corresponding
14-membered ring of the 314-helix reveals a common (+)-synclinal arrangement
(6, ~ 60°) around the central C(a)—C(f) bond for each amino acid constituents.
However, whereas both ¢ and y angles are negative for f-amino acids in the reg-
ular 3y4-helix, f?-amino acid residues have a positive ¢ value and f*-amino acid
residues a positive y value in the 12/10-helix.

The tendency is that in the absence of any adjacent substituent on the two sides
of an amide bond, the 12-membered turn is favored, the 10-membered being
formed when the amide bond is flanked by substituted carbons (Fig. 2.10). In
fully protected 15, the NH of residue 1 is engaged in the formation of an addi-
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Fig. 2.10 The mixed 12/10 helical structure of 2 /4>-dipeptide repeats.
(A) View along the helix axis of a low energy conformer resulting from
NOE-restrained modeling of 14 in pyridine [144, 145]. (B) Comparison
of the 12- and 10-membered turns found in the 12/10 helix of 14
together with corresponding backbone dihedral angles.
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tional N-terminal 10-membered turn and the pattern of 10- and 12-membered
turns is reversed. The strong stabilizing effect associated with N-terminus cap-
ping in mixed f-peptides was confirmed by CD studies in MeOH, the ellipticity
value at 205 nm for 15 in MeOH being twice that of 14. In the case of longer
B%/B3-peptides, the effect of removing the terminal protecting groups was even
more pronounced with collapse of the band at 205 nm and restoration of a CD
pattern, albeit weak, characteristic of the 314 helical conformation [145]. This ob-
servation may suggest the presence of equilibrating conformers and can be ex-
plained in term of unfavorable charge—pole interactions in the right-handed 12/
10-arrangement of unprotected 2 />-peptides, the positively charged amino ter-
minus being rather a promoter of left-handed 3y4-helical structure. Information
about the dynamic of (un)folding process in f%/83-(8%/f%-) dipeptide repeats
(protected or unprotected form) was gained by exploration of conformational en-
sembles produced by molecular dynamics (MD) simulations in explicit solvent
using the GROMOS96 force-field. The results demonstrated reversible folding to
the 12/10 helix and were consistent with experimental data (see also Chapter 6).
[103, 104, 149-151]. Although alternate conformations such as the pure left-
handed 3;4-helix and various partially folded conformations were also populated,
the right-handed 12/10 helix was the predominant conformation in the simula-
tion of g%/43-(83/%-) dipeptide repeats in MeOH.

2.4.2.2 Additional Substitution Patterns Stabilizing the Mixed 10/12- (12/10-) Helix
Theoretical studies at various levels of ab-initio MO theory (HF/6-31G* and B3LYP/
6-31G*) provided further insight into the relative preference of f-peptides for the
314 and mixed 10/ 12-helices. Quantum mechanics calculations performed on un-
substituted f-peptides (oligo-s-HGly peptides) revealed that the formation of the
10/ 12-helix is intrinsically favored over the 314 helix (by 21.4 and 4.8 kcal mol !
in the gas phase and methanol solution for a protected hexapeptide) [152, 153].
Analysis of the influence of substitution patterns [151, 154] confirmed the intrin-
sic preference of (S)-42/f° dipeptide repeats for the right-handed 10/12-helical
conformation and suggested other patterns of substitutions compatible with the
formation of the 10/12-helix such as heterochiral dipeptide repeats (e.g. (R)-8*/
(S)-53, (R)-B3/(S)-B%, (S)-B2/(R)-52, (S)-p*/(R)-B>). This prediction was experimen-
tally confirmed by the conformational analysis in solution of carbofuranosyl-4°-
hexapeptides 16 and 17 made of regularly alternating (3R)- and (3S)-building
blocks (Fig. 2.9) [147].

In MeOH, both peptides displayed a CD pattern characteristic of a right-handed
10/12- (12/10-) helical structure. More detailed structural analysis by NMR study
in CDCl; revealed that 16 and 17 adopt well-defined (P)-12/10 and 10/12 helical
structures, respectively (Fig. 2.11).

It is noteworthy that the mixed f-peptide helical backbone can tolerate suppres-
sion of side chains every two residues. Thus, f-peptides made of alternating (3R)-
carbofuranosyl-fi*-amino acid and g-HGly (3-amino propionic acid) residues (18
and 19) and of (2S,3S)-$%3(sugar) amino acid/f-HGly repeats (20), respectively
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A

Fig. 2.11 Additional substitution patterns leading to mixed helices in f-
peptides. Views along the helix axis of low energy conformers of (A) 16
and (B) 18 obtained by NOE-restrained modeling using NMR data
obtained in CDCl; [147, 148].

have been found to adopt well-defined right-handed (P)-12/10 (18 and 20) and
(P)-10/12 (19) helical structures in nonpolar solvents such as CDCl; and CD;CN
[146, 148]. f-HGly thus behaves like f2-amino acid residues in f*/? repeats.
This finding is not surprising if one keeps in mind that C(3) substitution is
much more effective than C(2) in reducing the flexibility of the f-peptide back-
bone as already discussed in Section 2.3.1.1. Inverting the configuration of f°-
amino acid residues in f°/f-HGly repeats (18 — 21) caused a switch in helix
handedness facilitated by the conformational freedom of f-HGly residues [148].

243
Extending the Concept of Mixed Helices

The question whether mixed helices might exist in other families of w-oligoamide
backbones has been addressed by the group of Hofmann with methods of ab ini-
tio theory [153, 154]. Mixed helices were systematically searched within the con-
formational space of y- and J-peptides and their energies compared with those of
corresponding periodic helices. The results indicate that (i) while mixed y-peptide
helices (14/12 and 24/22 H-bond pattern) are less stable than the experimentally
found periodic 2.614 helix, mixed J-peptide helices (14/16 and 16/14 H-bond
pattern) are significantly more stable according to the density functional theory
(DFT) and (ii) in contrast to the situation observed for f-peptides, these mixed
helices become more unstable than their periodic alternatives in polar environ-
ment such as water (polarizable continuum model, PCM/HF/6-31G*). These
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18 20
1-4

Fig. 2.12 Most stable helices in hybrid (octa)peptides at the HF/6-31G*
level of ab initio MO theory. (A) The mixed 18/20-helical fold of «,)-
peptides, (B) the mixed 20/22-helical fold of f3,y-peptides [156].

mixed helical structures have not yet been observed experimentally in y- and
o-peptides synthesized so far.

Another general approach to introduce periodicity at the level of a dimeric unit
in oligoamides is to mix two types of w-amino acid residues in an alternating
fashion. Such so-called heterogeneous or hybrid peptide backbones show consid-
erable promise to expand the pool of candidate foldamers, and their experimental
folding patterns are discussed with greater details in Section 2.6. Employing the
methods of ab initio MO theory, Hofmann and co-workers have investigated the
ensembles of helical structures attainable with (unsubstituted) o.f-, o,y- and S,y-
hybrid backbones [155, 156]. Conformational analysis provided three groups of
helical structures according to their global H-bonding pattern: helices with all H
bonds in one direction (either forward or backwards direction), and mixed heli-
ces. For all three heterogeneous backbones, the most stable conformations at the
HF and DFT level of ab initio theory were found among mixed helices (i.e. 18/16-
(and 11/9-), 18/20- and 20/22-helical folds for o.f-, o,- and f,y-peptide hybrids,
respectively, see Fig. 2.12). In an aqueous environment (PCM/HF/6-31G* calcula-
tions), the stability of helices with unidirectional H-bonding increases at the ex-
pense of mixed helices. It is worth mentioning that some mixed helices such as
the 11/9-helix of o,f-peptides remain significantly stable. Experimental evidence
for the 11/9-helical fold came from NMR studies in CDCl; of a series of o,f-
peptides consisting of 1-Ala/(3S)-carbofuranosyl-f3-amino acid repeat (e.g. 22,
See Fig. 2.13) [157].
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Boc

Fig. 2.13 The 9/11-Mixed helical structure of o/f hybrid peptides
consisting of L-Ala/ (35)-carbofuranosyl-f3-amino acid repeats (e.g. 22).
View along the helix axis of a low energy conformer of 22 generated by
NOE-restrained modeling using NMR data obtained in CDCl; [157].

25
Nonperiodic Structures: Open Chain g-Turn-like Motifs and Hairpins in Designed
Homo-oligomers

Turn structures and p-hairpins (two H-bonded antiparallel f-strands connected
by a turn segment) which cause the peptide chain to reverse its direction are
key functional and structural elements of proteins. Significant progress has been
made towards our understanding of the principles that govern f-hairpin nuclea-
tion (for reviews, see refs [8—10] and Chapter 5). Because these motifs are im-
portant for peptide and protein recognition, the design, synthesis and applica-
tions of hairpin turn mimetics have attracted considerable attention. In the
foldamer area, the de novo design of hairpin-type structures from unnatural linear
oligomers remains challenging, in part because of the duality of structural ele-
ments (turn 4 sheet) and the absence of periodicity in the motif. So far, homo-
oligomers (based on one residue type) programmed to adopt hairpin conforma-
tions have been essentially limited to f-peptides. Alternatively, the individual
components of hairpin design (i.e. either turn segments or pleated sheet struc-
tures) generated from various unnatural oligomeric backbones (e.g. f- and -
peptides, a-aminoxy acid oligomers) can be assembled with «-peptide strands or
f-turn segments to generate hybrid hairpin structures (see Section 2.6.2).

2.5.1
Sheet-forming w-peptides

Fully extended f-peptide strands can be generated by populating antiperiplanar
conformations around the C(«)—C(f) bond (6; values close to 180°). Seebach and
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Gellman groups found that this conformational bias can be introduced by using
acyclic f%3-amino acids of unlike configuration bearing alkyl substituents [158,
159]. The resulting #*3-peptide chains adopt extended conformation with forma-
tion of pleated sheets. This is in contrast to all-like-f?3-peptides which have be
shown to form predominantly 34 helical structures (See Section 2.3.1). Extended
conformations for sheet formation are also accessible to y-peptides subject to suf-
ficient backbone pre-organization (a,f-unsaturation [160], cyclization between
C(«) and C(y) [161]) to restrict rotation around ethylene bond.

252
Turn Segment for Hairpin Formation

Two types of f-dipeptide turn segments have been used to connect antiparallel -
peptide strands and nucleate f-peptide hairpin conformations.

The first one imagined by Gellman and his group is a 12-membered H-bonded
turn generated by a heterochiral dinipecotic acid (Nip, the f%-homolog of proline:
B2-HPro) sequence [162, 163]. X-ray crystal structure of a designed f-tetrapeptide
(23, Fig. 2.14A) show the expected antiparallel hairpin conformation, all strand
residues displaying antiperiplanar arrangement around the C(«)-C(f5) bond [162].
The second approach developed by Seebach and co-workers (24, Fig. 2.14B)
exploits the propensity of mixed $%/43-dipeptides to populate 10-membered H-
bonded turn (see Section 2.4.2.1 and Fig. 2.10) [159, 164]. Detailed NMR spectros-
copy and MD simulation analysis of f-hexapeptide 24 in CD;OH revealed signifi-
cant (an estimation of 20-30% was given by MD) hairpin population. There was
however no evidence for secondary structure in water. The structural similarity
between the 10-membered turn segment in 24 and a type II’ a-peptide f-turn is
illustrated in Fig. 2.14E. Interestingly, the formation of f-peptide 10-membered
H-bonded turns was also found to be strongly promoted by % %-geminally substi-
tuted amino acids units such as achiral 1-aminomethylcyclohexanecarboxylic acid
[51]. The hairpin structures in both 23 and 24 are characterized by the unidirec-
tionality of the C=0 and NH bonds within each strand segment. However, as
a consequence of their different turn geometry: a 12-membered turn closed by
H-bonds between C=0; and NH;, 3, and a 10-membered turn closed by H-bonds
between NH; and C=0;,,, antiparallel hairpins formed by f-peptides 23 and 24
display opposite sheet polarities. Backbone torsion angle values (X-ray and NMR)
for selected f-amino acids residues within extended strand segments of 23 and 24
are close to ideal values for f-peptide pleated sheets: ¢ = —120° (or 120°), 6; =
180°, y = 120° (or —120°).

Optimal pre-organization of the y-peptide backbone towards the formation of
open-chain turn-like motifs was found to be promoted by unlike-y**-amino acid
residues [165-166]. This design principle can be rationalized by examination of
the two conformers free of syn-pentane interaction (I and II, Fig. 2.14C). y>*-
peptides built from either homochiral or heterochiral unlike-y**-amino acid units
adopt reverse turn-like structure stabilized by 14-membered H bond (e.g. 25, Fig.
2.14D). y-Peptide turn conformations compare well with the type II’ f-hairpin

59
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Fig. 2.14 Nonperiodic structures formed by bonded turn induced by y-peptides consisting
p- and y-peptides. f-peptide antiparallel of unlike-y%*-amino acid residues (hetero-
hairpin structures with (A) a 12-membered chiral sequence) (e.g. 25, X-ray structure)
R/S dinipecotic turn segment (e.g. 23, X-ray [166]. (E) Comparison of the turn segment
structure) [162] and (B) with the 10- found in - and y-peptide 24 and 25 with
membered turn formed by mixed f?/3- a naturally occuring type II” f-turn of
dipeptide sequence (e.g. 24, structure derived  a-polypeptides together with backbone
from NMR data in CD3;OH) [164]. (C) The dihedral angles in (°). Torsion angles with
two conformation free of destabilizing syn- comparable values are shown in bold
pentane interaction in y%*-amino acid with [164, 166].

unlike configuration. (D) 14-membered H-
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motif of naturally occurring a-peptides, thus suggesting that short-chain -
peptides with the right substitution pattern could be used as f-turn mimetics in
drug design.

2.6
Expanding Structural Diversity with Heterogeneous Backbones

Most structural motifs encountered in the previous sections of this chapter have
been generated from oligomeric strands formed by the repeat of monomeric
units from a single class. While the design of appropriate building blocks for the
construction of homogeneous folding oligomers based on remote intrastrand in-
teractions remains an active area, the possibility to combine these elements and
generate new heterogeneous backbones as candidate foldamers has recently
emerged. This concept, successfully applied to oligoamides, spectacularly ex-
pands the structure space attainable with a relatively small pool of residue types.

2.6.1
From Discrete »-Amino Acid Guests in a-Helices to Helical o,»- and p,y-Peptide
Hybrids

Multiple approaches, either experimental [167-172] or theoretical [155, 156], have
been considered to delineate the ensemble of helical conformations formed by
new hybrid backbones composed of two w-amino acid residue types. Oligomers
with periodicity at the level of dimer (e.g. a.f-, o,)-, f,y-peptides) or trimer (e.g.
a,0,f3- or o f3,f-peptides) units have been studied.

For several years, Balaram and co-workers have been investigated the structural
features of f- and yp-amino acid residues (f-HGly, y-Gly (4-aminobutyric acid),
Gpn (gabapentin)) when inserted as guests into host a-peptides [173]. Examina-
tion of X-ray crystal structures of peptides 26-28 [172, 174, 175] (see Table 2.1

Table 2.1 Residue patterns (in bold) within peptides 26-28 whose coordinates served to
construct models of hybrid helices.

Sequence Pattern Number Ref
of atoms in
H-bonded ring
26 Boc-Val-Ala-Phe-Aib-$3-HVal-#3-HPhe-Aib-Val-Ala-Phe-Aib-OMe Po. 11 175
Boc-Val-Ala-Phe-Aib-g3-HVal-g3-HPhe-Aib-Val-Ala-Phe-Aib-OMe  uf$f 15
27 Boc-Leu-Phe-Val-Aib-f3-HPhe-Leu-Phe-Val-OMe oaff 14 172
28 Boc-Leu-Aib-Val-3-HGly-y-Gly-Leu-Aib-Val-Ala-Leu-Aib-OMe oL 12 174

Boc-Leu-Aib-Val--HGly-y-Gly-Leu-Aib-Val-Ala-Leu-Aib-OMe By 13
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for sequences) revealed that - and y-amino acid residues can be substituted for
their e-amino acid counterpart at discrete position in o-helical structures without
major perturbation of the overall fold.

Experimentally defined backbone torsion angles of expanded 1 +— 4 and 1 < 5
H-bonded units formed by hybrid segments in these peptides (marked in bold in
Table 2.1) served as starting points to generate a series of energetically favorable
models of a,w-hybrid helices. For example, the 11- and 13-membered H-bonded
units encompassing the 3-HPhe-Aib (f,«) and the f-HGly-y-Gly (£, y) segments
in X-ray structure of 26 [175] and 28 [174] provided appropriate geometrical pa-
rameters to model 11-8,4 and 13-,y-helices. It is worth noting that a f3,y-dipeptide
repeat is isostere to a a-tripeptide and that the 13-helical backbone proposed for
B.y-peptides (¢ = —106°, 6 = 75°, w = —115° (f*-amino acid) and ¢ = —117°,
01 = 66°, 0, = 62°, w = —120° (y-amino acid)), and also identified by quantum
mechanics calculations [156] superimposes well to the o-helical backbone
(RMSD value of 0.7 A). This interesting theoretical consideration will need to be
verified experimentally.

Parallel to these semi-empirical studies, Reiser, Zerbe and colleagues [167] and
Gellman [168-171] independently reported experimental evidence for periodic
helix formation in short chain hybrid peptides consisting of alternating «- and f-
amino acid residues (mixed helices reported by Sharma and Kunwar [157] have
already been discussed in Section 2.4.3). In both cases, backbone pre-organization
to enforce folding propensity was introduced at the f-amino acid positions with 2-
aminocycloalkanecarboxylic acid residues. o f-Peptides designed by Gellman and
co-workers contained B-amino acid residues constrained with five-membered
rings (S,S)-trans-ACPC and (S,S)-trans-APC (e.g. 29 and 30, Fig. 2.15).

Detailed NMR analysis of hybrid peptide 29 in CD3;OH revealed a complex pat-
tern of (i,i+4 2) and (i,i+ 3) inter-residue NOE connectivities that could be ex-
plained by assuming rapid interconversion between two helical conformations
with H bonds in backward direction, namely a 11-helix (1 «+— 4 H bonds) and a
14/15-helix (1 «— 5 H bonds) [168]. Although less plausible, a helical conforma-
tion with three-center backbone H bonds (both 11- and 14/15 H-bonded rings)
was also proposed on the basis of the nonsequential NOEs observed. Factors gov-
erning helical folding propensity and helix type repartition in such «f-peptide
hybrids have been delineated. Increase in chain length seems to favor the 14/15
helical shape relative to the 11-helix [168]. The analogy to o-peptides which
also show chain length-dependent conformational transition between 3¢ helix
(1 — 4 H bonds) and o-helix (1 < 5 H-bonding pattern) is striking (Fig. 2.16).

o,0-Disubstitution of o-amino acids which is well known to promote helical
folding among a«-peptides [15] was shown to reinforce helix stability and to
favor 11-helical folding of «.f-peptide hybrids [170]. Octamer 30 which consists
of ACPC/Aib repeats adopts a perfect 11-helical fold in the solid state with all
possible H-bonded rings present (Fig. 2.17A). In contrast, f substitution of o-
aminoacid residues (e.g. Val, Ile, Thr) or substitution of acyclic f-amino acids
for ACPC/APC residues is helix destabilizing [170]. Pre-organization with six-
membered ring (S,S)-trans-ACHC residues does not support helix formation in



2.6 Expanding Structural Diversity with Heterogeneous Backbones | 63

c:og9

e}

ONH,
OH
H Hoof v Hooof
WN,,, g NL_fLH N., g N‘Z_fLHJﬁ(NHZ
5 S o I S ° L o
H; H;

29
(0] (0] (0] (0] (0]
H H H H
)(O)LN%(N’“ N%(N‘,l N%‘/N‘,l H%(N o@
H (0] H (0] H o o
30
(0] (0] (0]
H H H
H@NJYN%NJYN%NJYN%NLNOH
(0] H (0] H (0] H (0]

GoMe Go,Me Go,Me
31

32
(0] (0] (0] (0]
33
)(OJOLN%(H E 1 2 H%(HQ)OLOW
(0] (0]
34
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Fig. 216 1 — 4 and 1 < 5 H-bond patterns of interconverting 11- and
14/15-helices in heterogeneous «,f-peptides such as 29 and analogy
with H-bonding scheme of 3,9 and a-helical secondary structures.
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A

Fig. 2.17 Helical secondary structures of
peptide hybrids in the solid state (views
along the helix axis and top views). (A) Right
handed 11-helix formed by o,f-peptide 30
(adapted from [170]). The backbone torsion
angles extracted for central residues 4 and 5
(= —99.7°, 0 = 89.6°, y = —80.7° (-
amino acid) and ¢ = —50.3°, y = —42.9°
(x-amino acid)) and those derived from the

Balaram (¢ = —105°, 0 = 80°, y = —73°
(-amino acid) and ¢ = —62°, y = —44°
(x-amino acid) [172]) are in good agreement.
(B) Right handed helical conformation

(1 < 4 H-bonding pattern) of o,f,/-peptide
32 (adapted from [171]). (C) Right handed
helical conformation (1 < 4 H-bonding
pattern) of «,a,f-peptide 33 (adapted from
[171)).

computer-generated model proposed by

o/p-peptide hybrids, probably because homogenous ACHC backbones favor H-
bonding in the forward direction (see Section 2.3.1.2) [168].

In a related work [167], Reiser, Zerbe and colleagues used cis-f-aminocyclopro-
panecarboxylic acids (cis-f-ACCs) substituted on the 3-position of the ring and
investigated oligomers consisting of 1-Ala/cis-f-ACC repeats (exemplified by hep-
tamer 31). NMR studies in CD;OH and molecular modeling calculations led to
the identification of a third helical fold (with 1« 3 H-bonds) for o,S-peptide
hybrids.

Introducing periodicity at the level of a trimer unit with g,8,0- and f,a,0-triad
repeats (hexamer 32 and heptamer 33) successfully led to the identification of
new helical secondary structures (Fig. 2.17B and C) [171]. While X-ray diffraction
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studies led to the characterization of helices with 1 < 4 H bonds, evidence for
rapid interconversion between two helical conformations (1 < 4 and 1 < 5 H-
bonding patterns) was gained from NMR studies in CD;OH.

Experimental evidence that short chain «,y-peptide hybrids also adopt helical
secondary structures came from X-ray diffraction studies of tetramer 34 consist-
ing of Aib-Gpn repeats [172]. The observed helical fold is stabilized by 12 H
bonds in the backwards direction. By fixing both ethane bonds in a synclinal con-
formation (values for both ¢; and 6, are close to 60°), f,f-disusbtitution (in Gpn)
ensures conformational space restriction of y-amino acid residues.

2.6.2
Hairpins from o«,o-Peptide Hybrids

New hairpin type motifs have been generated by combining turn and strand seg-
ments made of distinct backbones (Fig. 2.18).

D-Pro-Xaa and Asn-Gly dipeptide sequences are known to support the for-
mation of type I’ or II’ f-turns and to promote nucleation of a-peptide hairpin
structures [176-178]. By extension, the D-Pro-Gly turn motif [179] or a related
depsipeptide segment 1-Pro-glycolate [158] have been used to connect f-peptide
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Fig. 2.18 (A) Hybrid g-peptide 35 with a D-Pro-Gly type I’ f-turn
segment (grey color): X-ray crystal structure [179]. Intermolecular
NH:--O=C H bonds (with N—H:--O) angles of 160° and 133°) connect
the hairpin into an infinitely extended f-sheet. (B, C) Parallel hairpin
formation in - and y-peptides (e.g. 36, 37) by incorporation of a D-Pro-
DADME turn segment [158, 183].
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strands into new antiparallel hairpin type structures (e.g. 35). X-ray diffraction
studies have shown that f-amino acids residues generally adopt the expected anti-
periplanar conformation around the ethylene bond (6 ~ 180°). The same holds
true for f-hairpins obtained by incorporation of f- or y-amino acids at discrete
positions into the strand segments (0, and 0, values ~ 180°) [180-182]. Spe-
cific connectors made of several residue types such as p-Pro-(1,1-dimethyl)-1,2-
diaminoethyl (p-Pro-DADME) have been reported that allow formation of parallel
hairpin type structures from f- (e.g. 36) and y-peptides (made of constrained
trans-3-ACPC residues, e.g. 37) strand segments [158, 183]. Conversely, studies
by the groups of Gellman and Yang have shown that f-peptides (dinipecotic acid
heterochiral sequence, see Section 2.5) [184] and w-aminoxy-peptides (p,r-o-
aminoxy acid dimer) [116] reverse turn segments can be used to nucleate o-
peptide hairpin structures.

263
Sculpting New Shapes by Integrating H-Bonding, Aromatic Interactions and
Multiple Levels of Pre-organization

As outlined in the previous sections, optimal backbone pre-organization for
the formation of H bonds and stabilization of well-defined secondary structures
(helices and hairpin type structure) has been achieved at an unprecedented level
for a whole series of aliphatic oligoamides and related peptidomimetic oligomers.
The design principles applied to homogeneous backbones have been extended
successfully to heterogeneous backbones. Recent studies with aromatic oligoa-
mides suggest that it is possible to design oligomeric sequences coding for more
complex structural information. Hunter and Thomas have shown that 38, a C,-
symmetric strand built of isophthalic acid, bisaniline and 4-nitro-1H-pyrrole-2-
carboxylic acid residues adopt in nonpolar solvent (CDCl;) a well defined and un-
usual fold, stabilized by a combination of H-bonding and aromatic interactions
between non-nearest neighbors (Fig. 2.19A) [185].

Experimentally measured folding-induced changes in 'H-NMR chemical shift
(A9) [186] compared with unfolded reference compounds were used to calculate
the three dimensional structure of this “tailbiter”. Experimental H-D exchange
data reflect the difference of free energy in CDCl; between the H-bonds at work,
pyrrole-amide (~6 k] mol~!) versus amide-nitro (~2 kJ mol~!) H-bonds) and sup-
port a noncooperative unfolding mechanism. Self-organization properties of re-
lated aromatic oligoamides composed of isophthalic acid, and bisaniline units in
nonpolar solvents have been exploited for the synthesis of a whole series of supra-
molecular entities [187, 188], including molecular trefoil knots [189, 190]. Folding
of oligoamide 41 — which has been proposed to be formed transiently upon reac-
tion of diamine 39 with 2,6-pyridinedicarboxylic acid dichloride 40 — into a helical
loop stabilized by a complex collection of intrastrand H-bonding (both remote
and between nearest neighbors) and aromatic interaction is thought to be an early
and critical event prior to self-threading and successful closing to amide-knot 42
(Fig. 2.19B).
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2.7
Conclusion and Outlook

The “homologation strategy” which initially led to the discovery of the robust
14-helical f-peptide backbone gave a strong impetus to the search of new fol-
damers stabilized by remote intrastrand interactions. In 10 years, the number of
different secondary structures accessible from f-peptides and higher homologs of
a-polypeptides has grown steadily and the basic principles undetlying w-peptide
folding have been delineated. Multiple levels of conformational restriction can be
applied to w-amino acid units to pre-organize the oligoamide backbone for fold-
ing. For instance, the insertion of heteroatoms into the backbone of w-peptides
to restrict the conformational space results in nonpeptide strands with unique
folding patterns. Furthermore, mixing building blocks of more than one type to
generate foldamers with hybrid backbones has recently emerged as a promising
concept to explore further the structure space attainable with a relatively small set
of building units. Although potentially informative, a comparative study of these
bioinspired foldamers is not straightforward. Several important issues such as (i)
the predictability of folding; (ii) the mechanisms of folding /unfolding; (iii) the ef-
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fect of environment on folding; (iv) the chain-length dependence and (v) the con-
version of structure into function which have been addressed thoroughly in the
case of f-peptides, still need to be considered for many oligomers with folding
propensity. Despite some success in the formation of supersecondary structures
from f-peptides (helix bundles and hairpin), a major challenge will be the assem-
bly of foldamer secondary/supersecondary structures into more complex protein-
like tertiary structures (tyligomers). Nonetheless, significant progress continues
with regards to the design of foldamers with functions (e.g. in biology, see Chap-
ter 8) and one foresees a bright future for folding oligomers based on remote in-
trastrand interactions.
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3
Foldamers Based on Solvophobic Effects

Yan Zhao and Jeffrey S. Moore

Solvophobic effects are responsible for the association of poorly-solvated molecu-
lar surfaces and are one of the most important noncovalent forces used by nature
in biofoldamers. Unlike specific interactions such as hydrogen bonds, solvopho-
bic effects rely on collective interactions among solvents and solutes instead of
specific functional groups for operation. To use solvophobic effects for foldamer
design, one must create solvophobic sites or patches along the primary sequence
to collapse an otherwise conformationally random chain. A fundamental chal-
lenge in this effort is to overcome nonspecificity of solvophobic forces as well as
the coexisting and ubiquitous van der Waals interactions. In this chapter, we will
start with a general introduction of solvent effects. We will clarify the term “sol-
vophobic effects” within the context of our discussion and illustrate how solvo-
phobic effects are employed in inter- as well as intramolecular supramolecules
for structural control. We will discuss how solvophobic effects are related to the
behavior of both synthetic and natural polymers. Next we will summarize the re-
cent progress in solvophobic foldamers with an emphasis on the strategies for us-
ing solvophobic effects, and end the chapter with conclusions and outlooks for
some future challenges.

3.1
Introduction

Solvents provide a medium in which reactants encounter one another — this is the
major role of solvents played in most covalent (heterolytic and homolytic) reac-
tions. Although inertness is often one of the most important criteria in selecting
solvents for a chemical process, the process itself is rarely insensitive to solvents.
Chemical equilibria, kinetics, light absorption, and emission are among the nu-
merous processes that can be profoundly influenced by solvents [1]. A classical
solvent effect in covalent chemistry, frequently mentioned in undergraduate text-
books, is the contrasting effect of protic and polar aprotic solvents on Sy2 reac-
tions. For a reaction involving anionic nucleophiles such as sodium azide, differ-
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ent solvents can easily change the reaction rate over several orders of magnitude.
Solvation of the anionic azide by protic solvents (e.g. methanol) occurs through
hydrogen bonding, which reduces the availability of electrons on the nucleophile
and slows down the reaction. A polar aprotic solvent such as hexamethylphos-
phoramide (HMPA), on the other hand, preferentially solvates the sodium coun-
tercation. Removal of the cation from the nucleophile increases the availability of
its electrons, speeding up the reaction as a result.

Solvents are even less innocent bystanders in supramolecular reactions than
in covalent reactions because the final products, supramolecules, are formed by
noncovalent bonds and both solvent—solute and solvent—solvent interactions are
noncovalent in nature. Hence, it is no exaggeration to speak of solvents as active
participants or “reactants” in supramolecular reactions. Just as a poor choice of
solvents can cause slow reactions and low yields of products in covalent reactions,
it can completely change “mechanisms” and product distribution in noncovalent
ones. Two kinds of solvent effects are generally found in supramolecular chemis-
try, similar to those mentioned in the above Sy2 reactions. The first kind is of a
direct effect, in which solvents compete for the (supramolecular) reactive sites and
impede the reaction. This is the fundamental reason why most hydrogen-bonded
supramolecular structures do not survive in water or dimethyl sulfoxide (DMSO).
The second kind is indirect and is illustrated by the hydrophobic effects. In hydro-
phobic effects, the driving force for association of nonpolar solutes in an aqueous
solution is often not the dispersive interactions among associating solute mole-
cules but rather from the unique properties of water such as strong hydrogen
bonds and small molecular size.

Hydrophobic effects are responsible for a variety of processes including mem-
brane formation, protein folding, protein—protein interactions, ligand—receptor
binding, laundry cleaning, drug formulation, and countless other processes
where nonpolar molecules or groups interact with water [2—20]. Classical hydro-
phobic effects are thought to be of entropic origin, at least at low temperatures.
This is evidenced by the negative (favorable) enthalpies and large positive (un-
favorable) entropies of solvation for small nonpolar solutes in water [16]. In the
classical model of hydrophobic effects, water forms iceberg-like structures around
nonpolar solutes [19-20]. Although frequently seen in water clathrates of small
organic molecules, such ordering was not verified by neutron diffraction studies
[21]. Instead of focusing on hydrogen bonds, alternative models emphasize other
properties of water such as small size and high cohesive energy density (i.e. total
intermolecular interactions per unit volume) [8, 9]. In these models, attention
is turned to cavities or interfaces created in water for accommodating nonpolar
solutes and their influences on hydrophobic aggregation. Importantly, all models
agree with the same experimental observation that strength of hydrophobic ef-
fects increases with buried hydrophobic surface area upon association. Now,
hydrophobic effects are accepted to be a multifaceted phenomenon, with its mo-
lecular origin depending not only on temperatures but also on molecular sizes —
entropically driven at low temperatures with small solutes and enthalpically
driven at high temperatures or with large nonpolar surfaces [2—8]. The energetic
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characteristics depend on the nature (e.g. aliphatic or aromatic) as well as the
shape (e.g. deep cavity) of the hydrophobic surfaces.

Solvophobic effects are extension of hydrophobic effects and were originally
used to describe aggregation of hydrophobic molecules in polar nonaqueous solu-
tions [22, 23]. Although commonly used to refer to association of poorly solvated
molecular surfaces, the exact meaning of the term becomes blurred when water, a
solvent with extremely small volume, low polarizability, and high cohesive energy
density is replaced by organic solvents that have many different and even oppo-
site characteristics. Whereas aggregation of solvent-incompatible solutes in for-
mamide and ethylene glycol may retain many of the energetic profiles of hydro-
phobic effects, association of solvent-incompatible surfaces in nonpolar solvents
such as alkanes, chloroform, or tetrahydrofuran probably deviate significantly. It
is clear that many of so-called solvophobically driven supramolecular systems (in-
cluding the ones reviewed in this chapter) have contributions from both interso-
lute van der Waals interactions and classical “solvophobic” effects — the former
may even be the dominant one. Nevertheless, it is convenient to use a single
term “solvophobic effects” to refer to these solvent-dependent phenomena and
the simplification is justified by several reasons. First, both van der Waals interac-
tions and classical solvophobic effects are proportional to the interacting surface
area; grouping the two together, therefore, does not change conclusions drawn in
most cases. Second, structures of supramolecules and strategies for structural
control are often the central points of discussion instead of the exact mechanisms
of intermolecular interactions. As separation of van der Waals interactions and
“true” solvophobic effects is difficult even in well studied systems such as bind-
ing of nonpolar molecules by cyclodextrins [24], it may be unfruitful arguing
“how solvophobic really is a particular solvophobic interaction?” Third, classical
hydrophobic effects have contributions from intersolute van der Waals interac-
tions (e.g. dispersive forces) as well. Although possibly not very important in hy-
drophobic interactions of small gaseous organic molecules, van der Waals interac-
tions probably are quite important in the association of large hydrocarbons. For
example, one normally assumes hydrophobic effects to be responsible for insolu-
bility of both methane and hexadecane in water, even though dispersive forces of
the two are enormously different (as reflected in the corresponding boiling points
of —164 and 287 °C, respectively).

3.2
Learning from Solvophobically Driven Assemblies — Intermolecular Solvophobic
Interactions

One way of looking at foldamer chemistry with its efforts in employing non-
covalent interactions to stabilize collapsed conformations is classical supramolec-
ular chemistry carried out intramolecularly. If molecular recognition between dif-
ferent molecules is the goal for the latter, recognition between different parts of a
flexible molecule is the goal for the former. For specific, directional noncovalent
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interactions such as hydrogen bonds, the information for molecular recognition
is encoded in the donor-acceptor motif. Thus, a D-D-A hydrogen bonding motif
is most suitable to interact with an A-A-D motif. For nonspecific interactions such
as solvophobic and van der Waals interactions, complementarity is still needed for
selectivity but is required for the entire binding surfaces instead of a localized
pair of interacting functional groups. As both forces are proportional to the inter-
acting surface area, geometries (including the size, shape, and distribution) of the
binding surfaces logically become the most important parameters one can use to
modulate both the stability and the selectivity of interactions. We call this strategy
of creating complementary solvophobic surfaces for molecular recognition geo-
metrical manipulation. In 1991, Whitesides [25] pointed out that “van der Waals
and hydrophobic interactions ... are ubiquitous in biological systems, but have
been difficult to use by design in synthetic systems.” A long road still lies ahead
of chemists in approaching nature’s abilities to use these nondirectional interac-
tions for structural control. We are, however, much closer than we were 15 years
ago.

Solvophobic effects are most simply demonstrated when an organic solvent
such as hexane (“oil”) is poured over an aqueous solution. In such a system, any
“oil” molecule can freely approach other “oil” molecules and no geometrical con-
straint is present. The requirement of maximum solvophobic contact (or minimal
solvophobic/solvophilic contact) naturally calls for complete phase separation of
the two components, with the “structure” of the “product” determined by relative
volumes of the two components and shape of the container used.

This is not the case when a head/tail amphiphile is dissolved in water. Contact
among the hydrophobic tails is now restricted by the hydrophilic headgroups. In-
deed, both the stability and the types of surfactant aggregates are determined by
the two distinctively different yet inseparable parts of the molecule. Even with a
simple topology, head/tail amphiphiles can form a variety of aggregates ranging
from relatively simple structures such as micelles, vesicles, and reversed micelles
to lyotropic liquid crystals with complex nanometer-sized phase-separated do-
mains. Despite the large number of possibilities, the preferred aggregates can be
understood from simple geometrical considerations. This is the critical packing
parameter (Q = v/agl.) proposed by Isrealachvili in which v is the volume of the
hydrophobic tails, ay the area of the hydrophilic headgroup, and I. the average
critical length of the amphiphile [26]. Spherical micelles are preferred with
Q < 1/3 and cylindrical micelles with 1/2 < Q < 1/3. With even higher Q, other
structures such as hexagonal, lamellar, bicontinuous cubic, and inverted hexago-
nal phases are favored. Simple geometrical consideration is able to predict the
structure of the aggregates because maximal solvophobic contact allowed by the
head and the tail is the major driving force in the system. Similar phase struc-
tures are displayed by flexible diblock copolymers and can be reliably predicted
by the relative volume fractions of the individual blocks [27-31]. Even though it
is not a solvophobic effect in block copolymers (as no solvent is present), minimal
contact between chemically different components is the same as in surfactant ag-
gregates and is a manifestation of the simple “like dissolves like” principle.
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Limited geometrical manipulation gives limited selectivity. Surfactant micelles
can solubilize a wide range of hydrophobic molecules with no discrimination. In
order to have a higher level of structural control, rigid hydrophobic groups must
be employed in the assembling process. When the hydrophobic groups involved
have distinctive shape, curvature, and dimensions instead of being a simple flexi-
ble chain, only limited packing motifs are allowed in order to maximize solvopho-
bic contact and complex assemblies with highly unique structures may result.
This approach has long been used in rod-coil block copolymers in which the
“rod” is a stiff, often aromatic-containing block and the “coil” represents a con-
ventional flexible polymer [32-36]. Depending on the exact structures and ratio
of the two blocks, various nanoscale objects such as bundles [37, 38], ribbons
[39], tubules [40], and vesicles [41] can be formed. One such example was re-
ported by Stupp and co-workers [37], which nicely demonstrated the principle of
geometrical manipulation. In triblock copolymer 1, the rigid rod of biphenyl units
tends to self associate into 2D structures [42]. The polystyrene block serves to pre-
vent infinite growth of the 2D aggregates and isolate the crosslinkable middle
block of polybutadiene so that crosslinking only happens within a single aggre-
gate. The result is anisotropic (2 x 8 nm), mushroom-shaped nanoclusters that
are completely soluble in organic solvents.

Scheme 3.1

Another field that frequently relies on geometrical manipulation of individual
components is liquid crystalline materials [43]. Solvents are involved in lyotropic
but not in thermotropic liquid crystals. Nevertheless, the same interplay between
enthalpy and entropy expressed in minimal contact between dissimilar compo-
nents exists in both systems. Therefore, it is not difficult to imagine rod-like mol-
ecules such a 2 form nematic (Greek for soap, layer-like structures) phases and flat
aromatic molecules with alkyl side chains (e.g. 3) form discotic phases [44]. Geo-
metrical control is continued to be employed by chemists in search of novel liquid
crystalline phases and is especially productive in recent years when unusually
shaped molecules such as dendrimers are introduced [45].

Recently, a number of novel nonpolymeric assemblies appeared in the litera-
ture based on geometrical manipulation of amphiphilic structures. With two den-
dritic headgroups and four hydrophobic tails, cone-shaped amphiphile 4 forms a
structurally persistent micelle consisting of seven molecules [46]. Unlike conven-
tional micelles that have a distribution of sizes and highly dynamic in nature, mi-
celles from 4 have stable, well defined structures resembling viruses and protein
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aggregates. Hexabenzocoronene derivative 5 aggregates into 14-nm-diameter tu-
bular objects, with the solvophilic tri(ethylene glycol) chains located on the inner
and outer surfaces of the tube and solvophobic contacts among the aromatic and
aliphatic groups to stabilize the bilayer structure [47]. Rigid—flexible macrocycle
such as 6 is particularly interesting with the hydrophilic poly (ethylene glycol) or
PEG chains at the two ends of the hexaphenylene joined together by covalent
bonds. Solvophobic contact between the aromatic segments is thus confined by
the looped hydrophilic side chains. Macrocycles with high proportions of PEO
chains assemble into donut-like nanoclusters [48] and those with slightly lower
PEO portions give extremely long tubes by coiling of ribbon-like structures [49].
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3.3 Learning from Synthetic and Biological Polymers

Geometrical manipulation may appear straightforward, but direct prediction
of the final assembled structures is often difficult, as the “shapes” of most
molecules cannot be represented by simple geometrical objects. Moreover, van
der Waals interactions (which often play important roles in the assembling pro-
cess) in rigid molecules such as fused aromatic rings not only have preferred ori-
entations but also need to be balanced and compromised with other noncovalent
forces present in the entire system. Nevertheless, the more closely the solvopho-
bic surfaces can be approximated by simple geometrical shapes, the more predict-
able the end products will be. This is the case for mesoscale or macroscale self-
assembly with components ranging from microns to centimeters in size [50]. At
such dimensions, molecular details are no longer important and assembling is
driven by capillary forces — the macroscopic manifestation of solvophobic effects
in the current case. 2D and even 3D objects with complex structures can be pre-
pared predictably from components with patterned solvophobic and solvophilic
surfaces. The assembling process has all the characteristics of the small-molecule
counterpart including complementarity in binding surfaces, reversibility, and en-
vironmental dependency. Quite interestingly, the concept can be expanded to cre-
ate mesoscopic “foldamers” with folding motifs resembling those found in natu-
ral proteins [51].

33
Learning from Synthetic and Biological Polymers

Many biological polymers undergo conformational changes between ordered and
disordered states in a highly cooperative manner [52]. Examples include the helix-
coil transition in peptides [53] and nucleic acids [54], the beta-sheet to coil transi-
tion in peptides [55, 56], and the denaturation of proteins [52] and RNA [57]. Co-
operativity can provide a powerful way for supramolecular organization and it is a
design principle ideally suited to chain molecules such as foldamers.
Cooperative transitions are characterized by abrupt changes as denaturing con-
ditions such as high temperatures or unfavorable solvents are introduced. The
signature of cooperative behavior is a sigmoidal shape in plots of spectroscopic
or other conformationally dependent properties as a function of temperature or
solvent composition. In contrast, a non-cooperative process only shows gradual
changes. Figure 3.1 shows the characteristic behavior of two-state (first order)
and one-state (higher order) cooperative transitions. A plot of free energy vs. con-
formation for a polymer that undergoes a two-state transition shows double min-
ima, separated by a barrier. For such a transition both states are equally populated
at the midpoint of the transition. In contrast, a single, broad population distribu-
tion and a single minimum in the free energy plot are indicative of one-state
behavior. It can be seen from Fig. 3.1 that both types of behavior are capable of
producing sigmoidal curves. Thus, it is not possible to distinguish between a
one-state or a two-state transition simply on the basis of the appearance of a sig-
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Fig. 3.1 Schematic diagram illustrating (a) two-state and (b) one-state cooperative transitions.

moidal curve. Rather, this distinction must be determined by an analysis of how
the population of conformers changes throughout the course of the transition.

Solvents play critical roles in the cooperative behavior of biomolecules. In
spite of the fact that the «-helix is the most abundant element of secondary struc-
tures in native proteins, many helix-forming sequences are only marginally stable
in water [58, 59]. However, solvents such as 2,2 2-trifluoroethanol (TFE) are
known to stabilize the a-helical conformation of short peptides [60, 61]. Peptide
sequences were reported to undergo cooperative transitions to their o-helical state
when TFE was titrated into an aqueous solution [61]. In these cases, helix stability
has been shown to follow a linear free energy dependence on TFE composition,
analogous to the relationship that is often used to describe the denaturation of
proteins by reagents such as urea or guanidinium salts [62].

A change in solvent composition often causes huge conformational changes in
synthetic polymers. As the quality of the solvent decreases, flexible homopoly-
mers tend to collapse into globular conformations [63]. Formation of these col-
lapsed conformations is intimately related to the (poor) solvation of the polymer
chains. This coil-globule transition is known to be cooperative and is generally
described as a second-order process, although simulations have shown that first-
order (two-state) transitions are possible for stiff chains [64] and polymers whose
segments have long-range attractive potentials [65]. Calorimetric studies on
poly(N-isopropylacrylamide) indicate that the coil-globule transition for low mo-
lecular weight polymers follows a two-state process [66, 67]. Conformational tran-
sitions of this type have thus often been compared to the denaturation of small
proteins, a process that also tends to follow a cooperative, two-state transition
model between the native and the denatured state [68, 69]. Unlike proteins, how-
ever, homopolymers do not generally collapse to a unique conformational state
[70]. In fact, it has been shown that the size of the ensemble of compact confor-
mations grows exponentially with chain length [71, 72].

Are there any advantages in using solvophobic and van der Waals interactions
to create foldamers with biomolecule-like, cooperative conformational transitions?
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An obvious one is related to their strength in aqueous solutions. In fact, water
represents the ideal environment for these interactions due to its small size,
high cohesive energy, and low polarizability [2-8]. Nevertheless, it seems much
better to use strong, selective, and highly directional forces such as hydrogen
bonds if one wants to obtain foldamers with highly organized conformations, de-
spite their instability in water.

Lack of directionality in solvophobic and van der Waals interactions may be a
huge disadvantage in using them for foldamers if one does not know how to
take advantage of this feature. Nondirectionality itself, however, is not a deficiency
and can be quite important to the conformational change. A large number of
intramolecular interactions need to work together to allow a chain to undergo
a cooperative transition to a non-degenerate conformation. Cooperativity asks
that these interactions be weak individually but strongly coupled to one another
through the conformation and covalent geometry of the foldamer chain. Solvo-
phobic and van der Waals interactions are ideal in this regard, for both are “col-
lective” interactions among a large number of solvents or polarizable bonds. In
fact, one of the most accepted models for cooperativity in proteins is hydrophobic
clustering, which states that hydrophobic collapse, at least in the early stages of
folding kinetics, is directly responsible for cooperativity [52].

Because cooperativity demands multiple points of contact, it is easy to imagine
highly directionally restricted forces would have little margin for error, whereas
weak, non-directional forces tend to be more forgiving. One potential difficulty
with highly directional forces (especially strong ones) is that a secondary struc-
tural design might quickly become over determined and incapable of yielding the
desired conformation. If the ideal geometry of a directional interaction cannot be
maintained within a covalently linked backbone, the mismatch would propagate
as the chain lengthens. Another issue, probably a most serious one, is related to
how well a successfully designed foldamer may serve as a platform to be modified
and endowed with functional groups. It is easy to see that conformational motifs
are more likely to be retained in foldamers based on “fuzzy” interactions such as
solvophobic and van der Waals than those based on highly directional forces
when different, functional monomers are inserted into the original sequence.

To successfully employ nondirectional interactions in a foldamer, one cannot
use backbones with too many degrees of conformational freedom. Flexible homo-
polymers have rough energy landscapes and highly degenerate native states. Such
chains are likely to collapse to a poorly defined compact globule. It seems that a
key element for designing a foldamer organized by van der Waals and solvopho-
bic interactions is the molecular contact area per degree of conformational free-
dom. Maximizing this ratio should help ensure stability of the folded structure
as well as reduce degeneracy of the native state. Such a strategy indeed is widely
used by nature to simplify the problem of conformational control. For example,
amide bonds, which make up one third of the backbone of a natural protein, are
rotationally restricted due to conjugation. Polysaccharides are also rigidified by
their cyclic monosaccharide units. In the case of solvophobically based foldamers,
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rigidity has one additional benefit. When flexible molecules go from the solid
phase to a solution phase, flexibility favors the latter by a favorable entropic con-
tribution. Rigid molecules, on the other hand, do not benefit as much in such a
transition. Essentially, solvophobicity can be enhanced by the rigidity of a mole-
cule. (Low solubility of rigid molecules is also a result of high crystallinity and/
or strong intermolecular forces.)

Another important feature of proteins is amphiphilicity. In order for a solvo-
phobic molecule to be soluble at all, it must be equipped with solvophilic seg-
ments. Amphiphilicity, however, is far more important than just providing solu-
bility to biopolymers. Folding of proteins has been studied with the lattice model
[70, 73]. In the simplest model, a peptide chain consists only of two types of
units, labeled either as hydrophobic (H) or polar (P). These models showed that
hydrophobicity was highly restrictive, quite counterintuitively for a nondirectional
force. If a “native” conformation is defined as one with maximum number of hy-
drophobic interactions, sequences that can configure only into one or a few native
conformations far exceed those that can assume 10 or more native conformations
[74]. Although not sufficient to give a single native structure to the peptide chain
of a protein, hydrophobicity can constrain the chain into a relatively small num-
ber of compact conformations [5]. This distribution of solvophobic and solvo-
philic segments is part of the connotation we intend for geometrical manipulation.
In the meso- and macroscale self-assembly, shape, size, and pattern of solvopho-
bic patches are sufficient to yield prescribed final structures [50]. Doing so on the
molecular scale is much more challenging, but is a skill chemists have to master
in order to approach nature’s ability in designing complex structures, especially
when secondary folding motifs are integrated to form tertiary and further to qua-
ternary structures.

3.4
Recent Advances in Foldamers Based on Solvophobic Effects

We classify solvophobic foldamers into four categories: (a) foldamers stabilized by
adjacent identical aromatic units, (b) foldamers stabilized by adjacent donor—
acceptor aromatic units, (c) foldamers stabilized by nonadjacent aromatic units,
and (d) foldamers stabilized by aliphatic units. Here, “adjacent” and “non-
adjacent” refer to the relationship of units that contribute significantly to the fold-
ing energy (Figs. 3.2a and b). The simplest aromatic foldamer one can envision
consists of identical aromatic units tethered by spacers (Fig. 3.2a). In such a struc-
ture, the interacting units are separated only by noninteracting spacers. Such a
foldamer is considered to be stabilized by adjacent aromatic units even if nonin-
teracting aromatic units may be found in the spacer. The structure in Fig. 3.2b,
on the other hand, has the interacting units (A-B or C-D) separated by spacers
as well as another contributing aromatic unit (C or B), and is classified as fol-
damers stabilized by nonadjacent units.
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Fig. 3.2 Schematic representation of foldamers stabilized by (a)
adjacent and (b) nonadjacent aromatic units. A, B, C, and D represent
interacting aromatic units. X is the spacer between the aromatic units.
Dotted lines denote solvophobic, van der Waals, and electrostatic
interactions associated with aromatic interactions.

3.41
Foldamers Stabilized by Adjacent, Identical Aromatic Units

From the viewpoint of geometrical manipulation, it is not a good idea to start
designing solvophobic foldamers from flexible aliphatic hydrocarbon chains.
Instead, rigid aromatic rings represent much more reasonable solvophobes with
higher levels of geometrical constraints — effective aromatic interactions are only
obtained in three main geometries: edge—face, offset stacked, and stacked [75-
78]. For aromatic foldamers, geometrical manipulation is achieved through both
the aromatic units and the spacers (Fig. 3.2). Strong van der Waals and solvopho-
bic interactions are obtained with large aromatic units in the stacked or offset
stacked configurations. Length and flexibility of the spacers are also important to
the foldability of the chain.

Some of the earliest aromatic foldamers rely on cis-oriented amides, ureas, and
guanidines (made possible by alkyl-substitution on the nitrogen) to form folded
structures [79-84]. Both 7 and 8 adopted folded conformations in the solid state
based on X-ray crystallography. In solution, n—= stacking was confirmed by NOE
and upfield shifts of proton signals in the longer oligomers. The substituent on
the nitrogen is not limited to methyl; bulkier groups such as benzyl and even
(S)-1<(1-naphthyl)ethyl recently were found to promote cis conformations in sev-
eral aromatic foldamers (9) with naphthalene in the main chain [85]. See Chapter
1 for more details for these and related molecules.

In an effort to synthesize tubular cyclophanes by ring closure of ladder-like
molecules, Végtle and co-workers prepared oligomers such as 10 [86-92]. Its crys-
tal structure revealed S-shaped conformations with stacked aromatic rings [88].
The authors did not report whether the stacked conformers could unfold under
thermal or solvent-denaturating conditions, but did show these S-shaped confor-
mations were maintained in chloroform.
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Rathore et al. reported oligofluorenes 11 with simple methylene as the spacer
[93]. The difference between this and most other foldamers is that aromatic
groups are in the side chains instead of the main chain of the molecule. With
the fluorenes closely stacked, oxidation potential decreases from 1.74 V for the
monofluorene to 1.14 V for the tetrafluorene derivative. Similar behavior was ob-
served in photoelectron spectroscopy and may be relevant to electron-transport
mechanisms in DNAs through z-stacked bases.

Unlike most noncovalent interactions, hydrophobic forces increase in strength
with an increase in temperature [2-8]. This feature was exploited by Li et al. in
perylene—DNA hybrid foldamer 12 [94-96]. (Because the DNA bases are not in-
volved in base pairing and n—= stacking, the compound is classified as a foldamer
stabilized by adjacent aromatic units.) The folding reaction was endothermic
(AH =2.7,4.4,4.8, and 6.9 kcal mol~! for the folding of two, three, four, and five
perylene units) but entropically favored. Consequently, 12 adopted more compact
stacking structures at 90 °C than at 20 °C [94]. These foldamers were compared
to proteins isolated from thermophilic and hyperthermophilic microorganisms
that showed better folding propensity near the boiling point of water. Perylene
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units preferred to associate with one another despite the presence of many
nucleotide bases present in the structure. The nucleotide bases are less hydropho-
bic and also do not match perylene in shape and size. Selective association of
perylene in the presence of other heterocycles, therefore, is related to the con-
cept of geometrical manipulation mentioned earlier. Perylene bisimide units also
were connected with polytetrahydrofuran chains by Janssen and co-workers to
form polymers [97]. The polymers were found to form stacked structures in o-
dichlorobenzene, highlighting the stability of the aromatic interactions (even in
aromatic solvents).
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3.4.2
Foldamers Stabilized by Adjacent Donor—acceptor Aromatic Units

One way of enhancing the selectivity in aromatic—aromatic interactions is to po-
larize the aromatic systems and make one unit rich in electron density and the
other deficient. With two different kinds of monomer units in a linear oligomer,
different folding motifs may be obtained from the sequence of the monomer
units [98]. This highly efficient strategy was pioneered by Iverson and colleagues
and the class of foldamers is called aedamers (aromatic electron donor—acceptor
oligomers) [99].

1,5-Dialkoxynaphthalene (13) and 1,4,5,8-naphthalenetetracarboxylic diimide
(14) were employed as the donor and the acceptor units in aedamers. For the cor-
responding monomers, the donor—acceptor association constant (K,) was nearly
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one and two orders of magnitude higher than those for the acceptor—acceptor and
donor—donor complexes [100]. Due to different distributions of electron density,
the donor and acceptor pair can also have better geometrical overlap, which con-
tribute to stronger solvophobic interactions as well as stronger van der Waals in-
teractions.
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Scheme 3.7

The monomers were derivatized with an amino group on one end and a car-
boxyl group on the other end. In this way, aedamers not only can be synthesized
through standard solid-phase peptide chemistry, but also can incorporate natural
amino acids for functionalization and solubility. FMOC chemistry was used to
construct oligomers 15a with different chain lengths using L-aspartic acid as the
linker (Fig. 3.3). The folded structure was supported by spectroscopic studies
such as UV and 'H NMR spectroscopy. With an increase in the chain length,
higher degree of hypochromism was observed, consistent with stacked 7 systems.
Whereas the absorption spectrum of the shorter oligomer (n = 1) was similar to
that of a 1:1 mixture of the monomeric donor and acceptor, those of the longer
oligomers (n = 2, 3) differed increasingly with respect to intensity and shape. Ad-
ditional evidence for the stacked aromatic rings came from NMR studies, which

Fig. 3.3 Schematic representation of aedamer-type foldamers.
(Reprinted with permission from Ref 102. Copyright 2000, American
Chemical Society, Washington, DC.)
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showed significant upfield shifts of aromatic protons, NOE signals between pro-
tons on adjacent aromatic units, and diastereotopic methylene hydrogens possibly
resulted from restricted rotation due to intramolecular association [99].

Aedamer 15b was synthesized to mimic leucine zippers found in peptide
systems [101]. However, aromatic interactions were complicated by the presence
of other hydrophobic units (i.e. leucine). Instead of adopting the desired leucine
zipper, 16 folded as typical aedamers at low temperatures. Upon heating to 80 °C,
an irreversible conformational change happened as a result of intermolecular
association. The red wine colored solution turned into a pale, gel-like solution,
apparently due to loss of aromatic stacking. With the visible color change, 15b
could be potentially useful as a thermal sensor indicating onset of a threshold
temperature.

In another study, the authors undertook an extensive investigation in the effect
of tethering spacers on the conformation of dimeric model systems [102]. Folded
structures were found to dominate with both rigid and flexible spacers varying in
length, reflecting the robustness of intramolecular aromatic interactions in aque-
ous solutions. On the other hand, since the spacer could alter the orientation of
the donor and acceptor units, it could be used to deliberately put the aromatic
rings out of contact of each other. The result was that aromatic units had to aggre-
gate intermolecularly. For example, the charge-transfer (CT) band and hypo-
chromism of 16 decreased dramatically at high temperatures (80 °C), in contrast
to all the other folded dimers. Another conclusion from this study was that the
stacked conformations of aedamers were highly degenerate, reasonable for mole-
cules with fairly flexible spacers.

M~Q TR

Scheme 3.9
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With binding most preferably taking place between donors and acceptors,
aromatic associations could be exploited to create double-stranded foldamers
from an acceptor strand and a donor strand (see Fig. 3.4.19 in Chapter 4) [103].
(Strictly speaking, double-stranded foldamers are stabilized by nonadjacent units.
These examples are included together with other aedamers for the convenience of
discussion.) Despite strong repulsions between the two negatively charged chains,
K, increased steadily from 1.3 x 102 M~! for strands containing only a single ar-
omatic unit to 3.5 x 10> M~ for those with four. A high degree of discrimination
existed in the binding process, as an excess of either the donor or the acceptor
strand (n = 4) migrated separately from the complex during polyacrylamide gel
electrophoresis.

In addition to forming a duplex with a donor strand, the acceptor strand could
do so with a DNA strand. In aedamers 17-19, several lysine residues were intro-
duced to favor electrostatic interactions between the aedamer and DNA. Com-
pounds 17 and 18 were identified from a library of dimeric derivatives to bind
DNA with interesting specificity [104]. The former intercalated DNA with the
-Glys-Lys- linker in the major groove [105], while the latter with the -Alas-Lys-
linker in the minor groove [106]. On the basis of these earlier findings, tetramer
19 was designed to bind sequentially in the minor groove, major groove, minor
groove, in a manner similar to how a snake might try to climb a ladder (Fig.
3.4). The binding pattern was confirmed by titration studies and NMR spectros-
copy [107]. In the future, these molecules may offer significant opportunities in
binding long strands of DNA with sequence specificity.

Minor
Groove

Major
Groove

#
Minor
Groove
p
=

Fig. 3.4 Threading tetraintercalator that binds DNA. (Reprinted with
permission from Ref 107. Copyright 2004, American Chemical Society,
Washington, DC.)

T




3.4 Recent Advances in Foldamers Based on Solvophobic Effects | 91
+
H3N
o) O O, o]
oINS IR SIS g,

"0 N N N N N N H %
i e S
o of o] o % o) 0

e}
HoN* 17
3 +

+NH3 ﬁ HsN
Q o o) o
- o O H Y © o o o O
OWK\NMN O N_\/N)ﬁNJV\NJ\/\NJ\ANk/'N O N
I d 5 I H H H H d

HyN* 18 ©

0 0 o) 0
L et e g g g O :
OY\NNN O N_\/N)]/\N)K/\NJ\/\NJ\/\N)K/—N O MR D
I g 5 I oH H H H 4 S %H

0
o}
0 0 o) 0 o) 0 H
H H H H H N
N i:':z N N N N i ':z N
7OJ\/ jO(\;N N_/\H ?)]/\/ \g/\/ \g/\/ ?.]/\N NIH o)
o) Q o) o D e}
) 19 HyN"
HaN

Scheme 3.10

The donor—acceptor motif was also used by Ramakrishnan et al. in other
systems [108, 109]. Polymer 20 (M, = 30 000-50 000, PDI = 2) had much longer
spacers in between the aromatic units compared to those in most other foldamers
discussed so far. Polymers with shorter spacers (x = 3) folded better than those
with longer ones (x = 4 and 5). Folding of the latter (20b and 20c), however, could
be facilitated by the addition of methanol to enhance solvophobic interactions and
van der Waals interactions, or with alkali metal ions to contract the oligo(ethylene
glycol) tethers.

oot

(o] (0]
20a, x = 3; 20b, x=4; 20c, x = 5;

Scheme 3.11
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343
Foldamers Stabilized by Nonadjacent Aromatic Units

In foldamers 7-11, stacked conformations are either predetermined by the con-
formations of the linkages or highly favored by the short spacers between the ar-
omatic units. They are unlikely to “unfold” under reasonable conditions. This is
in direct contrast to most biofoldamers that are characterized by dynamic confor-
mational behavior. To achieve folding—unfolding reversibility, one must introduce
some flexibility in the structure, most likely at the spacers. This was the case in
aedamers, which could be “denatured” by cationic surfactant cetyltrimethylam-
monium bromide (CTAB) [99]. Nevertheless, the folding motif until now is lim-
ited to columns of stacked aromatic rings. With flexible spacers, it is difficult to
imagine any folding motifs other than the stacked columns illustrated in Fig.
3.2a, whether identical or different aromatic units are involved. In order to obtain
foldamers stabilized by nonadjacent units, one must constrain the chain in a way
to avoid association of neighboring units.

Such a strategy was successfully employed by Moore and co-workers in the m-
phenylene ethynylene (mPE) foldamers (22) [110]. These foldamers were inspired
by their discovery that macrocycle 21 self-associated by face-to-face z-stacking in-
teractions [111]. Of the features important to the design, the most critical was the
utilization of a semirigid aromatic backbone. As mentioned previously, semirigid-
ity is a strategy universally adopted by nature to simplify the conformational prob-
lem. With a 120° angle created by the meta-connectivity and linear ethynylene
spacers, an mPE oligomer was geometrically poised to fold upon itself, forming
a conformer resembling macrocycle 21 (Fig. 3.5). Tri(ethylene glycol) (Tg) was

CO,Ta

a) Macrocycles - Intermolecular
~. -CO,Tg

Ke

b) Oligomers - Intramolecular

4 == ) Khelix-coil
I5Tms . ——F

22,

n=24,6,8,10,
12, 14,16, 18

Fig. 3.5 Relationship between intermolecular aggregation of mPE
macrocyles and the intramolecular folding of linear mPE oligomers.
(Reprinted with permission from Ref 112. Copyright 2006, American
Chemical Society, Washington, DC.)
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chosen as the side chain because of its good solubility in polar solvents promot-
ing aromatic interactions. Placement of the side chains at the periphery of the
envisaged helix creates a hydrophilic shell around the hydrophobic core, a feature
universal in water-soluble proteins.

Unlike o-helices found in proteins, synthetic helices do not have known spec-
troscopic signatures to allow their quick characterization. Since six units were ex-
pected to make one turn in 22, a natural anticipation was that a critical chain
length should exist. For example, in order to benefit from any intramolecular
n-stacking interactions, the chain should be longer than the hexamer. Indeed,
under dilute concentrations (e.g. 10 pM) at which intermolecular aggregation
was minimized, significant upfield shifts of proton signals occurred abruptly in
acetonitrile for 22, with n > 8. In chloroform, a solvent that weakened aromatic
interactions, the proton signals were essentially independent of chain lengths
[110].

This kind of chain-length dependence test (CLDT) turned out extremely useful
for the characterization of mPE foldamers [112]. When the percentage of acetoni-
trile was gradually increased in a mixture of acetonitrile and chloroform, absorp-
tion for 23, at 289 nm increased while that at 303 nm decreased (Fig. 3.6a, left).
These changes were attributed to a shift of the equilibrium toward the cisoid con-
formers [113]. A plot of the ratio of absorbances (A33/Azs9) indicated a distinct
transition in acetonitrile with n > 8 (Fig. 3.6a, right). Consistent with the folded,
stacked conformation, a broad, excimer-like emission band shifted to the red in
acetonitrile and replaced the sharp emission at about 350 nm for oligomers
longer than the 10-mer (Fig. 3.6b). Such a chain-length-dependency again was
absent in chloroform. When the side chains were made chiral, induced circular
dichroism (CD) signals were observed in acetonitrile for 24,, with n > 8 (Fig. 3.6c),
consistent with helical conformations that were biased in handedness by the
asymmetric side chains [114]. During solvent titration experiments, these spectro-
scopic changes were found to display a sigmoidal relationship with the solvent
composition, reminiscent of denaturation curves used to determine thermo-
dynamic stabilities of proteins. The data fit well to a two-state model, in agree-
ment with the proposed helix—coil transition [113]. Spin-labeling experiments
later confirmed that six monomers made up one turn in the mPE foldamers
[115].

Quite surprisingly, the folded state of the mPE foldamers was found to be
stable in a range of polar and nonpolar solvents including ethyl acetate, DMSO,
acetonitrile, methanol, TFE, and even reasonably well in nonpolar, polarizable
solvents such as carbon tetrachloride [116]. The only solvents that promoted un-
folding of the helices were chlorinated solvents such as chloroform, methylene
chloride, and 1,2-dichloroethane. When the Tg side chains were replaced with
nonpolar alkyl groups, the resulting foldamers folded well in heptane [117]. Ap-
parently, strong intramolecular interactions were present in the mPE foldamers.
It is unclear whether van der Waals or solvophobic interactions play the dominant
role in the unusual stability of the helix. Solvophobic contributions may be quite
substantial, as mPE derivatives in general have very poor solubility in most sol-
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vents unless bulky or flexible groups are attached. As mentioned before, although

partly due to strong solute—solute interactions, low solubility may also result from
poor solvation of a rigid framework that does not gain as much entropy as a flex-

ible one during dissolution.
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Interestingly, intramolecular photocrosslinking of the helical conformer was
demonstrated by Hecht and co-workers as an approach to organic nanotubes
[118]. More recently, photoirradiation was employed by the same group to switch
the helical conformation of mPE foldamers with a central azobenzene unit [119].
This concept has potential applications in smart molecular delivery vehicles.

Upon folding, 23, forms an internal cavity with a diameter estimated to be
8.7 A according to molecular modeling. (See Chapter 7 for more detailed discus-
sions on the usage of foldamers for molecular recognition.) In a polar solvent
mixture (i.e. 40% water in acetonitrile), the cavity is filled with small solvent mol-
ecules that are eagerly waiting to be displaced. Thus, 231, could bind hydrophobic
molecules such as monoterpenes with binding energies (—AG) in the range of 4—
5 kecal/mol [120]. If the chain length is increased, the cavity takes a tubular shape
and should prefer a rod-like guest such as 25 [121]. Since burial of poorly solvated
surfaces is the driving force for solvophobically driven molecular association, the
natural expectation is that tightest binding would occur when the binding cavity
of the host molecule and the guest match in terms of size and shape, so that min-
imum solvophobic surface is exposed. This selectivity in binding derives from ge-
ometrical matching of the host and the guest, and is a manifestation of geometri-
cal manipulation mentioned earlier.
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Fig. 3.7 (a) Schematic diagram showing increasing lengths of helical
mPE oligomer complexed with the rodlike guest 25 (top) and capped
guest 26 (bottom). (b) Log of the association constant of guests 25
(blue squares) and 26 (red circles) with series 23 oligomers plotted as
a function of the length. Values determined in 40% water in CH;CN.
(Reprinted with permission from Ref 112. Copyright 2006, American
Chemical Society, Washington, DC.)

CD titration studies confirmed the hypothesis [121]. As seen in Fig. 3.7b, bind-
ing free energies increased gradually from the 10-mer through the 20-mer. The
1:1 binding constants of 20-mer and 22-mer were about 30 times larger than
that of the 10-mer. Interestingly, there was a small but experimentally reproduc-
ible reduction in binding with the 24-mer, in line with the slight mismatch be-
tween the dimensions of the host and the guest. To increase selectivity further,
Moore and colleagues synthesized guest 26, which was capped with two large tri-
arylmethyl groups. Even without the side chain, the diameter (ca. 10.2A) of the
capping group exceeded the cavity width. Selectivity was indeed much higher. As
can be seen in Fig. 3.8b, peaking at n = 20 and 22 was much more pronounced
for the capped 26. Also, compared to that of the uncapped guest, there was an
overall increase in the binding of the capped guest. This was attributed to favor-
able aromatic interactions between the triarylmethyl caps and the end of the
folded oligomer, which served to bury additional solvophobic surfaces. Another
interesting discovery was that binding was essentially complete for 23,0-25 by
the time the first measurement was made at 60 s after mixing, but took more
than 1000 s for 235926 to reach equilibrium. The difference in binding kinetics
most likely happened because the folded oligomer had to unfold in order to bind
the dumbbell-shaped guest (Fig. 3.7a).

The methylated series 27, was found to have higher folding stabilities in solu-
tion than the parent series 23, of the same chain length [122]. With methyl
groups located in the interior of the helix, fewer solvent molecules could enter
the cavity and solvophobic surface area was reduced. Smaller internal cavity of
27, was also supported by its binding properties: Under identical conditions,
27,2 bound monoterpene guests with a binding constant two orders of magnitude
lower than that of 237, [120]. Solvents apparently were essential to the folded he-
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lix in 23, because X-ray powder diffraction studies indicated that, in the liquid
crystalline state, it packed into lamellar phases with the interlayer spacing linearly
related to chain length. Methylated 27,, on the other hand, had the d spacing de-
termined from diffraction independent of chain length, supporting columnar
structures obtained from close packing of the helices [123].

o OV\O/\/O\/\O/

H X
R S TMS
23,,R=H
27, R=CHj;
n=23,10, 12, 14, 16, 18

Scheme 3.14

Functionalization of the helix interior can influence binding strength and selec-
tivity. With internal cyano groups, mPE foldamers could bind metal ions such
as Ag(I) [124]. Oligo(m-ethynylpyridine) was shown by Inouye and colleagues to
fold in the presence of certain monosaccharides [125]. The state of ionization was
found later to strongly influence the propensity of these oligomers to bind saccha-
rides and fold [126]. Details can be found in Chapter 7 of this book.

Folding is not limited to meta-connectivity. When three ortho-linked phenylene
ethynylene (oPE) oligomers were studied by Tew and colleagues using 'H NMR
spectroscopy, oligomers with as few as four repeat units (28-30) were found to
adopt folded conformations in acetonitrile [127]. Folding was partly enabled by
the 60° internal angle given by the ortho linkage, which made it possible to create
a turn with only three repeat units. Electronic effects were also important in these
structures, as the oligomer (i.e. 30) consisting of electron-deficient rings and the
one (i.e. 29) with both electron-deficient and electron-rich rings folded better than
28, which only contained electron-rich aromatic rings. oPE polymers were synthe-
sized and studied by Khan and Hecht [128]. Optical spectroscopy indicated tran-
sition between extended transoid and helical cisoid conformations induced by sol-
vents, providing evidence for solvophobically driven folding in the oPE backbone.

Ethynylhelicene oligomers 31,, were studied by Yamaguchi et al. using CD and
NMR spectroscopy [129]. Helical conformations were identified in oligomers with
n > 7. Solvents had a tremendous effect on the kinetics of the conformational
change, with the rate of unfolding correlating well with the polarizability of aro-
matic solvents. VPO studies indicated the folded helix to be dimeric and the un-
folded coil monomeric. Due to different aggregations in the two conformers, the
helical conformation could also be promoted by higher concentration of 31,.
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Tgo

Scheme 3.15

31, n=2-9 32

Scheme 3.16

Rigid linkers are not always needed to construct foldamers stabilized by non-
adjacent aromatic units. Oligonaphthalene 32 prepared by Li, Chen, and others
displayed hypochromism in acetonitrile, a solvent that promoted aromatic associ-
ation, but not in chloroform, a solvent that disrupted aromatic association [130].
Stacked conformation was also supported by upfield-shifted proton signals and
appearance of an excimer-like emission band. When the fraction of acetonitrile
was increased in a mixture with chloroform, sigmoidal curves characteristic of
cooperativity were observed for these foldamers. Interestingly, upon folding, 32
formed a central cavity resembling crown ethers or kryptands and could be used
to bind ethane-1,2-diammonium salt in a 1:1 ratio (see also Chapter 7).
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The same group also reported 33, which had the donor and acceptor units in
two blocks instead of in an alternating order [131]. These oligomers folded like a
molecular zipper (see also Chapter 4). The folded conformer was quite stable,
dominant in both relatively nonpolar solvents (chloroform with 0.5% CF;COOH)
and polar aprotic solvents such as DMSO and DMF. For the longer oligomers
(m =n=2), the orange color from the intramolecular CT complexation was
maintained at up to 150 °C in DMF.

R

n-CgH470 n—CSH17O
n- CBH17 n- CSH17

33

Scheme 3.17

Scheme 3.18

Self-association can occur in any solvophobic foldamers at high enough
concentrations and is often a problem encountered during characterization of
conformations. In general, ill-defined aggregates are formed during such a
process and it is quite difficult to limit self-association to a specific stage such as
dimerization. An elegant approach toward duplex foldamers was recently re-
ported by Furusho, Yashima, and colleagues in meta-linked oligoresorcinols 34
[132]. When the 5merH was crystallized from a hydrophobic solvent mixture,
chloroform/acetonitrile, it formed a single helix in the solid state (Fig. 3.8). Un-
like the mPE oligomers, the aromatic units in meta-linked oligoresorcinols cannot
stack upon one another due to steric congestion. It was clear from the crystal
structure that a large surface of hydrocarbon was exposed in the single helix and
was in contact with solvent molecules. When the compound was crystallized from
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Fig. 3.8 (A) Single helical structure of SmerH. (B) Double helical
structure of 5SmerH. (Reprinted with permission from Ref 132. Copyright
2006, American Chemical Society, Washington, DC.)

water, nonpolar solvents were no longer available, and unfavorable exposure of
hydrophobic surface was avoided by forming a double helix. Geometrical manip-
ulation through rigid and amphiphilic backbone once again demonstrates its
power in limiting self-association to a selective, specific process. The double heli-
cal structure was maintained in aqueous solution as shown by UV, NMR, and CD
spectroscopy.

H H
HO OH

34

Scheme 3.19

3.4.4
Foldamers Stabilized by Aliphatic Units

It is difficult to use aliphatic solvophobes to construct well defined structures for
several reasons. First, their association generally does not have highly preferred
orientations as in that of aromatic groups and, hence, puts little geometrical con-
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straint on the process of aggregation. The aggregates often vary greatly both in
terms of number of molecules and their relative arrangement within in the struc-
ture. Second, the most widely used aliphatic solvophobes are flexible hydrocarbon
chains. Geometrical manipulation of such objects is not as straightforward as
in flat aromatic hydrocarbons. Third, without a well defined shape, precise ar-
rangement of solvophobic and solvophilic groups and creation of amphiphilic
pattern (to control aggregation) in aliphatic solvophobes are challenging. Fourth,
aliphatic—aliphatic interactions originate from solvophobic interactions and dis-
persive forces, but aromatic—aromatic interactions have additional contributions
such as electrostatic and quadrupolar interactions.

Zhao and co-workers recently described oligomeric cholates derived from cholic
acid 35 [133]. Cholic acid has a unique structure. As a metabolite of cholesterol, it
is quite rigid with four fused rings. Its rigid backbone is very attractive from the
standpoint of geometrical manipulation. It has built-in amphiphilicity with the
hydroxylated « face and the hydrocarbon-containing f face. With a distinctive
shape and facial amphiphilicity, its aggregation is much more selective compared
to most aliphatic amphiphiles. Unlike conventional head-tail surfactants, sodium
cholate tends to form dimers at early stages of aggregation and form large aggre-
gates mostly at relatively high concentrations in water [134]. Another distinguish-
ing feature of cholic acid is its size. The distance between the carboxyl tail and
the hydroxyl group at C-3 is about 1.4 nm. A large monomer unit will not only
improve the efficiency of synthesis dramatically, but also provide a strong solvo-
phobic driving force, as the strength of solvophobic interaction is directly propor-
tional to the buried solvophobic area. Therefore, most of the problems mentioned
above for aliphatic solvophobes are absent in this natural product.

B-face

35, Cholic acid

Scheme 3.20

Most of the methods employed in the characterization of aromatic foldamers
including hypochromism, excimer formation, and upfield-shifted proton signals
could not be used in aliphatic foldamers. NOE techniques were also excluded
due to signal overlapping in the 'H NMR spectroscopy. Fluorescence spectros-
copy turned out particularly useful. In a mostly nonpolar mixture (e.g. CCly or
hexane/ethyl acetate) containing a small amount of polar solvent (e.g. methanol
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Folding

Side View Top View

Fig. 3.9 Space-filling molecular models of the unfolded and folded cholate hexamer.

or DMSO), polar solvents were enriched near the fluorophore in 36,. In addition,
quenching of the emission of 36, by a hydrophilic quencher 37 became more ef-
ficient with an increase in the chain length in the above (mostly nonpolar) solvent
mixtures, but was independent of chain length in more polar solvents or by the
hydrophobic quencher. The results were consistent with folding of the oligocho-
lates to create a helix with a nanometer-sized internal hydrophilic cavity where
polar solvents or polar molecules such as 37 could be bound (Fig. 3.9). Folding
was confirmed also by fluorescence resonance energy transfer (FRET), a method
(essentially a long-ranged version of NOE) widely used in the conformational
characterization of proteins and [135-137]. In fact, for foldamers resembling
molten-globular proteins, FRET represents a more powerful method than NOE
for characterizing conformations. The most interesting result from FRET was
that the hexamer (39,) had a closer end-to-end distance than either the pentamer

Scheme 3.21
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(393) or the heptamer (39s) under folding conditions, as expected from a helix
with three monomer units per turn. The data fit well to a two-state transition
model, in agreement with the helix—coil transition. The conformational change
was extremely sensitive to solvents and could easily detect <0.5% change in
solvent composition. High sensitivity toward solvent change was probably due to
lack of any other intramolecular interactions besides solvophobic forces. More re-
cently, this highly sensitive, cooperative conformational change was employed to
tune the binding affinity between mercury ions and a cholate hexamer with two
methionine units incorporated. Simple solvent changes could alter the binding
constant over five orders of magnitude [138]. Importantly, the methionine-
containing hexamer could fold as well as (actually slightly better than) the parent
cholate hexamer. Thus, as expected, functionalized solvophobic foldamers do not
deviate (significantly) in foldability from their parent, unfunctionalized versions.

3.5
Conclusions and Outlook

Much progress has been made in the design of foldamers through nondirectional
solvophobic and van der Waals interactions. Creating complementary solvophobic
surfaces for molecular recognition or the strategy of geometrical manipulation
seems to be well suited for future endeavors. Nature has perfected this strategy
in the folding of peptide chains. Although probably not as rigid as jigsaw puzzles,
packing of hydrophobic side chains in the interior of proteins is important to the
native conformation and has been proposed to be responsible for the cooperativity
observed in conformational transitions of proteins [52, 139]. This may in part
explain the difficulty in designing proteins from the primary sequence - it is
certainly a lot more challenging to create 3D jigsaw puzzles through forward
engineering (the bottom-up approach) than reverse engineering (the top-down
approach), especially when the construction material is individual molecules
rather than plastics and papers.

Chemists, however, need not be dismayed by this challenge. As illustrated by
many examples in the chapter (and in other chapters of this book), advancement
in synthetic foldamers does not have to completely parallel the progression of
natural foldamers. Whereas most functions are performed at the tertiary and
quarternary structural level of proteins, they may be delivered in the secondary
structures of synthetic foldamers. Sensing, molecular recognition, and catalysis,
although primitive at this point, have already been realized with foldamers (e.g.
in aedamers and mPE foldamers). Nanometer-sized cavities, typically found at ter-
tiary and quarternary structures of proteins, are obtained in the cholate foldamers
prepared in just a few steps from the monomer. Therefore, not limited by a small
subset of starting materials such as « amino acids, chemists have the advantage
of taking ideas from complex biomolecules in nature and embody them on readily
synthesized, water- or organic-compatible molecules, delivering useful functions
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at the same time. In the meanwhile, synthetic foldamers may have far greater
stability than their natural counterparts, a feature that may be useful in many
applications.

The future of foldamer chemistry depends on not only our advancement in
the fundamental understanding of conformational control, but also critically on
whether superior materials with unique functions can be produced as a result of
the fundamental advancement. As mentioned before, solvophobic foldamers have
a high tolerance of structural modification and are most likely to retain their con-
formational properties in the presence of “imperfections” caused by introduction
of functional monomers. The most promising approach is probably a marriage
between nondirectional (i.e. solvophobic and van der Waals interactions) and di-
rectional (e.g. hydrogen bonds and metal-ligand complexation) forces, a relation-
ship benefited by biomolecules. This approach should be important not only to
the immediate applications of the currently available solvophobic foldamers, but
also to the integration of these structures (and others to be developed) to create
higher-order assemblies with sophisticated functions.
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4
Foldamer Hybrids: Defined Supramolecular
Structures from Flexible Molecules

Carsten Schmuck and Thomas Rehm

4.1
Introduction

In Nature, the function of a molecule often requires a specific shape and struc-
ture which control or even first enable both its physical properties and also its in-
teractions with other molecules. A most illustrative example are the proteins, linear
polymers of amino acids (Fig. 4.1) [1]. Per se such a peptide chain is a rather flex-
ible molecule even though some parts of the conformational space are restricted
due to the hindered rotation around the central amide bond. Nevertheless, the re-
sulting three-dimensional (3-D) structure controlled by the covalent framework of
the linear peptide strand alone is a random coil at best [2]. However, additional
secondary, noncovalent interactions such as H-bonds, electrostatic or hydrophobic
contacts between even remote parts of the peptide chain can induce a structural
ordering. Parts of the protein first fold into specific secondary structures such as
a-helices or f-sheets which then further interact with each other until a fully
folded protein with a specific 3-D shape is obtained [3-5]. The correct 3-D struc-
ture is vital for the function of the protein. For example, in enzymes only the
properly folded state forms the correct active site and hence allows the specific
binding and controlled transformation of a substrate [6]. However, even more
complex structures can be obtained by the further supramolecular interaction of
more than one protein molecule. Again, the resulting overall shape of the aggre-
gate determines its properties. In the case of the protein collagen only a properly
folded intertwined triple helical structure formed by the mutual interaction of
three peptide strands guarantees the formation of linear fibers with a certain ri-
gidity and stiffness which are needed to build up the extracellular matrix [1].

The folding of a molecule and also its supramolecular interactions with another
molecule are controlled by weak and reversible noncovalent interactions. There-
fore, structure formation is a dynamic equilibrium process which depends on
the number and specific nature of these interactions as well as external parame-
ters (e.g. solvent, temperature). For example, stable a-helices are formed from o-
amino acids only with chain lengths of approximately more than 10 amino acids.
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Two or more
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Quaternary
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Fig. 4.1 Schematic representation of the different levels of structural
order in a protein. The correct function is directly depending on the
proper fold of the protein (reprinted with permission; copyright Prentice
Hall).

In shorter chains the noncovalent interactions responsible for helix-formation
are not strong enough to compensate the unfavorable entropy change associated
with the folding of the flexible molecule [3]. Furthermore, the external addition of
large concentrations of guanidinium salts or simply heat can reverse the folding
of a protein thereby destroying its function. A denatured enzyme does not have
any activity any more. Hence, folding is not only vital for the properties of a mol-
ecule but the folding (and in consequence everything depending on the fold) can
in principle also be externally controlled [1].

Inspired by this overwhelming importance of molecular shape and structure in
Nature, chemists have always been interested in designing molecules with spe-
cific 3-D structures; some examples are discussed in Chapters 1-3. In principle
there are several ways to induce a specific conformation or fold in a molecule
(Fig. 4.2): (i) Steric effects in most often rather rigid molecules can be used to in-
duce certain structures and conformations [7]. Examples are the long known aro-
matic helicenes [8-10] or the shape-persistent aromatic macrocycles introduced
in recent years by Moore [11] or Gong [12] for example. (ii) In flexible molecules
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Fig. 4.2 Different possibilities to obtain defined conformations within a
molecule: (A) by steric interactions within a rather rigid covalent
framework such as in helicenes [8b]; (B) by attractive noncovalent
interactions between remote parts of a molecule as in an oligoamide
[15a] or (C) by the hybridization induced folding of two or more
molecules shown here for a double helix formed from two
pyridinedicarboxamide oligomers [33a].

without any built-in biased conformation attractive noncovalent interactions be-
tween even remote parts of the molecule can be used to induce a folding as de-
scribed above for proteins. For such molecules the term “foldamer” has been pro-
posed by Gellman [13]. For example, aromatic polyamides as introduced by Lehn
and Huc [33], Gong [14] and Li [15] adopt specific helical shapes due to intramo-
lecular hydrogen bonding and stacking interactions. Flexible oligomers composed
of alternating units of electron-rich and electron-poor aromatic as designed by
Iverson [55] are another interesting example. (iii) Finally, defined structures can
also be achieved not only within one molecule but through a supramolecular in-
teraction of two or more molecules (“hybridization”). The beautiful and fascinat-
ing double helical structure of DNA, discovered 1953 by Watson and Crick [16], is
one very shining example as well as the structure of collagen already mentioned
above. In some cases the individual molecules have a distinct structure even be-
fore hybridization more often however at least for artificial systems hybridization
induces the 3-D structure of the whole supramolecular assembly while the indi-
vidual molecules are unstructured.
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Whereas examples for the first two approaches can be found in Chapters 1-3,
we will describe in this chapter a few instructive examples illustrating the last as-
pect, the hybridization of foldamers (“foldamer hybrids”). Hence, this chapter
deals with in principle flexible molecules that form supramolecular assemblies with a
defined composition and structure. Of course, we can not cover all work that has
been done in this field. Instead we will demonstrate the basic principles and
highlight some general aspects using selected recent examples based both on bio-
logical (e.g. peptides and nucleic acids) as well as completely artificial foldamers.
The choice of examples is subjective and is not intended to question the impor-
tance of other contributions not discussed here. We will first concentrate on fol-
damer hybrids in which the monomers by themselves already have a distinct and
well characterized structure (Section 4.2). However, at least in most artificial sys-
tems the structure of the underlying monomers is not well defined and the aggre-
gation is the trigger for structure formation. Examples of such hybridization in-
duced folding will be discussed in Section 4.3. The focus in both parts will be on
the formation of aggregates with a defined composition such as duplexes or triple
helices. The formation of even larger aggregates which unfortunately most often
are not really well defined in terms of structure and composition will only be
briefly mentioned (Section 4.4). Finally, we will discuss some examples how hy-
bridization can also be exploited to achieve certain functions such as information
storage and transfer (Section 4.5).

4.2
Hybridization of Oligomers with Well-defined Structures

4.2.1
Coiled Coils and Helix Bundles

The hybridization of two molecules to form a complex with a defined structure
can serve to build a larger suprastructure with additional properties and functions
the individual molecules might not possess even if they already do have a defined
structure in the absence of their hybridization partner. A classical example for hy-
bridization of structured molecules from Nature is the leucine zipper (Fig. 4.3).
Two o-helical peptides of ca. 30 amino acid length with a leucine in every seventh
position of the strand dimerize in a parallel orientation [17]. This way the hydro-
phobic leucine residues can interact with each other, thereby glueing the two hel-
ices together via hydrophobic contacts. Even though each helix on its own is
structured only the dimerization forms a Y-shaped tweezer which allows the spe-
cific interaction with a third molecule in this case DNA. Leucine zippers are a
common motif found in DNA transcription factors.

The dimerization, besides forming the binding site needed for the interaction
with the DNA, also offers additional means of controlling the interaction via the
more pronounced concentration dependence of the dimerization [18]. The leu-
cine zipper is an example of a more general motif found in peptide self-assembly
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Fig. 4.3 The DNA transcription factor GCN4 as a typical representative
for the leucine-zipper motif. Two o-helices form a Y-shaped dimer, held
together by hydrophobic contacts between opposing leucine residues
(shown to the right).

called coiled-coil motif, in which normally two or three o-helices formed from the
repeat of a heptad with hydrophobic residues in position 1 and 4 interdigitate to
form a stable aggregate [17].

Based on such natural coiled-coil motifs several modifications within artificial
peptides have been introduced to modify the structure or stability of the resulting
aggregates. For example, Tirrell [19] and coworkers incorporated trifluoroleucine
into the leucine zipper protein Al using in vivo expression (Fig. 4.4).

The secondary structures of both the fluorinated and the wild type protein were
identical as determined by CD-spectroscopy (ca. 90% helical) and both proteins
formed stable dimers with Kgic < 10 uM. However, thermal denaturation studies
showed that the fluorination significantly increased the stability of the dimer
(AT = +13 °C, AAG = 2.4 kcal mol™!) most likely due to the specific interac-
tions of the fluorinated side chains at the dimer interface within the modified
protein. The same could be shown with a urea titration. The concentration of
urea needed for denaturation of the protein increased within increasing content
of incorporated trifluoroleucine into the protein [20]. The increased stability
due to fluorinated alkyl groups relative to nonfluorinated ones can also nicely be
demonstrated by incorporating semi- or perfluorinated alkyl chains into self-
assembling dendrimers [21, 22]. The higher thermal stability of the correspond-
ing supramolecular system is based on the lower flexibility of a fluorinated chain
and the larger van der Waals radius of fluorine compared to hydrogen. The result-
ing overall increased van der Waals volume of fluorinated chains and their lower
polarizability give rise to an increase in both hydrophobic and lypophobic charac-
ter of a fluorinated molecule relative to a hydrocarbon [23].
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Fig. 4.4 Incorporation of trifluoroleucine (tfl) into the leucine zipper
protein AT at the indicated positions (L) increases the thermal stability
of the dimer as shown here for a urea titration of wild type A1 (@)
against variably fluorinated samples of A1: 17% (m), 29% (O) and 92%
(0) incorporated tfl; f represents the ratio of the unfolded state [19].

Similarly, Kennan [24] could increase the stability of a coiled-coil protein trimer
derived from GCN4 by replacing a small alanine residue by an unnatural cyclo-
hexylalanine which allows for more extensive hydrophobic contacts at the protein
interfaces (Fig. 4.5). The alanine in the natural protein is too small to completely
fill the empty space in between the three helices at the trimerization interface. A
destabilizing void remains between the three interacting methyl groups of the ala-
nine side chains. Hence, the peptide normally prefers to dimerize instead of
forming a trimer, as the dimer interface is more closely packed. However, any in-
crease in hydrophobic contacts at this position should further increase the stabil-
ity of the trimer thereby shifting the aggregation mode from two to three strands.
For example, it had already been shown that hydrophobic ligands such as cyclo-
hexane or benzene present in solution can fulfill that part [25]. In solution these
ligands increased the apparent thermal stability of the peptide aggregate and
the oligomerization order switched to a trimer. A crystal structure of the peptide
shows a single benzene molecule bound directly at the core of the trimer in be-
tween the three methyl groups. However, such a ligand with an increased hydro-
phobic surface can also be directly incorporated into the peptide itself. If in one
helix the alanine is replaced by a cyclohexylalanine a 2:1 heterotrimer forms in
which the one cyclohexyl residue partially fills the void. This again allows
for more efficient and more extensive hydrophobic contacts between the three
helices. Hence, the 2:1-heterotrimer is more stable than the homodimer or
-trimer of the initial alanine containing peptide. Indeed, CD- and thermal melting
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cyclohexylalanine
HoN._COzH

Fig. 4.5 Replacement of an alanine by a cyclohexylalanine (X;6) within a
helical peptide favors the formation of a coiled-coil 2:1 heterotrimer (B)
due to increased hydrophobic contacts at protein interfaces relative to
the alanine containing homotrimer (A) [24].

studies confirmed the increased thermal stability of the heterotrimer. The melting
temperature of the heterotrimer increased significantly compared to the alanine
containing peptide (AT, > 30 °C). However, thermal melting studies only show
that an aggregate forms, but they do not allow its composition to be determined
directly . That indeed a heterotrimer is formed in this case could be shown by an
affinity tagging experiment. If a His-tag is attached to the cyclohexylalanine pep-
tide, the heterotrimer can selectively be separated from a mixture of the two pep-
tides using affinity chromatography. The retained peptide material had exactly
a 2:1-composition even though the initial mixture was enriched in the alanine
containing peptide. Therefore, the increased hydrophobic contacts due to cyclo-
hexylalanine residue selectively stabilized the heterotrimer. On the other hand, a
naphthalene ring is too large to fit into the void and consequently a peptide with a
naphthylalanine residue instead of the cyclohexylalanine does not form stable
heterotrimers. This is an instructive case study how specific peptide assemblies
can be directed and controlled both in terms of stability as well as composition
of the aggregates by fine tuning the hydrophobic contacts which are responsible
for the aggregation.
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4.2.2
Intertwined Strands

A very common hybridization motif in Nature is the double helix as found in the
structure of DNA. Two helical molecules are intertwined to form a helical double
strand. In the case of DNA the two strands are held together by H-bonds and
stacking interactions [16] though much debate was going on in recent years about
the relative importance of these interactions for the molecular recognition of
nucleobases [26]. The double helix is crucial for genetic information storage and
error-free replication as it ensures the correct reproduction of the information en-
coded in the primary sequence of the nucleotide strand (see below) [3]. The DNA
double helix is also a beautiful supramolecular structure which has intrigued
many chemists to devise artificial systems that similarly form helical double
strands.

A very interesting class of double helix forming foldamers is based on aromatic
oligoamides as introduced by Lehn and Huc (Fig. 4.6) [33a]. These oligomers are
formed from alternating 2,6-diaminopyridines and 2,6-pyridinedicarboxylic acids.
An intramolecular interaction between the amide NH proton and the pyridine
N-atom is responsible for a curved conformation of these molecules. A more de-
tailed description of their conformational behavior can be found in Chapter 1.
These helical oligoamides can then also further dimerize forming a stable double
helix in solution. Within the double helix the two oligomer strands are held to-
gether primarily by arene-arene-interactions between pyridine rings located on
top of each other, whereas H-bonds occur intramolecularly within each strand be-
ing responsible for the curvature of the helix. The formation of the double helix is
accompanied by a spring-like extension of the individual helices, but the inner di-
ameter of the central pore is not significantly affected.

In these oligomers intramolecular H-bonds pre-orientate the monomers and in-
duce the helical structure (Fig. 4.6 A). But hybridization of such oligopyridine—
dicarboxamide strands is limited to a certain length of the single strand. Huc

Fig. 4.6 Inducing helical conformations in oligoamides using
intramolecular H-bonds (A). Two helical oligoamides can then dimerize
to form a supramolecular double helix (B) [33c].
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[27, 28], showed that with an increasing length of the single strand the enthalpic
price of spring-like extension during the double helix formation is not compen-
sated by intermolecular n—7 interactions. NMR dilution experiments in CDCl;
show that at 25 °C Ky, increases from 210 M~! for the smallest strand (5 pyri-
dine units) to 5200 M~! for a medium sized strand (9 pyridine units). In case of
the largest strand (15 pyridine units) Kgi, could not be determined because the
single helix was not detected by NMR even at high concentrations. In another ex-
periment the structure of these double helices was investigated by crystallization
of pentameric oligoamides from pure DMSO and in the second case from a
DMF/Et,O mixture. The comparison of both structures provides evidence that
the positions of the single strands in the helix are flexible. Although the crystallo-
graphic parameters (space group, unit cell parameters) of both samples indicate
high resemblance to each other and even the position of incorporated water
molecules differs just slightly, the superposition of both helices shows an offset
of the strands of more than 1.5A in a plane orthogonal to the helix axis. This
leads to the suggestion that the interactions between the single strands are nei-
ther directional nor dependent on the distance between the strands. These results
are in agreement with the assumption of a certain screw motion based on the
freedom of the single strands within the helix, known from investigations in
solution.

423
Stacks of Helical Strands and Macrocycles

Whereas in the case of peptide assemblies based on coiled-coil helices the interac-
tion is mainly controlled by hydrophobic contacts, also hydrogen bonding can be
exploited to drive hybridization. In Nature this principle is found e.g. in Gramici-
din A, a channel forming linear 15-residue a-peptide composed of alternating o/
1-amino acids (more on Gramicidin A can also be found in Section 2.4.1 of Chap-
ter 2). This alternation in the absolute configuration of the amino acids prevents
the formation of a normal «-helix; instead a more open f-helix with an inner pore
is formed. Two such helices then self-assemble within the cell membrane into a
head-to-tail dimer held together by intermolecular H-bonds at the dimerization
interface. Through the inner pore of this dimer, ions can then pass through the
membrane [3]. The same principle was adopted by Ghadiri [29] and coworker,
who designed self-assembling cyclic peptides with alternating p/1-configuration
(Fig. 4.7). For example these eight-residue cyclic peptides have flat, ring-shaped
conformation and their backbone amide functionalities are perpendicular to the
side chains and the plane of the ring structure. This conformation leads to an in-
termolecular stacking via H-bonds to form nanotubes, which can also serve as
pores for ion transport when embedded into a lipid membrane. Tailor-made pep-
tide nanotubes can be achieved by variation of the side chains. Their surface-
exposed arrangement leads to a membrane selectivity, which can be applied in
antibacterial agents that cause rapid cell death by increased cell wall permeability
and collapsed transmembrane ion transport.
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Fig. 4.7 Two helices of Gramicidin A, a 15-residue o-peptide composed
of alternating D/L-amino acids (A), form a stacked dimer within a
membrane allowing for ion transport though the central pore (B). Cyclic
peptides with alternating p/L-configuration (C) can form self-assembled
nanotubes via intermolecular hydrogen bonding (D) [29].

Another Gramidicin A analog was introduced by Guichard [30] et al. They syn-
thesized a cyclic oligourea with homochiral residues, which self-assembles in the
crystalline state via H-bonding between the urea units. Within the crystal these
polar nanotubes are held together by loose van der Waals contacts. A cyclic pep-
tide assembly with hydrophobic cavities was developed by Granja and coworkers
[31]. They use 3-aminocyclohexylcarboxylic acid (y-Acc-OH) alternating with p-o-
amino acids to obtain a conformation of a flat peptide backbone with perpendicu-
lar arranged amide functionalities (Fig. 4.8). All f-methylene groups of the cyclo-
hexane rings point into the interior of the cyclic peptide, which leads to a cavity
with a partial hydrophobic interior. Modifying the C2 of y-Acc-OH might lead to
peptide nanotubes with functionalized inner surfaces.

Also the conformational preference of fused heterocycles can be exploited
for helix formation (Fig. 4.9 A), as Lehn [32] et al. could already show a couple
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Fig. 4.8 (A) Crystal structure of Guichard’s oligourea based cyclic
peptide [30]; (B) structural motif of the y-Acc-OH based cyclic peptide
designed by Granja [31].

of years ago. 2,2’-Bipyridines and related heterocycles adopt a transoid conforma-
tion due to repulsive dipole-dipole interactions which can be exploited to bias an
oligomer towards helix formation. In this context, it was recently shown that by
using naphthyridines instead of pyridines an opening of the structure results,

A transoid conformation

Fig. 4.9 Helical oligoamides (A) can also further interact with other
small molecules. Alkali metal cations can induce the formation of large
supramolecular helices from small springs which do not self-assemble
by themselves (B) [32].
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which allows now the inclusion of other molecules within the central pore of the
helix: A first step towards helical channels [33]. For example, the naphthyridine
pyrimidine oligomer (n = 2) in solution (CDCl;/CD;CN) adopts a conformation
representing a single helical turn. In the presence of alkali metal ions such as
Cs™ a supramolecular association of such individual helical springs occurs lead-
ing to long hollow tubes, in which, as the authors suggest, cations are incor-
porated. It is only this mutual interaction of two springs with one cation that
stabilizes these supramolecular aggregates, as in the absence of cations only
monomeric springs were observed (Fig. 4.9 B). The formation of such cation
channels is also supported by electrospray-mass spectrometry and transmission-
electron microscopy studies.

4.2.4
Tapes and Hydrogen-bonded Sheets

Besides such helical aggregates also a variety of linear dimers with a tape or
ladder-like structure have been designed. These are mostly based on rather rigid
aromatic molecules with a distinct alternating H-bond donor and acceptor pat-
tern. Some excellent reviews on this class of H-bonded dimers have been written
[15, 34, 46]. One recent example is an ureido-naphthyridine dimer introduced by
Zimmermann [35] (Fig. 4.10). This molecule presents a self-complementary
AADDAADD H-bond acceptor and donor pattern at the edge of a rigid aromatic

Fig. 4.10 Eight hydrogen-bonds in a self-complementary AADDAADD
ureido-naphtyridine monomer lead to a strong dimerization in chloroform
(A: schematic representation, B: calculated structure of the dimer) [35].
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scaffold. The monomer adopts a helical structure. In chloroform dimerization via
eight hydrogen bonds can occur as could be demonstrated by concentration de-
pendent NMR experiments. Due to the fact that the 'H NMR spectra remained
unchanged over a concentration range from 423 uM to 13.5 mM in 10% DMSO
in CDCl3, a dimerization constant Kgi, of 4.5 x 10> M~ could be set as a lower
limit. Upon increasing the DMSO content to 20%, K4, dropped dramatically to a
value of 40 M. This clearly demonstrates the significant effect that the polarity
of the solvent has on H-bonded complexes (see below).

Therefore, H-bonds alone are not sufficient to achieve strong association in
more polar solvents. But in combination with other types of interactions such as
ion pairs H-bonds can still be quite important for self-assembly. For example,
Schmuck [36] and coworkers designed a self-complementary guanidiniocarbonyl
pyrrole—carboxylate zwitterion which dimerizes in DMSO with an association
constants of K > 10° M~! and even in pure water has a K = 170 M~1. The ion
pair interaction is crucial as could be shown by comparison with a neutral
“knock-out” analog which has the same H-bond pattern but lacks the charges
(Fig. 4.11). This neutral analog forms isostructural dimers but which are stable
only in chloroform (K > 10* M™!). Already the addition of small amounts of
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Fig. 411 Dimer formation (A) of a zwitterionic guanidiniocarbonyl
pyrrole-carboxylate zwitterion (left) and a neutral amidopyridine-
carboxylic acid “knock-out” analog (right). Both dimers are
isostructural as the solid state structures reveal (B), but differ
significantly in their stability [36].
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DMSO dramatically reduces the stability of the neutral dimer (K ~ 10 M~! in 5%
DMSO in CHCl;). However, as a theoretical study of systematically varied
“knock-out” analogs showed, the charge interaction alone is not sufficient either
to explain the large stability of the zwitterionic dimer [37]. Other zwitterions with
different H-bond patterns form much less stable dimers. Hence, the stability of
the guanidiniocarbonyl pyrrole-carboxylate zwitterions stems from a combina-
tion of both the formation of a directed ion pair and this specific H-bond pattern.

4.3
Hybridization-induced Folding of Unstructured Molecules

In contrast to the examples discussed in Part 1, in most artificial systems the
structure of the underlying monomers is not well defined and the aggregation is
the trigger for structure formation. Hence, this section deals with oligomers
which do not possess an intrinsic tendency to adopt a well-defined conformation,
but which may do so upon hybridization with another strand.

43.1
Hydrogen-bonded Tapes

In continuation with the examples above (Section 4.2.4) similar self-
complementary H-bond arrays have been designed even in larger and more flexi-
ble molecules. However, most often the monomers do not adopt a defined confor-
mation before hybridization but are rather randomly coiled or exist as a rapidly
interconverting mixture of different conformers or even tautomers with similar
energy. Hence, structure formation is only induced by the dimerization itself.
An interesting example was presented by Gong et al. who designed a six-H-
bonded duplex based on an AADADD pattern within an oligoamide consisting
of meta-substituted benzene rings linked via glycine residues (Fig. 4.12) [38].
Self-association leads to a linear tape-like duplex which in chloroform is so stable
that its dissociation could not be analyzed by concentration dependent NMR
studies. A pyrene-labeled derivative allowed to determine a dimerization constant
of 7 x 10° M~! via fluorescence studies.

This demonstrates an important point in the problems one often encounters
when characterizing supramolecular assemblies. Each physical method such
as NMR or UV-Vis spectroscopy has its own specific concentration range where
it works best. However, this means that only dissociation constants which are of
the same order of magnitude can be accurately measured. For example, NMR re-
quires a sample concentration in the mM range. Hence, only association con-
stants in the range of ca. K = 100-10000 M ! can be determined reliably. With
lower or higher association constants the sample is either fully dissociated or fully
complexed at the accessible concentrations. However, for an accurate determina-
tion of the association constant, an optimal complexation range of 20-80% is
needed [39]. UV or fluorescence studies require much lower sample concentra-
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CioHzs O

Fig. 412 A six-H-bonded duplex based on a self-complementary
AADADD pattern. The arrows indicate diagnostic interstrand NOEs.
The pyrene units were needed to follow the dimerization using
fluorescence studies.

tions, therefore larger association constants can be measured. Hence, not every
spectroscopic technique is suitable for every supramolecular system. The use of
a more sensitive technique such as fluorescence is sometimes hampered by the
absence of appropriate reporter groups. Whereas normally most organic mole-
cules can be analyzed by NMR, fluorescence spectroscopy requires a special chro-
mophore. Therefore, sometimes synthetic modifications have to be introduced
before a certain technique can be applied. Here, a pyrene labeled derivative had
to be synthesized before the dimerization constant could be measured by fluores-
cence [38].

Gong [40] also studied several heteroduplexes in which two different molecules
with complementary H-bond patterns associate to form ladder-like duplexes (Fig.
4.13). Dimer formation in these cases could be demonstrated by specific inter-
strand NOEs. Furthermore, as the duplex is overall less polar than the individual
monomers, which cannot interact and hence possess free H-bond donors and ac-
ceptors. Hence the heterodimer shows a significantly different chromatographic
behavior. Whereas the two monomers have a very low mobility on the silica gel
TLC (Rf = 0.0 and 0.1 using 10% DMSO in CHCIs, respectively), a 1:1-mixture
of the two monomers has a R¢ value of 0.96 indicating the formation of the over-
all much less polar heteroduplex! Again the thermodynamic stability was too
large for an accurate determination of the association constant by concentration
dependent NMR studies. By isothermal titration microcalorimetry (ITC) the asso-
ciation constant could be estimated to be K =~ 10° M~!. However, as already men-
tioned in the introduction also the solvent plays an important role in controlling
the stability of such aggregates as it dramatically affects the strength of non-
covalent interactions which drive the folding or hybridization process. For exam-
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Fig. 4.13 Heterodimerization of two duplex strands held together by six
H-bonds which impose a significant sequence specificity (A): the
introduction of a mismatch (B: to the right) leads to a decrease in
binding affinity by a factor of 40 in this case.

ple, in polar solvents hydrogen bonding is significantly reduced due to the com-
petitive solvation of donors and acceptors by individual solvent molecules. Hence,
duplex formation first requires desolvation of both donors and acceptors before
their intermolecular interaction can lead to the formation of a dimer. Its stability
is of course only the difference of the interactions within the aggregate relative to
the interaction of each monomer with the solvent. As the latter can be substantial
especially in polar or aqueous solvents, the stability of H-bonded supramolecular
aggregates in such solvents is significantly reduced. In this specific case of
Gong’s six-H-bond heteroduplex already the addition of 5% DMSO led to drop
in stability of several orders of magnitude.

Also the introduction of a mismatch caused a significant decrease in the stabil-
ity of the tapes. In one specific example an attractive H-bond between an amide
NH and a carbonyl group was replaced by a repulsive interaction between two car-
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bonyl groups. The stability of this mismatched heteroduplex was 40 times lower
than of the corresponding matched pair [41]. In Nature sometimes even larger
effects are observed for such mismatches. A similar chemical exchange is the rea-
son for the upcoming resistance of bacteria towards the antibiotic Vancomycin
[42]. Normally, Vancomycin forms a complex with a bacterial peptide substrate
held together by five H-bonds within a hydrophobic environment. In the resistant
bacteria the exchange of an amide for an ester within the substrate, replaces an
attractive H-bond for a dipole repulsion. The complex stability drops by a factor
of 1000. Model studies showed that the loss of the H-bond is responsible for a
drop in affinity by a factor 10, whereas the repulsive dipole interaction led to an-
other decrease by a factor of 100 [43].

This specificity of H-bonds in combination with their directionality makes H-
bonds so attractive for designing supramolecular structures despite the inherent
problem of their weakness in more polar solvents. The individual pattern of H-
bond donors and acceptors within one monomer very specifically determines the
binding partner required for stable duplex formation. Furthermore, the H-bond
pattern also regulates the stability of the duplex due to attractive or repulsive sec-
ondary interactions between neighboring binding sites as initially proposed by
Jorgensen in 1990 [44]. Therefore, a self-complementary AADD pattern is more
stable than an ADAD pattern.
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Fig. 4.14 2-ureido-4-pyrimidones exist as a rapidly interconverting
mixture of three tautomers in solution with different self-assembling
properties depending on their specific sequence of H-bond donor (D)
and acceptor (A) sites.
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Meijer et al. were one of the first groups who synthesized such quadruple
hydrogen bonding motifs. Acylation of diaminotriazines and diaminopyrimi-
dines led to the desired self-complementary ADAD binding motif, which was
confirmed by X-ray diffraction. NMR experiments showed that this self-
complementary binding motif has association constants of up to 10> M~ in chlo-
roform. In respect to Jergensen a more stable quadruple hydrogen binding motif
should result from an AADD array of donor and acceptor sites. Therefore Meijer
et al. used 2-ureido-4-pyrimidones as basic molecules for their AADD binding site
[45]. The analysis of this bonding motif became quite complicated, because of a
complex equilibrium of three tautomers which all coexist in solution (Fig. 4.14).
Their composition is both determined by the polarity of the solvent and the con-
centration of the compound itself. One tautomer has a DDA bonding pattern and
can not dimerize. The other two tautomers both present self-complementary qua-
druple hydrogen binding patterns with either an ADAD or AADD sequence. They
can form dimers but with different stabilities. The latter is favored, because of ad-
ditional stabilizing secondary interactions within the dimer, which aren’t possible
for the ADAD pattern. Due to the fact that it was impossible to quantify an asso-
ciation constant for the AADD binding motif by NMR experiments, Meijer used
excimer fluorescence spectroscopy as an indirect method yielding a value of
6-107 M~!. However, this example shows how complicated the situation can be
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Fig. 4.15 Linear H-bonded tapes based on 2,6-triazines (A) or 2,6-
pyridazines (B) as developed by Krische and coworkers.
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if the self-assembling monomers do not have a specific well defined structure by
themselves.

Another class of linear H-bonded tapes was designed by Krische and coworkers
based on aminotriazines, which are covalently linked by flexible aminoalcohols
[46]. Several oligomers were prepared, which all present an alternating repeat of
an AD-DA H-bond pattern provided by the aminotriazine moiety (Fig. 4.15). This
can interact with two other aminotriazine moieties in a second oligomer to form
an interdigitated linear tape. ITC experiments in 1,2-dichloroethane at 20 °C
showed an increasing association constant K, from the monomer (4.7 M™!) over
the dimer (5 x 10> M™1) to the trimer (6.9 x 108 M~1). The tetramer instead had
a lower association constant K, of 1.1 x 10> M~!, even lower than the dimer. This
value resembles the association constants for duplex dimer formation, which sug-
gests an intramolecular folding of the tetramer. Related duplex strands based on
3,6-diaminopyridazines were introduced by Krische later (Fig. 4.15 B) [47]. The
association behavior was measured in analogy by ITC under the same conditions
mentioned above, resulting in association constants of 5 M~! for the monomer,
870 M~! for the dimer and 8 x 10°> M~! for trimer.

432
Helices Based on Metal-ligand Interactions and Salt Bridges

As mentioned above one of the major disadvantages of H-bonded structures is
their limited strength in polar solvents. Hence, most of the folding and structure
building described above is limited to chloroform or even less polar organic sol-
vents. The addition of more polar solvents such as DMSO, methanol or water nor-
mally immediately destroys the aggregates [48]. Therefore, to achieve stable struc-
tures in more polar solvents other interactions are needed. Perhaps the most
widely used approach in the context of hybridization induced folding of unstruc-
tured molecules is the formation of metal helicates. Monomeric strands are de-
signed with appropriate metal binding sites such as phenanthrolines or bipyri-
dines. The addition of metal ions then can lead to the formation of double, triple
or even quadruple-helical complexes. In general, the underlying monomeric li-
gands are not structured, but the resulting metal helicates are well defined. The
exact structure of the helicate is controlled by the complexation geometry of the
templating metal ion. Besides the usual solution techniques, such as NMR, also
structure determination in the solid state is often possible providing the ultimate
proof for the hybridization induced folding; another great advantage compared to
H-bonded assemblies, which are often difficult to fully characterize structurally.
This vast area of research has been covered in several excellent review articles
and will not be discussed here any further [49]. Just one interesting recent exam-
ple should serve to illustrate this approach. Three bis-pyridylimine organic strands
can wrap around two Fe(Il)-ion to form a stable triple-helicate. This metal—-
helicate has the correct size and shape to interact with a DNA three-way junction
(Fig. 4.16). As an X-ray structure showed the metal complex sits directly in the
middle of the junction. The aromatic phenyl rings of the ligands allow for exten-
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Fig. 4.16 Metal ions can form stable double and triple helices with
appropriate ligands (A). Whereas the ligands themselves are normally
not structured the metal helicates are. In this case a triple helix is built
which can further interact with a DNA three-way junction (B: major
groove side view) [50].

sive hydrophobic contacts with the thymine and adenine bases at the junction,
whereas the overall cationic charge of the helicate provides additional long range
electrostatic interactions with the negatively charged DNA. Furthermore, the
threefold symmetry of the DNA junction exactly matches the threefold symmetry
of the triple-helicate. The helicate is hence a perfect match in size and comple-
mentary interacting sites to fill the void in the core of the three-way junction [50].

Besides metal-ligand interactions, which in general are much stronger than
other noncovalent interactions often approaching the strength of covalent bonds,
also ion pair formation can be used to increase the stability of duplexes as had
been shown above for zwitterionic dimers (Fig. 4.11). This approach was also
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used by Yashima [51] who designed meta-terphenyl dimers with either amidi-
nium or carboxylates attached to the central aromatic ring of the terphenyl unit.
Chiral groups attached to the amidinium cations were used to induce a defined
helical twisting of the monomer. Nevertheless, this monomer exists in solution
as a mixture of several conformers as indicated by multiple signal sets in the
NMR in chloroform. Addition of the corresponding dicarboxylate resulted in a
simplified spectrum of a single species indicating the formation of an ion paired
duplex of considerable stability (K > 10° M~!). As ion pairs between amidinium
or guanidinum cations and carboxylates are directional (in contrast to the interac-
tion of spherical ions) [52], the two salt bridges bring the two strands together in
a distinct orientation. The chiral twist of the terphenyl units of the diamidinium
cation then induces a winding up of both strands in a right-handed double helical
structure (Fig. 4.17). Without the chiral inductors a racemic mixture of right and
left handed double helices would result. This double helical structure was con-
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Fig. 417 Charge interactions can significantly improve the stability of
supramolecular dimers as shown here for a helical meta-terphenyl
heterodimer developed by Yashima et al. [51] (A: structure of the two
monomers; B: schematic representation of heterodimerization).
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firmed at least for the solid state by X-ray analysis. By using the enantiomer of the
cation, the helical sense of the double helix can be reversed as could be shown by
the mirror-image CD signals of the corresponding duplexes in solution. Due to
the stronger electrostatic interactions relative to simple H-bonding, the double he-
lical structure is also retained at least to ca. 70% in the more polar solvent DMSO.

433
Double-stranded Hybrids Based on Aryl-aryl Interactions and Hydrophobic Contacts

Besides H-bonds and ion pair formation also aromatic and hydrophobic contacts
have been used to drive the aggregation of unstructured monomeric strands into
folded and structured supramolecular oligomers. Even though these types of in-
teractions even increase in strength in polar and aqueous solvents they are
much more difficult to deliberately use. For example, it is much more difficult to
control the specificity of a supramolecular interaction based on hydrophobic con-
tacts as any hydrophobic residues will tend to stick together (see also Chapter 3)
[48]. Hence, often such unspecific hydrophobic or aromatic interactions are com-
bined with specific H-bonds or charge interactions to control the hybridization
specificity. One nice example which combines aromatic edge-to-face stacking in-
teractions with H-bonds was provided by Hunter [53] and coworkers. A series of
amide oligomers derived from isophthalic acid and a bisaniline derivative were
synthesized. Concentration dependent NMR studies in chloroform revealed that
these oligomers form dimers with a zig-zag structure (Fig. 4.18). The stability in-
creased with increasing chain length with some indication of positive cooperativ-
ity. The complexation induced changes in chemical shift of both amide and aryl
hydrogens were monitored by NMR dilution experiments in chloroform. Upon
complexation the amide hydrogens shift downfield, whereas the aromatic hydro-
gens of the bisaniline shift upfield indicating aromatic edge-to-face interactions
which bring them into the shielding cone of the isophthalic acid. The NMR dilu-
tion and titration experiments of complementary but different oligomers were

Fig. 4.18 A molecular zipper based on aromatic interactions and
H-bonds as developed by Hunter et al.
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also used for the determination of association constants and their correlation with
the numbers of hydrogen bonds. A two-hydrogen-bonded complex has an associ-
ation constant K, of 18 M~!, which increases to a value of 240 M~ ! for a four-
hydrogen-bonded complex and 55000 M~! for the six-hydrogen-bonded complex.
All experiments were measured in a mixture of chloroform and methanol (95:5).
This nonlinear increase in complex stability with increasing number of H bonds
indicates a positive cooperativity [54]. However, the stability of the dimers is sig-
nificantly depending on the solvent. Increasing the content of methanol signifi-
cantly destabilizes the complexes. This suggests that even though aromatic inter-
actions occur the main driving force for association is arising from the H bonds.

A way to increase the specificity of hybridization based on aromatic interactions
alone is to use the alternating stacking of electron-rich and electron-poor aro-
matics as shown by Iverson [55]. Flexible oligomers with alternating electron
rich dialkoxynaphthalene units (Dan) and electron poor naphthalenetetracarbox-
ylic diimides (Ndi) adopt stable structures via intramolecular stacking even in
aqueous solvents. The dominant driving force for folding in this case is the de-
solvation of the aromatic surfaces upon their mutual interaction in water. How-
ever, the electrostatic complementarity of the aromatic rings determines the ex-
tent of stacking (face-centered vs. off-centered or edge-to-face-stacking) leading
to the formation of a defined and well structured foldamer. These so called ae-
damers are described in more detail in Chapter 3. The same stacking interaction
can also be used to construct stable heteroduplexes in water. Oligomers of either
Dan or Ndi alone do not fold intramolecularly. However, upon mixing these two
types of oligomers stable heteroduplexes result (Fig. 4.19). The stability of these
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Fig. 4.19 Stacking interactions between electron-poor (Dan) and
electron-rich (Ndi) can be used to direct the hetero-association of
aromatic foldamers in buffered water. The mutual interaction of these
two aromatic units leads to stable helical structure.
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Fig. 4.20 Duplex formation based on the hetero-association of electron-
rich and electron-poor aromatic units. In this case, solvophobic
interactions play only a minor role for dimerization.

heteroduplexes increases more or less additively with each interacting pair of
aromatic units contributing ca. AG = —1.9 kcal mol~! in stability. Hence, no co-
operativity is observed. Nevertheless, a tetramer has already a surprisingly large
stability of K = 350000 M~! in buffered water. The thermodynamic signature as
determined by ITC shows an enthalpy driven association with a negative entropy
contribution. The large negative entropy contribution most likely stems from the
loss in the flexibility of the linkers. Otherwise simple aromatic stacking interac-
tions are often also entropically favored due to the release of ordered water mole-
cules from the interface (classical hydrophobic effect) [56]. The heteroduplex also
seems to be kinetically rather stable as it migrates as one sharp band in a poly-
acrylamide gel electrophoresis experiment. Unfortunately, the exact structure of
the heteroduplex is not known yet [57].

Similar zipper-shaped heteroduplexes were recently presented by Li and cow-
orkers [58]. Again, either electron rich dialkoxynaphthalenes or electron-deficient
pyromellitic diimides were linked via simple alkylchains of variable length (Fig.
4.20). Concentration dependent NMR studies with two tetramers in chloroform
indicate the formation of heteroduplexes of moderate stability (K < 3000 M~1).
The chain length or chemical nature of the linker (ester or amide groups) only
marginally affected the stability of the duplexes. However, the addition of polar
solvents such as methanol or DMSO reduced the stability even so only moder-
ately. This is in contrast to other aromatic stacking systems where solvophobic in-
teractions play an important role [59]. These however increase with increasing
polarity of the solvent [60]. Again, the exact structure determination of the duplex
remains an open task.

4.3.4
Hybrids Based on DNA-base-pairing Recognition

The archetype of hybridization induced duplex formation of course is found in
DNA. The interaction of two complementary linear oligonucleotide strands leads
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to the well known double helical structure. Sometimes, the hybridization is ham-
pered by the intramolecular structuring of the single stranded DNA itself. Long
single-stranded DNA and RNA can have considerable secondary structures such
as loops or bulbs that can prevent its interaction with the complementary oligo-
nucleotides [61]. Shorter oligonucleotides however are normally unstructured
and only obtain their specific fold in the context of the double helix. A variety
of DNA analogs with similar pairing and folding properties have been designed
based both on natural (nucleotides and peptides) as well as unnatural backbones
(hydrocarbon skeletons) [62, 63].

For example, peptide nucleic acids (PNAs) are oligonucleotide mimics in which
the sugar phosphate backbone is replaced with an N-(1-aminoethyl)glycine poly-
mer carrying A, G, C, and T nucleobases via methylene carbonyl linkages (Fig.
4.21). These strands by themselves are not orderly structured but consist as mix-
tures of various conformations (e.g. cis/trans amide rotamers). However, they pos-
sess the same hybridization properties as normal DNA or RNA, forming stable
duplexes based on Watson—Crick base pairing either with another PNA (Fig.
4.21) or with both types of nucleotides. In this context PNAs might have some
promise for antisense gene therapy or as DNA probes [64].
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Fig. 4.22 p-Peptides with attached nucleobases can form stable
duplexes via helix aggregation through antiparallel Watson—Crick base

pairing.
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Also fS-peptides [65] can function as a foldamer scaffold for the formation
of self-assembled duplexes. Gellman and Diederichsen [66] designed a S-peptide
with nucleobases attached at every third position, which can form a 14-helix. The
other positions were assigned with f-homolysine in order to increase solubility in

A

Fig. 4.23 A polymer formed by ring-opening metathesis from a bis-
norbornene derivative with a rigid ferrocene bridge, resembles DNA by
having a double helical structure with similar geometric parameters as
natural DNA (A) [68]. STM experiments on HOPG confirm double helix
formation (B) [68].
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aqueous media and 2-aminocyclohexane carboxylic acid (ACHC), which should
strongly promote the 14-helix formation. The single strands are still very flexible
in solution. However, this conformation acts as a scaffold for the presentation of
the nucleobases on one side of the helix. Watson—Crick base pairing between two
complementary strands then leads to stable duplexes (Fig. 4.22), which were veri-
fied by ESI mass spectrometry and temperature dependent UV and CD spectrom-
etry even though the exact conformations and structures of either the single or the
double strands have not yet been determined. For example, an equimolar mixture
of complementary oligomers, containing the nucleobase sequences ATCA and
TGAT, forms a duplex of significant stability (T, = 44 °C). In order to determine
the utility of hydrogen-bond-mediated base pairing for the duplex formation,
methylated guanine nucleobases were synthezised and incorporated into the f-
peptide helix. These modified nucleobases are no longer able to dimerize over
the Watson—Crick site, so that no interaction of the two helices was detected by
temperature-dependent UV spectroscopy. Also the CD spectra, recorded at low
temperature, gave no indication for base-paired double strands. These measure-
ments confirm the need for free Watson—Crick sites for base pairing. Helical
f-peptides by themselvess can self-assemble in water, but in this case rather un-
specific aggregates of unknown composition and structure are formed [67].

An interesting DNA analog, albeit remote, based on a complete artificial skele-
ton was described by Luh [68]. A bis-norbornene derivative with an incorporated
ferrocene unit was polymerized using ring opening metathesis leading to a dou-
ble stranded polymer with an average of 29 repeat units (Fig. 4.23). As scanning
tunneling microscopy showed this double strands can adopt several structures
one being a classical double helix (besides a supercoiled and a ladder structure,
Fig. 4.23 B). This double helix has geometric parameters very similar to the natu-
ral DNA as far as for example the number of monomeric units per pitch or the
spacing between them is concerned. However, according to molecular mechanics
calculations this double helical structure is energetically less favorable compared
to the supercoiled or ladder structure.

4.4
Formation of Large Polymeric Aggregates via Self-assembly

Self-assembly is however not limited to the aggregation of a small discrete
number of oligomeric strands. Also much larger aggregates can be formed by
the hierarchical interaction of suitable monomers. Again, the building blocks of
these assemblies normally do not possess a well-defined conformation of their
own as monomers but the assemblies can be relatively well defined. For example,
Meijer’s four H-bonded supramolecular polymers attracted much attention in
this context (Fig. 4.24).

The resulting superstructures are not covalent but supramolecular polymers
held together by specific noncovalent interactions between bifunctional building
blocks. This linear supramolecular polymer then folds into a specific three di-
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Fig. 4.24 Hierarchical stacking of chiral four H-bonded dimers (A)
leads to large helical super structures (B) [69].

mensional structure [69]. Such a supramolecular foldamer can also further as-
semble into larger aggregates. For example, a helical supramolecular polymer
based on the dipolar stacking of bis-merocyanine dyes forms intertwined linear
rods via self-assembly of six such helices. These rods can then even further self-
organize into hexagonal stacks (Fig. 4.25) [70]. However, exact structure infor-
mation on a molecular level is often not available for such large aggregates and
hence only reasonable models can be suggested at best.

Peptide amphiphiles (PAs) as introduced by Stupp [71] are another highly in-
teresting class of self-assembling polymers forming large aggregates. They con-
sist of a hydrophilic peptide segment with most often ionizable side chains cova-
lently coupled to a lipid tail (e.g. palmitic acid). The structure of the oligopeptide
segment is hence pH sensitive. For example, when ionized the charges prevent
structure formation, whereas after protonation at low pH values the peptide
adopts a helical secondary structure. This change in protonation state and struc-
ture ultimately drives self-assembly through hydrophobic collapse of the lipid
tails into cylindrical nanostructures of considerable size (Fig. 4.26). Such aggre-
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Fig. 4.25 Hierarchical transition of bis-merocyanin dyes (a) from the
supramolecular polymer (b) over the rod (c) to a hexagonally ordered
pillar (d) [70].
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Fig. 4.26 Chemical structure of a peptide amphiphile (A) and the
resulting aggregate caused by hydrophobic collapse of the lipid tail (B).
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gates have interesting properties. For example, they can be used as scaffolds to
direct the mineralization of hydroxyapatite to form composite materials similar
to bone growth, where collagen fibrils serve the same function [72]. Also den-
dritic dipeptides have been shown to form large aggregates via self-assembly. In
this case a Tyr-Ala dipeptide is functionalized via the tyrosine OH group with a
Frechet-type dendron which long alkyl chains attached to its end. Depending on
the stereochemistry of the dipeptide, allosteric self-assembly into helical porous
structures occurs [73].

4.5
Applications of Foldamer Hybridization

One reason for self-assembly has already been pointed out in the beginning.
Through the noncovalent interaction of smaller building blocks, more complex
structures are obtained which display properties not present in the underlying
molecules themselves [1, 2, 3, 6]. Hence, supramolecular synthesis provides an
alternative approach to more complex systems besides covalent chemistry. The
synthesis of smaller building blocks which then self-assemble to produce the de-
sired structure can be easier, less challenging and more economical than to di-
rectly synthesize one large molecule with the same properties. An illustrative ex-
ample is the leucine zipper described in the beginning. Only the synthesis of one
peptide is needed which then spontaneously self-assembles to form the Y-shaped
dimer with the DNA binding site in the junction. Rather complex structures can
thus be obtained from rather simple building blocks [17].

Another even more important aspect of hybridization is information storage
and transfer! As had already been pointed out before, hybridization is often very
specific if e.g. controlled by H-bonds. This means, that the sequence (e.g. the pat-
tern of H-bond donors and acceptors) of one strand completely determines the
sequence of the second strand with which hybridization can occur. This holds
both for homodimerization and for heteroduplex formation [14b]. If not the struc-
ture but rather the information itself is important, hybridization thus offers a way
for safely storing and also reproducing this information. This is what the DNA
double helix is for. The linear sequence of the strand contains the genetic infor-
mation needed to produce proteins. The double helix is the storage form for this
information. As two complementary strands are present, both with the same in-
formation (otherwise they would not hybridize to form a stable double helix) the
risk of information loss due to chemical mutations etc. is greatly diminished [74].
There is always at least one safety copy of the genetic information present. Fur-
thermore, when the information needs to be reproduced (as for cell division or
protein production), each DNA strand serves as a templating matrix for either a
new DNA strand or a mRNA. Thus the specificity of the hybridization pattern en-
sures correct information transfer. Nature uses this property of hybridization
since the beginning of life most likely [16].

Of course chemists have strived to find artificial systems that also allow a con-
trolled and selective reproduction of information encoded in the sequence of a
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Fig. 4.27 Schematic representation of an autocatalytic self-replication
cycle based on a self-complementary template AB’ and two monomers
Aand B'.

linear polymer. The initial break throughs were obtained with self-replicating nu-
cleotides by Orgel [75] or von Kiedrowski [76]. An oligonucleotide serves as a
template to assemble mononucleotides as dictated by the correct Watson—Crick
base pairing pattern (Fig. 4.27). An enzyme-free chemical ligation then stitches
the mononucleotides together to produce an oligonucleotide with a complemen-
tary sequence to the initial coding strand. If the initial oligonucleotide is com-
posed of a self-complementary sequence, the product can also serve as a new tem-
plate for the next cycle, hence, an autocatalytic system results.

Lateron also self-replicating peptides were designed for example by Ghadiri [77]
or Chmielewski [78]. Ghadiri used a leucine zipper motif based on the GCN4
transcription factor. Small heptapeptide segments, which represent the repeating
heptad unit of the leucine zipper, were aligned by a larger peptide template and
then chemically ligated to produce a copy of the templating peptide strand. Again
an autocatalytic self-replicating system resulted (Fig. 4.28). A rather major dis-
advantage of such systems is of course product inhibition, which reduces the cata-
lytic turnover number. The final product strand forms a more stable complex
with the initial template strand than the smaller peptide segments.

A bimolecular complex in general is more stable than a trimolecular one due to
entropic reasons. Hence, to increase the autocatalytic efficiency and to approach
exponential growth various modifications have been introduced into the initial
self-replicating peptide systems such as the use of shorter peptides to destabilize
the coiled-coil product and hence to facilitate its dissociation at ambient tempera-
ture. Also a proline-kink in the middle of the template strand can help to destabi-
lize the coiled-coil product, whereas the two short peptide segments before liga-
tion can bind to the either side of the kink without much problem. Recently, also
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Peptide fragments

Template C{OO
W AN

QOO0 00000

Fig. 4.28 Schematic presentation of a reaction cycle for a self-
replicating peptide system. A template strand binds two smaller peptide
fragments as dictated by the correct hybridization pattern. Chemical
ligation of the two fragments then leads to another copy of the
template even though real exponential growth as expected for such an
autocatalysis is often hampered by product inhibition.

a self-replicating peptide/RNA system was designed which is based on the cross-
hybridization between a RNA aptamer and a linear peptide strand [79]. The RNA
aptamer was rationally cut into two halves and modified at each end to allow
chemical re-ligation. The peptide strand as a template then binds the two halves
of the aptamer, pre-orientates them and hence facilitates their re-ligation.

In a modification of this principle of self-replication, duplex formation between
two complementary oligonucleotides can also be used to control a chemical reac-
tion between more or less any two chemical entities A and B which can be at-
tached to two hybridizing oligonucleotides. Duplex formation then brings the
two reactants A and B into close proximity thereby increasing their effective
molar concentration relative to the situation in free solution and thus enabling a
chemical reaction between them. This so called DNA-templated synthesis has
been advocated in recent years mainly by Liu and coworkers [80]. In various ex-
periments they investigated the use of different oligonucleotide architectures for
amine acylations, Wittig olefinations, 1,3 dipolar cycloadditions and reductive
aminations and a variety of other reactions. The advantage of such DNA tem-
plated reactions compared to their counterparts in free solution is the control of
selectivity. Only those two partners can react that are attached to the correct com-
plementary strands as the reaction only occurs within the hybridized duplex
strand (Fig. 4.29 A). For example, as much as 12 different reactants with normally
incompatible chemical functionalities selectively form only 6 products if the reac-
tants are attached to different but mutually complementary oligonucleotide se-
quences.
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4.6
Conclusion

Hybridization of foldamers not only leads to beautiful structures but actually can
serve specific functions, such as information storage and transfer, but only if the
hybridization is based on selective interactions. The design of artificial systems
with specific and selective folding and hybridization properties remains an inter-
esting and challenging goal for the chemical community. These artificial model
systems will help us to better understand Nature and her elegant use of fol-
damers and their intermolecular interactions in many different applications. The
more the underlying molecular principles are understood, the more sophisticated
the deliberate use of artificial systems will be. This however requires a sound
knowledge of noncovalent interactions, their strength and solvent dependence as
well as their specificity and directionality as has been shown above for several ex-
amples. There is still a lot to learn despite all the progress that has been achieved
in this area in the last few years. We will definitely see even more beautiful and
intellectually challenging self-assembling foldamers with surprising properties
and interesting applications in the future.
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5
Control of Polypeptide Chain Folding
and Assembly

Rajkishor Rai and Padmanabhan Balaram

5.1
Introduction

Natural protein chains fold into precise three-dimensional structures by a mecha-
nistically complex process, in which the energetics of the folded states and the
rates of their formation are controlled by a delicate balance of intrachain interac-
tions and solvent forces. Approaches to first principles design (de novo design), of
synthetic polypeptides mimicking structural features found in proteins [1], have
relied on strategies to control local chain folding via short and medium range in-
teractions [2, 3]. In some design strategies, patterning of hydrophobic and hydro-
philic residues along the sequence helps to drive folding in a predetermined di-
rection by using the hydrophobic effect, in aqueous solution, as the driving force
[4-5]. The formation of well-defined local structures (secondary structure ele-
ments) has also been achieved using lessons gained from inspection of the large
body of available protein three-dimensional structures [6]. The use of Asn-Gly, a
p-turn forming segment, to nucleate f-hairpin formation [7-9] and the use of
cross-strand Trp-Trp interactions to stabilize antiparallel strands are examples of
observations made in proteins that have been effectively exploited in the construc-
tion of synthetic polypeptide motifs [10].

This chapter considers an alternative approach in which peptide “foldamer”
design is based on the use of non-proteinogenic amino acids to impose local
backbone folding constraints, thereby directing the course of chain folding, by bi-
asing the choice of local conformations. It may be parenthetically noted that the
term “foldamer” is of relatively recent origin, having been introduced to describe
the regular structures of homologated peptide backbones formed by oligomers of
the higher homologs of the conventional «-amino acids [11]. The folded struc-
tures of polypeptide chains are most conveniently described by using Ramachan-
dran (torsion) angles ¢ and y at each residue [12]. In protein structures, the back-
bone conformations of individual residues are characterized by the regions of ¢,y
space in which they are located. The Ramchandran map delineates sterically al-
lowed regions of conformational space. Regular structures like helices and sheets
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Fig. 5.1 Ramachandran map for the L-alanine residue. The dark boxes
enclose the regions of ¢,y space that may be broadly classified as right-
handed helical (or), left-handed helical (2 ) and extended () regions.
The extended f-region may be further subdivided into polyproline Il
(Py) and fS-sheet (parallel and antiparallel) secondary structures.

are conveniently identified by a clustering of successive residues in specific re-
gions of ¢,y space (Fig. 5.1).

Figure 5.2 illustrates the distribution of non-Gly and Gly residues in a data set
of high resolution protein structures [13]. Glycine is unique amongst the amino
acid constituents of proteins, being the smallest in size and also the only achiral
residue. These features result in a much larger region of ¢,y space being steri-
cally accessible. The Ramachandran allowed regions are symmetric with respect
to origin of the ¢, map, permitting Gly residue to adopt local conformations
which are sterically forbidden for the other 19 r-amino acids. The scatter plot for
the non-Gly residues shows a distribution, which is largely concentrated in three
broad regions denoted as ag, /Py and oy, which correspond to the right-handed
a-helical, extended strand and left-handed helical regions of ¢, space, respec-
tively. The distribution in the extended region ((¢ ~ —130 + 50°) may be subdi-
vided into two clusters corresponding to f strands (¢ ~ —120°) and polyproline
IT (Pyi¢ ~ —60°). Most individual residues in proteins do not have a strong intrin-
sic preference for either the helical or extended strand regions, limiting the use
of statistically determined propensities in the design of local structures. Two resi-
dues, for which conformational biases are significant, are 1-Pro and 1-Asn. The
observed distribution for 1-Pro residues in proteins (Fig. 5.2) highlights the nar-
row distribution of ¢ values (¢ = —60 + 20°), which results from the constraints
imposed by the pyrrolidine ring. Two distinct clusters corresponding to Py
(¢ = —60°, w = +120°) and og (¢ = —60°, w = —30°) are observed. The gamma
turn or C; conformation (¢ = —70°, y = +70°) is sparsely populated. Amongst
the genetically coded amino acids, the proline residue provides the greatest op-
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Fig. 5.2 (a) Distribution of ¢, values of non-  crystal structures [13]. The protein data set
Gly residues from 250 protein structures used to generate this figure was derived from
(<2.0A); (b) Distribution of ¢,y values of the Protein Data Bank using a resolution
Gly residues from 250 protein structures cutoff of 2.0A and a sequence homology
(<£2.0A). (c and d) Distribution of cutoff of 40% and contained a total of 47612
conformational angles of L-Pro and L-Asn non-glycine, 4933 glycine, 4995 proline and
residues from 538 independent protein 5503 asparagine residues.

portunity for directing local chain folding. The chirality of the r-amino acids in
proteins greatly restricts the sterically allowed regions with positive values of ¢.
Asn is the only chiral residue with a high propensity to occur in the left-handed
helical (ar, ¢ = +60°, y = +30°) conformations. This local feature is important
in generating ‘prime’ turns (type I'/II’), which in turns act as a nucleus for the
formation of f-hairpin structures. A convincing theoretical rationalization of the
tendency of Asn residues to favor left-handed helical conformations is still to be
achieved. It may be noted that Jane Richardson, in an insightful analysis of pro-
tein structures, remarked that by virtue of its CH,-CONH,; side-chain Asn is the
‘least chiral’ of the amino acids [14]. An analysis of individual residue conforma-
tions in proteins suggests that conformational choices accessible to each amino
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acid are wide enough to result in a very large region of sterically allowed structure
space, for polypeptides of even limited chain length. Control of chain folding is,
thus, a formidable task. One synthetic approach to peptide and protein design in-
volves the use of nonprotein residues to act as local directors of chain folding, re-
stricting available conformations to limited region of Ramachandran space [15].

The use of conformationally constrained residues in the design of folded pep-
tide structures is based on the simple principle that the residue choice must limit
conformational excursions to a well-defined region of ¢,y space. The subsequent
sections of this chapter illustrate the approaches used in engineering the con-
struction of peptide helices and hairpins, followed by their assembly into mimics
of supersecondary structures.

5.2
Helix Promotion by Backbone Substitution

5.2.1
a-Aminoisobutyric Acid (Aib) and Related Dialkyl Amino Acids

Aib is a constituent of several naturally occurring antimicrobial peptides. Notably,
Aib is a major constituent of a class of linear peptide antibiotics, produced by soil

ca-Aminoisobutyric acid (Aib) S-1sovaline (S-Iva)

Di-n-ethylglycine (Deg) 1-Aminocyclohexane-1-
carboxylic acid (Acgc)

Fig. 5.3 Chemical structures of some representative o,o-dialkylglycines.
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fungi; Trichoderma species being the most widely studied. The conformational
properties of Aib were uncovered in early structural investigations of synthetic
peptide fragments of antibiotics of fungal origin [16], which have later been
termed as peptaibols or peptaibiotics [17]. The related chiral residue isovaline (o-
methyl-a-ethyl glycine) is also a constituent of these natural products, occurring
almost exclusively as S-isovaline [18]. A large number of chiral and achiral dialkyl
glycines have been synthetically produced (see Fig. 5.3 for representative struc-
tures). The presence of a tetrasubstituted C”-atom in the backbone of polypeptide
chains results in a dramatic reduction in ‘allowed’conformational space’.

The sterically accessible regions of ¢,y space for Aib may be readily derived by
examining the regions of overlap of the Ramachandran map for 1-Ala and p-Ala,
which are related by inversion about the origin (Fig. 5.4). The two distinct areas of
overlap are small and restricted to the right- (ag) and left- (o) handed helical re-
gions, leading to the simple conclusion that Aib and related C**-dialkyl amino
acids may be expected to be strongly helix stabilizing. This expectation has been
borne out by a large body of investigations on peptide containing Aib and related
residues. Indeed, the largest body of crystal structures of oligopeptides available
to date is on sequences containing Aib residues [19-23]. Helical folding in host
amino acid sequences containing very few guest Aib residues has been repeatedly
demonstrated, suggesting that helix nucleation and stabilization may be readily
achieved by strategic incorporation of these conformationally constrained amino
acids. Figure 5.5 shows three examples of helices constructed in stable sequences.
Both 339 and a-helices may be generated. Mixed helical structures are relatively
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Fig. 5.4 Overlapped Ramachandran maps for N-acetyl-L-Ala-N’-
methylamide and N-acetyl-p-Ala-N’-methylamide. The shaded regions
are stereochemically allowed for both L- and p-Ala and these
correspond to the “allowed” regions for N-acety-Aib-N’-methylamide.
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(a) : (b) (c)
310-helix 3,0/a-helix o-helix

Fig. 5.5 Molecular conformations observed in the crystals of synthetic
peptides (a) pBrBz-(Aib);o-OtBu [22b]; (b) Boc-Aib-(Ala-Leu-Aib)3-OMe
[23]. (c) Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-Ala-Leu-Aib-OMe [21b].

common. In solution, the barriers to helix interconversions, within the limited re-
gion of ¢,y space defined for 31y and o-helices, are likely to be small.

The introduction of a few Aib residues is sufficient to stabilize helices in se-
quences of length upto 20 residues. The structure of a 19-residue peptide contain-
ing as many as three internally positioned p-residues provides an example of he-
lix promotion by a guest Aib residue [24]. The crystal structures of normally
occurring peptaibols have also established that helical folding is maintained even
when several internal proline residues are present. Solid-state conformations of
zervamicin and antiamoebin (Fig. 5.6) are examples when an Aib-Pro/Hyp C-
terminus segment adopts the f-bend ribbon structure, in which all residues adopt
¢,y values in the helical region of ¢, space [18b, d].

5.2.2
Diproline Segments

An alternate approach towards nucleating helical folding is the use of diproline
templates, positioned at the amino terminus end of synthetic sequences. This
approach developed by Kemp and co-workers [25] and subsequently extended by
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(b) (c)

Fig. 5.6 Molecular conformations observed in the crystals of peptides:
(a) Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-PAla-PLeu-Leu-Val-Phe-Val-Aib-PVal-
Leu-Phe-Val-Val-OMe [24]; (b) Zervamicin analog [18b]; (c) Antiamoebin
[18d].

the group of Hanessian [26], is based on an early observation that the diproline-
containing sequences can form incipient 3;¢-helical structures in organic solvents,
where consecutive type III f-turn formation is driven by successive hydrogen
bond formation [27]. Figure 5.7a shows the consecutive type III f-turn structure
proposed for the model peptide Pivaloyl-Pro-Pro-"Ala-NHMe. Here, the Pro2 res-
idue occupies the i 4 2 position of the first f-turn and i + 1 position of the second
f-turn. This motif, stabilized by two successive Cyo hydrogen bonds, constitutes a
single turn of a 31 helical structure in which the torsion angles of all three resi-
due lies in the ag (—60°, —30°) [27]. Bridging the C” atom of Pro(1) and the C°
atom of Pro(2) by a thiomethylene group constrains diproline conformations to
local helical structures at both proline residues, thus providing a rigid template
for helix nucleation in attached peptide segments. Extensions of this approach to

153
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Fig. 5.7 Templates, used to nucleate helical constrained proline)[26a]; (d) (3S,6S,8S,9S)-
structures (a) NMR model of Piv-'Pro-‘Pro- 6-acetylamino-8-methoxy-6-methyl-5-

LAla NHMe [27]; (b) Structure of Kemp’s oxooctahydroindolizine-3-carboxylic acid
template (2S,5S,8S,-11S)-1-acetyl-1,4-diaza-3- (LBcaP) [26b]; (e) Crystal structure of the
keto-5-carboxy-10-thiatricyclo [2.8.1.0%3]- alamethicin segment Ac-Aib-Pro-Aib-Ala [61];
tridecane(Ac-Hel1-OH) in crystals [25b]; (f) Crystal structure of L-BcaP-L Ala-L Ala-
(c) Ac-L-TcaP-L-Pro-OH (TcaP = tricyclic OtBu [26a, 62].

other constrained proline derived structures have been reported [28]. Figure 5.7
summarizes the structures of parent Pro-Pro sequences and related structures.
Application of the diproline mimetic organic templates to synthetic protein
design is limited by the complexity of the synthetic protocols used in preparing
them. A more readily accessible approach would be to examine the use of un-
constrained diproline segments in generating helical structures. A recent analysis
focuses on the model hexapeptide Piv-Pro-Pro-Aib-Leu-Aib-Phe-OMe [29]. Solu-
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tion NMR studies demonstrate a significant population of helical conformations
encompassing the entire length of the peptide, including the N-terminus dipro-
line segment. However, populations of the cis Pro-Pro conformer and an appar-
ently unfolded structure, with Prol adopting the P;; conformation are also de-
scribed by NMR in solution. In single crystals, a helical fold is observed over the
segment, residues 2-5, while Prol adopts a P;; conformation. This study illus-
trates the conformational heterogeneity that may be anticipated for diproline seg-
ments. The observation of ag, g conformations at Prol and Pro2 is encouraging,
suggesting that an attempt to bias conformational choices by using local se-
quence effects, may be worthwhile. An analysis of X-Pro-Pro segments in 1741
protein structures reveals about 25 examples of diproline segments occurring in
the ag, or conformations at the N terminus of a helix [29]. The predominant con-
formation, that is favored for a Pro-Pro unit, is the P;-Py; structure, with 256 ex-
amples being found in the data set. Directing an unconstrained diproline seg-
ment into a helical fold will require a detailed understanding of near neighbor
effects on conformational choice.

5.3
Hairpin Design using Obligatory Turn Segments

B-hairpins are ubiquitous elements in protein structures. Ideal hairpins are char-
acterized by hydrogen bond formation between registered antiparallel strands.
The connecting element between the two strands is usually a short length of poly-
peptide, which permits chain reversal. Hairpins that contain two central residue
loops are abundant in proteins. The early work of Thornton and coworkers estab-
lished that type I’/II" p-turns occur most frequently in protein f-hairpins [30].
The recognition that ‘prime’ turns facilitate antiparallel strand registry, permitted
‘first principles design’ of f-hairpin structures [6, 21a, 31]. The premise behind
this approach is that centrally located prime turns can drive short peptide se-
quences into p-hairpin conformations. Two different approaches have been
adopted in the design of f-hairpins. In one strategy, Asn-Gly sequences have
been used to stabilize a f-hairpin fold; the choice of a segment being based on
the ability of Asn to adopt oy values, thus promoting type I’ f-turns at the Asn-
Gly unit [7-9]. In the second strategy, the prime turn formation is promoted by
using the more constrained PPro-Gly segment [32], in which the two favored con-
formations at PPro correspond to those required for the i + 1 residue in type I’
(o) and type II' (Py;’) conformations (Fig. 5.8).

5.3.1
DPro-Xxx Turns

In short oligopeptides, positioning of a central PPro-Gly segment has been
shown to facilitate registry of N- and C-terminus strand segments, promoting
an isolated hairpin [32]. Extensive studies of apolar oligopeptides containing
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Fig. 5.8 Allowed regions (shaded) of Ramachandran space for L-proline
and p-proline. Note that the torsional angle ¢ is restricted to a relatively
narrow range of ¢ values. L-Pro = —60 + 20°, b-Pro = 460 + 20°.

DPro-Xxx segments have demonstrated hairpin formation in solution by NMR
methods and X-ray diffraction in crystal structures [33]. In the vast majority of
cases of f-hairpin crystal structures, the PPro-Gly sequence adopts a type 11’ -
turn conformation. In almost all the cases, three cross-strand hydrogen bonds
are observed, with fraying at the N and C termini, resulting in the absence of
the fourth hydrogen bond in some structures. Figure 5.9 provides examples of
crystallographically determined structures of designed f-hairpins. Tables 5.1 and
5.2 summarize the available experimental evidences for hairpin formation in syn-
thetic sequences soluble in organic and aqueous solvents, respectively. When
Xxx = LPro, an obligatory type 11’ f-turn is formed. Indeed, PPro-LPro sequences
have been used to generate stable hairpins in a variety of biologically important
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(a)

Fig. 5.9 Molecular conformations in crystals observed for the peptides.
(a) Boc-Leu-Val-Val-PPro-Gly-Leu-Val-Val-OMe [32b]; (b) Boc-Met-Leu-
Phe-Val-PPro-Ala-Leu-Val-Val-Phe-OMe [33b].

synthetic peptides. The f-hairpin conformation of a model octapeptide Boc-Leu-
Phe-Val-PPro-L Pro-Leu-Phe-Val-OMe (Fig. 5.10) has been established in solution
by NMR [34] and X-ray diffraction in crystals [unpublished]. It is pertinent to
note that the homochiral diproline segment has been advanced as a potent helix
nucleating template [29], whereas centrally positioned heterochiral diproline seg-
ments strongly favor f-hairpin formation [34, 35]. When the PPro-'Pro (hetero-
chiral) sequence is placed at the amino terminus, consecutive f-turn (II'-I/I1I)
formation is observed [36]. In principle, the II’-I/III consecutive f-turn structure
at the amino terminus of a peptide sequence can serve to initiate a helical fold.

A variety of residues can be accommodated at the i + 2 position in the central
f-turn [33, 37]. In the strands, lengthening of the backbone by incorporation of
and y amino acids [32d-g] can occur without disrupting the hairpin structure.
This feature is exemplified in Fig. 5.11.

53.2
Aib-PXxx Turns

The insertion of an Aib-PAla segment into a host r-amino acids sequence can pro-
mote type I’ f-turn formation and consequently lead to generation of a f-hairpin
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Table 5.1 Representative examples of water-soluble f-hairpins.

Peptide Technique Reference
R-G-I-T-V-N-G-K-T-Y-G-R NMR 7a
R-G-A-T-A-N-G-A-T-A-G-R NMR 7a
R-G-A-T-A-N-G-K-T-G-Y-R NMR 7a
R-T-I-T-V-N-G-A'T-A-G-R NMR 7a
K-K-Y-T-V-S-I-N-G-K-K-I-T-V-S-I NMR 8a
R-Y-V-E-V-PP-G-O-K-I-L-Q-NH, NMR 9a
R-Y-V-E-V-N-G-O-K-I-L-Q-NH, NMR 9a
R-W-Q-Y-V-PP-G-K-F-T-V-Q-NH, NMR 9b
R-W-Q-Y-V-N-G-K-F-T-V-Q-NH, NMR 9b
R-W-Q-Y-V-PP-G-K-S-T-S-Q-NH, NMR 9b
R-G-W-S-V-Q-M-G-K-Y-T-N-N-G-K-T-T-E-G-R NMR 51
(three-stranded f-sheet)

Ac-V-F-I-T-S-PP-G-K-T-Y-T-E-V-PP-G-O-K-I-L-Q-NH, NMR 50
(three-stranded f-sheet)

R-G-T-I-K-PP-G-I-T-F-A-PP-A-T-V-L-F-A-V-PP-G-K-T- NMR 49b
L-Y-R (four-stranded p-sheet)

R-G-I-K-V-PP-G-E-T-N-T-PP-S-V-Q-F-H-T-I-°P-G-Y- NMR 49c
K-T-L-H-E-PP-A-R-I-V-L-K (five-stranded f-sheet)
R-G-E-C(Acm)-K-F-T-V-PP-G-R-T-A-L-N-T-PP-A-V- NMR 49d
Q-K-W-H-F-V-L-PP-G-Y-K-C-E-I-L-A (four-stranded

p-sheet)

fold. This feature is illustrated by the structure of an octapeptide Boc-Leu-Phe-Val-
Aib-PAla-Leu-Phe-Val-OMe in crystals (Fig. 5.12a) [38]. Notably, the twist of the
antiparallel strands is more pronounced in the case of type I’ f-turn promoted
hairpins. Flattened hairpins are obtained with centrally positioned type II" g-
turns. An interesting feature of the apolar f-hairpins is their high solubility in or-
ganic solvents like chloroform and methanol and the absence of aggregation in
solution, as evidenced by the observation of well-resolved, sharp NMR spectra,
even in a poorly solvating medium like chloroform.

The incorporation of a central Aib-PPro segment strongly favors the formation
of type I'/IIl’ p-turn nucleating hairpins, with PPro constraining the torsion
angles of the i + 2 residue to values that promote type I’/I11’ f-turns. (Note: there
is only a small variation in torsional angles at the i+ 2 position in both type I’
and type I’ B-turns. For convenience, it is preferable not to make a distinction
between the two closely related turns). Figure 5.12b shows the NMR derived
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Table 5.2 Representative examples of f-hairpins soluble in organic solvents.

Peptide Sequence Technique Reference
Boc-L-V-V-°P-G-L-V-V-OMe X-ray crystallography/NMR 32a-c
Boc-L-V-V-PP-A-L-V-V-OMe X-ray crystallography 33a
Boc-L-F-V-PP-A-L-F-V-OMe X-ray crystallography 33b
Boc-L-V-V-PP-G-L-F-V-OMe X-ray crystallography 33b
Boc-M-L-F-V-PP-A-L-V-V-F-OMe X-ray crystallography 33b
Boc-L-V-V-PP-U-L-V-V-OMe X-ray crystallography 33b
Boc-L-F-V-PP-Acsc-L-F-V-OMe X-ray crystallography 33c
Boc-L-F-V-°P-Acgc-L-F-V-OMe X-ray crystallography 33c
Boc-L-F-V-U-PA-L-F-V-OMe X-ray crystallography 38
Boc-L-F-V-PP-LP-L-F-V-OMe NMR 34
Boc-L-V-V-PP-LP-L-V-V-OMe NMR Unpublished
Ac-L-Y-V-PP-G-L-Y-V-OMe NMR 10c
Ac-L-Y-V-PP-G-L-W-V-OMe NMR 10c
Boc-Y-L-V-PP-G-W-L-V-OMe NMR 10c
Boc-W-L-V-PP-G-W-L-V-OMe NMR 10c
Boc-L-L-V-PP-G-Y-L-W-OMe NMR 10c
Boc-L-L-V-°P-G-Y-W-V-OMe NMR 10c
Boc-L-Y-V-PP-G-L-L-V-OMe NMR 10c
Boc-L-V-V-Aib-PA-L-V-V-OMe NMR Unpublished
Boc-L-V-V-Aib-PV-L-V-V-OMe NMR Unpublished
Boc-L-V-V-Aib-PP-L-V-V-OMe NMR Unpublished
Boc L-F-V-PP-G-L-V-L-A-PP-G-F-V-L-OMe NMR 49a

Boc L-F-V-PP-LP-L-F-V-A-PP-LP-L-F-V-OMe NMR Unpublished

structure for the model peptide Boc-Leu-Val-Val-Aib-PPro-Leu-Val-Val-OMe
[unpublished].

533
Asn-Gly Turns

The high propensity of Asn residue to adopt oy conformation suggests that Asn-
Gly sequences may be used to nucleate type I’ f-turn structures, which in turn
can promote f-hairpin formation. Approaches to water-soluble peptide S-hairpins
have used the Asn-Gly segment, as the key element in the design strategies [7-9]
to promote folding. An analysis by Gellman and coworkers suggests that the
PPro-Gly segment is a stronger inducer for f-hairpin formation than Asn-Gly
segment [9a].
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Fig. 5.10 NMR derived structure of peptide Boc-Leu-Phe-Val-PPro-Pro-
Leu-Phe-Val-OMe in CDCl; [34].

() (b)

Fig. 5.11 Molecular conformations observed in crystals of peptides
containing - and y-residues in the strand segments of f-hairpins:

(a) Boc-Leu-Val-f*Phe-Val-PPro-Gly-Leu-> Phe-Val-Val-OMe (PPro-Gly;
type I’ f-turn) [32d]; (b) Boc-B>Phe-$3Phe-PPro-Gly-$° Phe-f* Phe-OMe
(PPro-Gly; type 11" -turn) [32€]; (c) Boc-Leu-Val-y-Abu-Val-PPro-Gly-Leu-
7-Abu-Val-Val-OMe (PPro-Gly; type I’ f-turn) [32f].
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(b)

Fig. 5.12 (a) Molecular conformation observed in the crystals for
peptide Boc-Leu-Phe-Val-Aib-PAla-Leu-Phe-Val-OMe [38]; (b) NMR
derived structure of the peptide Boc-Leu-Val-Val-Aib-PPro-Leu-Val-Val-
OMe in CDCls [unpublished].

5.34
Expanded Loop Segments

The construction of f-hairpins with a loop segment greater than two residues pro-
vides a significant challenge for design strategies. Considerable information is
available on the conformational properties of two-residue turns in proteins.
Three-residue loop hairpin structures are much less well characterized. Three-
residue turns are relatively common in protein structures [39]. A centrally posi-
tioned PPro-'Pro-PAla segment in a model peptide Boc-Leu-Phe-Val-PPro-1Pro-
DAla-Leu-Phe-Val-OMe has been shown to accommodate the formation of a f8-
hairpin structure in solution (Figure 5.13), with a central three-residue loop and
two strand segments [34]. The observed conformation of the three-residue loop
segment is apogoy, which corresponds to a three-residue o-turn structure, remi-
niscent of a turn family observed in proteins [40]. The extension of design strat-
egies to four-residue loops and larger connecting elements will undoubtedly be a
significant challenge.

535
Choice of Strand Residues

In designed f-hairpins, a variety of residues can be accommodated in the strand
segments. The f-branched residues (Val, Leu, Ile) [33] and bulky nonpolar resi-
dues (Phe, Tyr, Trp) [10, 34, 38| have been successfully used in a number of cases.
Positioning of aromatic residues in the non-hydrogen-bonding position confers
additional stability to the hairpin structures, because the aromatic—aromatic inter-
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L2 LPro

(a) (b)

Fig. 5.13 (a) Schematic diagram of f-hairpins with three residue loops;
(b) NMR derived structure of peptide Boc-Leu-Phe-Val-PPro--Pro-PAla-
Leu-Phe-Val-OMe in CDCl; [34].

actions are weak [10]. In aqueous solution, Trp-Trp interactions can be used
to promote residue clustering and hairpin formation as illustrated by extensive
studies on Trp zipper peptides [10a]. Cross-strand interactions also assume addi-
tional importance in the case of multi-stranded f-sheet structures, where internal
strands interact with the two flanking strands. Nonpolar amino acids like omega
amino acids are readily accommodated into the strand sequences of f-hairpins
[32d—g]. An interesting residue, which has been used in strand segments, is m-
aminobenzoic acid. The positioning of amino and carboxyl groups onto a rigid
aromatic scaffold has been exploited in incorporating the residue into strand
segments of synthetic f-hairpins [41].

5.4
Helix—Helix Motifs

The ability to construct relatively rigid helical peptide modules can be used to ad-
vantage in the creation of larger designed structures, in which distinct helical seg-
ments are connected by a non-helical linking loop. The orientation of two helical
modules will then be determined by the conformational properties of the linking
segment. Several attempts have been reported to design antiparallel helix-helix
motifs using an Aib-rich helical module. In these cases, Gly, Pro and p-amino
acids containing loop segments, generally 2—3 residues in length have been em-
ployed. The crystal structures of some representative examples reveal an extended
arrangement of the two linked modules. Optimization of side-chain interactions
has provided a well characterized example of a helix-loop-helix motif in the pep-
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70

5.78

im0

(b)

Fig. 5.14 (a) Helix-turn-helix structure of the peptide Ac-Gly-APhe-p-Ala-
APhe-APhe-p-Ala-APhe-APhe-L-Ala-(Gly) 4-APhe-L-Ala-L-Leu-APhe-L-Ala-L-
Leu-APhe-L-Ala-NHMe [42]; (b) a view of the side chain—side chain
interactions showing short distances (A) [42]. Figures generated using
the coordinate set CCDC-153089 [www.ccdc.cam.ac.uk/].

tide  Ac-Gly-APhe-p-Ala-APhe-APhe-p-Ala-APhe-APhe-1-Ala-(Gly)4-APhe-1-Ala-1-
Leu-APhe-1-Ala-1-Leu-APhe-1-Ala-NHMe shown in Fig. 5.14 [42]. In this case,
favorable aromatic—aromatic interactions facilitate the formation of a compact
structure. In the case of water-soluble peptides, hydrophobic interactions may be
used to advantage to drive the de novo designed structures into condensed confor-
mations, with solvent forces providing a major impetus for compaction. In such
cases, fragment design utilizes the principles of patterning polar and apolar resi-
dues in such a manner that there is a clear segregation of residues of one type on
distinct faces of the molecule, once secondary structures are formed [5]. The gen-
eration of apolar faces permits secondary structure association in apolar tertiary
interactions. Table 5.3 lists some representative examples of helix bundles gener-
ated by de novo design [43-46].

Another approach which has been successfully employed is the use of metal
ions as templates with ligating group positioned on distinct secondary structure
elements forced to proximity by metal-ligand interactions [47]. Mutter and cow-
orkers have advanced the use of rigid scaffolds to position helical segments in
proximity, resulting in systems that have been termed template-assembled syn-
thetic proteins (TASP) [48].

The design of helix—helix motifs in apolar solvents requires substantial control
over the conformational properties of the linking segment and an appreciation of
the geometrical features of the weakly polar interactions that may be used to con-
trol helix—helix orientation. In this approach an understanding of the role of en-
tropically stabilizing side chain—side chain interactions is especially necessary.
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Table 5.3 Representative examples of designed water-soluble supersecondary structures.

Molecule Technique Reference
o-helix (-1 at low pH; 1AL1)? (13 residues) X-ray crystallography 43a
o-helix (2-1 near neutral pH; 1BYZ)? (13 residues) X-ray crystallography 43b
Four-helix bundle (Peptidergent; single polypeptide X-ray crystallography 44a
chain; 4HB1) (108 amino acids)

Triple-stranded coiled-coil (Coil-Ser; 1COS) (31 X-ray crystallography 43e
residues/chain)

Triple-stranded coiled-coil (Coil-Vald; 1COI) (31 X-ray crystallography 43c
residues/chain)

Trimeric coiled-coil (1BB1) (36 residues/chain) X-ray crystallography 44b
Trimeric coiled-coil (1GCM) (34 residues/chain) X-ray crystallography 44c
Tetrameric coiled-coil (1GCL) (34 residues/chain) X-ray crystallography 44d
Right-handed, tetrameric coiled-coil (1RH4) (35 X-ray crystallography 44e
residues/chain)

Four-helix bundle with a diiron-binding center X-ray crystallography 43d

(association of two helix-loop-helix motifs) (Due
Ferro 1; 1EC5) (50 residues/chain)

Helical hairpin (RtR; 1ABZ) (40 residues) NMR 44e
Helical hairpin (R-2D; 1QP6) (35 residues) NMR 45a
Bpo Motif (1FSD) (28 residues) NMR 45b
Bpa Motif (1PSV) (28 residues) NMR 45¢
Three-helix bundle (single polypeptide chain; 2A3D) NMR 46a-b

(73 residues)

aThese are single helices, but the discussion of crystal state
aggregation may be relevant to supersecondary structure design.

5.5
Multi-stranded g-Sheets

The design of multi-stranded fS-sheets in both polar and apolar structures is con-
ceptually simple, once the principles of f-hairpin design are established. In con-
sidering the design of a multi-stranded f-sheet, it is useful to examine the conse-
quences of introducing strong prime turn forming segments at centrally located
positions in designed polypeptide chains, as noted in Section 5.3. Incorporation
of strong prime turns forming segments like PPro-Xxx [32-33] and Aib-PXxx
[38] promotes hairpin formation. The insertion of such nucleating units at multi-
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() (b)

Fig. 5.15 Superposition of 10 NMR derived structures for designed f-
sheets: (a) three stranded fS-sheet in a 14-residue peptide [49a]; (b)
Four stranded f-sheet in a 26-residue peptide [49b], calculated using
NOE derived restraints.

ple positions in a polypeptide chain may be an effective strategy for the creation
of multi-stranded f-sheets [49-51]. This expectation is clearly borne out by sev-
eral experimental studies on three-, four- and five-stranded f-sheets. Figure 5.15
illustrates examples of multi-stranded f-sheet structures characterized in organic
solvents by NMR. Thus far, no crystallographic analysis of a multi-stranded f-
sheet prepared by the de novo design approach has been reported. The construc-
tion of multi-stranded p-sheet structures stable in organic solvents has proved
easier than anticipated because of the driving role of the cross-strand hydrogen
bonds in stabilizing f-sheet structures. In f-sheets, the influence of cross-strand
side chain-side chain interactions is less dominant, permitting a wide range of
strand segments to be chosen. Multi-stranded sheets may be viewed as examples
of tertiary structure formation. Mimics of f-sheet motifs in protein structures
have been designed, based on naturally occurring toxin models that are stabilized
by disulfide bonds [52]. While aggregation is a problem that is frequently encoun-
tered in the design of multi-stranded f-sheet structures [53], the positioning of
strongly basic residues Arg/Lys at the N and C termini is an effective strategy to
limit peptide self association [7a].

5.6
Mixed Helix-Sheet («/p) Structures

Mixed o, structures have also been the target of design attempts. The successful
construction of the momomeric ffu protein, that contains three elements of pro-
tein structures: namely an o-helix, a f-hairpin and a connecting loop, by Imperiali
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(b)

Fig. 5.16 Structure of a designed 17-residue peptide: (a) Conformation
in crystals showing intramolecular hydrogen bonds; (b) Ribbon
representation of the N-terminal helix linked to a C-terminal S-hairpin
[56].

and coworkers is notable [54]. In this design, a single Gly residue is used as a
hinge. Subsequent studies revealed that p-amino acids fulfilled the role of a hinge
effectively [55]. Mixed o,f structure design has also been explored in completely
apolar sequences, by linking conformationally well-defined helical and hairpin
modules. A 17-residue sequence Boc-Val-Ala-Val-Aib-Val-Ala-Leu-Gly-Gly-Leu-
Phe-Val-PPro-Gly-Leu-Phe-Val-OMe that has been crystallographically character-
ized is illustrated in Figure 5.16 [56]. Here, a Gly-Gly linking segment separates
the helical and hairpin domains. Gly 8 acts as a helix termination segment per-
mitting the N-terminus helical segment to end in a classical Schellman motif
[57]. NMR characterization of an analogous peptide Boc-Leu-Aib-Val-Ala-Leu-
Aib-Val-Gly-Gly-Leu-Val-Val-PPro-Gly-Leu-Val-Val-OMe containing a Gly-Gly link-
ing segment has also been reported (58).

In a further attempt to extend this approach to protein design, a synthetic 19-
residue peptide Boc-Leu-Aib-Val-Ala-Leu-Aib-Val-PAla-PLeu-Leu-Val-Phe-Val-Aib-
DVal-Leu-Phe-Val-Val-OMe has been constructed [24]. This sequence is based on
the fact that a helical conformation is established for the N-terminus peptide
[57¢] and a f-hairpin conformation for the C-terminus segment, in isolated pep-
tide fragments [38]. Assembly of these two modules with the linking segment
DAla-PLeu was anticipated to yield a o/ structure. Surprisingly, the crystal struc-
ture of the 19-residue peptide revealed a continuous helix (Fig. 5.6a). A subse-
quent NMR study in an apolar, non-interacting solvent like CDCl; revealed
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NOEs, which are fully consistent with a continuous helical structure. The incor-
poration of as many as three p-residues at centrally located positions of a long
right-handed helix appears unusual. It must be emphasized that p-residues can
be accommodated into right-handed structure (conversely r-amino acids can be
incorporated in left-handed helix). The energetic penalty for such accommodation
is relatively small and has been estimated to about 1.2 kcal mol~! [59]. This ex-
ample suggests that the design strategy may be imperfect and that comprehen-
sive unambiguous structural characterization is critical at every stage of de novo
design projects. X-ray diffraction and NMR spectroscopy are the methods of
choice. Peptides in the size range up to 40 residues are often difficult to crystal-
lize. X-ray diffraction and NMR spectroscopy has generally been found to be more
facile in the case of apolar peptides, which adopt well-defined conformations and
display appreciable solubility in organic solvents. Isolated peptides helices have
shown a significantly greater tendency to crystallize than their f-hairpin counter-
parts. Thus far multi-stranded f-sheet structures have not been characterized in
crystals of short and medium size peptides. Quantities of designed sequences,
containing unusual amino acids produced by chemical synthesis are often limit-
ing. In the case of NMR spectroscopy, averaging between multiple conforma-
tional species is a complicating feature. Observation of nuclear Overhauser effects
(nOes), which are incompatible with a single well-defined conformation and the
occurrence of selective broadening of specific backbone amide and C*H protons
resonances is a clear indicator of exchange between multiple conformations.

5.7
Conclusions

Design strategies have evolved over the last two decades to a level where second-
ary structure modules can be constructed with a fair degree of confidence.
Helices and f-hairpins stable in both organic and aqueous solvents are now acces-
sible. In water, hydrophobic effects which promote the clustering of nonpolar side
chains can be effectively used in the design of sequences that adopt predictable
structures. In nonpolar solvents, local control over backbone conformation is
achieved by use of stereochemically constrained residues. In this approach, con-
formational biasing by the introduction of guest residues into host sequences is
used as a device to generate well-defined structures. The creation of tertiary struc-
tures by assembling the defined secondary modules is still in an exploratory
phase. Limited success has been achieved in the design of helical bundles and
multi-stranded f-sheets. The exciting possibilities of designing new folds ob-
served in protein structures has recently been realized [60].
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6
Simulation of Folding Equilibria

Wilfred F. van Gunsteren and Zrinka Gattin

6.1
Introduction

The prediction of the folding of a protein into its native three-dimensional fold as
a function of the external conditions is one of the major computational challenges
in structural biology [1]. The folding process of polypeptides in solution is driven
by weak, nonbonded interatomic interactions. Such interactions govern the ther-
modynamic properties of the condensed phase in which the (un)folding occurs.
Simulation of folding is therefore most promisingly modeled at the atomic level.
Since the temperature (T) range of interest basically lies between room and phys-
iological temperatures and energies involved in (un)folding processes are on the
order of 1-10 kT (tens of k] mol~!, kg is Boltzmann’s constant), the folding pro-
cess is largely determined by the laws of classical statistical mechanics. Although
quantum mechanics governs the interaction between the electrons of the atoms
and molecules, the nonbonded interactions can be very well described by a classi-
cal potential energy function or force field as part of a classical Hamiltonian of the
system of interest. The statistical-mechanical nature of the folding equilibrium of
a polypeptide complicates its modeling because the entropic contributions to the
free energy of (un)folding are sizeable. The state of a polypeptide in solution is
generally characterized not by one configuration or structure, but by a Boltzmann
ensemble of configurations or structures. Although it is easier to think of and
handle single structures than to consider configurational ensembles, a number
of (experimental) observations including those concerning folding equilbria can
only be understood by an analysis in terms of alternative structures or conforma-
tions present in an ensemble and in terms of entropy.

Although the protein folding problem has been extensively studied, both theo-
retically and experimentally, over many years using proteins as objects [2, 3], the
key to unraveling the basic principles of the folding process may lie in the study
of other polypeptides or peptoids that also adopt a variety of particular folds, and
not only carry different side chains but also vary in composition of the (polypep-
tide) backbone. A great variety of such foldamers exists [4, 5] (see Chapters 1-5).
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In this chapter we consider the theoretical modeling of the folding equilibria of
foldamers. To be more precise, we may distinguish three levels of description of
fold characteristics:

1. prediction of the most dominant structure or fold,

2. prediction of the folding equilibrium,

3. prediction of the folding pathways and kinetics,

for a variety of foldamers in solution as a function of the thermodynamic con-
ditions (temperature, pressure, pH, ionic strength), and of the composition of
the solvent. The first level of description does not consider the folding process,
only structure prediction. It does not yield (free) energy differences between
conformers, ignores the ensemble character of the condensed phase and folding
kinetics. Therefore, methods for structure prediction of foldamers will not be
considered here. The second level involves a description of the folding equilib-
rium in terms of a conformational ensemble and thermodynamics, ignoring
kinetics and dynamics, which are considered in addition at the third level of
description.

Validation of a simulation of a folding equilibrium is usually done by compari-
son of simulated and experimentally measured properties of the system. How-
ever, this sounds more straightforward than it actually is. First, almost every ex-
periment involves an averaging over time and space or molecules, and therefore,
does not yield direct information on all configurations constituting a simulation
trajectory. Second, experimental data for foldamers are scarce when compared
with the number of degrees of freedom involved, so the problem of deriving the
conformational ensemble of the folding equilibrium from experimental data has
not been studied extensively. Different ensembles may reproduce the same set of
experimental data. Third, the experimental data may be of insufficient accuracy to
be used to (in)validate simulation predictions. Data characterizing folding equilib-
ria of foldamers mainly originate from NMR experiments and involve nuclear
Overhauser enhancement (NOE) intensities and *J-coupling constants.

On the theoretical side the situation is not less problematic. Folding equilibria
are characterized by small (free) energy differences, on the order of 1-10 kg T,
and a low frequency of (un)folding events compared with the time scale of tens
to hundreds of nanoseconds reachable for not too large polypeptides in solution
using current computers. This implies that converged equilibrium properties and
kinetic data can be obtained only for the smallest, rapidly folding foldamers. A
popular way to lengthen the time scale of a polypeptide simulation is to reduce
the number of explicitly treated degrees of freedom by omitting the solvent ones
and representing them by a mean field, a kind of continuum approximation [6—
8]. However, such a mean-field solvent represents only one solvent, generally
water, at a particular thermodynamic state point (temperature, pressure, pH,
etc). Since one of the goals of foldamer research is to characterize folding equilib-
ria and kinetics as function of variation of the environment (solvent, co-solvents)
and thermodynamic state points, we shall leave theoretical work based on mean-
field solvation models out of consideration.



6.2 Dynamical Simulation of Folding Equilibria under Different Thermodynamic

In the next sections we consider various aspects of dynamic simulation of fold-
ing equilibria and their kinetics. They will be illustrated with examples from our
own work. It is not the purpose of the present chapter to review the contributions
of various research groups to the field of theoretical modeling of foldamers, but to
offer the reader an impression of the current possibilities of simulating dynami-
cal folding equilibria of foldamers.

6.2
Dynamical Simulation of Folding Equilibria under Different Thermodynamic
and Kinetic Conditions

Until nine years ago, computer simulation could only be used to investigate the
stability of the folds of proteins or peptides by submitting them in their folded
form to strongly denaturing forces, e.g. at non-physiologically high temperatures
[9, 10]. Folding into the native structure starting from an arbitrary structure
under physiological conditions had not been observed at that time. In 1998 Daura
et al. [11, 12] demonstrated the reversible folding of a peptide in solution and
showed that the unfolded state was characterized by a limited number of peptide
conformations. During the following years other studies of reversible peptide
folding appeared [13-21]. It is now possible to investigate the folding equilibrium
as function of temperature [12, 22], of pressure [23], of pH [24], of ionic strength
[25, 26], and of solvent viscosity [27].

Figures 6.1 to 6.4 illustrate the effects of variation of the mentioned factors
upon the folding equilibrium and kinetics for two 7-f-peptides and a 20-8-peptide
in solution. The backbone atom-positional root-mean-square deviation (RMSD)
from the 3;4-helical folded structure is shown as function of time. The 34-helical
model structure (see Chapter 2) had been derived as most populated structure in
methanol solution from NMR experiments [28, 29]. The upper panel of Fig. 6.1
shows that the helical fold of the 7-f-peptide is very stable at 298 K, only two ma-
jor unfolding events are observed within 80 ns and the folded conformation is
present for about 97% of the time. At 340 K (second panel) the 7-f-peptide is
about 50% folded, in agreement with experimental data. The effect on the folding
kinetics at 340 K by a change of the solvent viscosity by } or 7; is seen in the third
and fourth panels. The folding equilibrium remains the same, but the folding
kinetics is much faster [27]. Changing the pressure at 340 K from 1 atm to 1000
atm does shift the folding equilibrium towards the unfolded state, as is illustrated
in Fig. 6.2 [23]. Figure 6.3 shows that the population of the helical fold decreases
as the terminal groups change from (NH;*, COOH) in the upper panel, to (NH,,
COO"™) in the middle panel, to (NH,, COOH) in the lower panel. The 34-helical
fold is more stable in the absence of protecting groups and is enhanced at acidic
conditions [24]. Figure 6.4 shows that the presence of Cl~ counterions stabilizes
the 314-helical fold of the 20-f-peptide carrying all 20 proteinogenic side chains
[26] by supporting side-chain salt-bridge formation.
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helical model structures derived from NMR
data for f-heptapeptides of identical chain
lengths in methanol at T atm (the structures
are given in panel A and panel E) [57]. The
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peptide with apolar side chains is simulated
at 298 K (A) and at 340 K (B-D). The
viscosity of the methanol solvent is reduced
by a factor 3 (C) and by factor 10 (D) through
mass scaling. The peptide with a few polar
side chains is simulated at 340 K in normal
methanol (E).
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Fig. 6.4 Time series of the backbone atom- results for the simulations in water (53A6
positional root-mean-square distance force field) and the lower right panel the
(RMSD) (residues 2—19) of MD trajectory results for the simulations in methanol with
structures with respect to the ideal 314-helical  the 45A3 force field. Colors represent
structure for a 20-5°-peptide (sequence: Cys, different temperatures and ionic strengths.
Ala, Ser, His, Asn, Glu, Gly, Trp, Arg, Val, Asp,  The magenta horizontal dashed line indicates
Gln, lle, Lys, Thr, Leu, Tyr, Met, Phe, Pro). the minimum RMSD value for which all NMR
The top panel shows the results for the model structures would belong to the same
simulations in the methanol with the 53A6 conformational cluster (0.12 nm) [26].

force field. The lower left panel shows the

6.3
Variation of the Composition of the Polypeptide Analogs and the Solvent

Other peptides than «- or f-peptides have been shown, both experimentally and
computationally, to fold into stable folds. The folding equilibria for furanose-
based carbopeptoids of different chain lengths have been simulated in agreement
with NMR experimental data [30, 31]. A simulation study of an a-peptidic equiva-
lent of the 7-f-peptide discussed before predicted that it would not adopt a helical

N

Fig. 6.3 Backbone atom-positional root- residues. Upper panel: the N terminus is
mean-square deviation (residues 2-6) of MD  charged and the C terminus is uncharged
trajectory structures with respect to the 3q4- (NH;3 ™, COOH); middle panel: the N

helical model structure derived from NMR terminus is uncharged and the C terminus is
data for a f-heptapeptide (see Panel A, Fig. charged (NHz, COO™); lower panel: both
6.1) in methanol for simulations with termini are uncharged (NH,, COOH) [24].

different charge states of the terminal
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Fig. 6.5 Backbone atom-positional root- helical reference structure, whereas for all
mean-square deviation (residues 2-6) of MD  other peptides a canonical 314-helical
trajectory structures with respect to the 314- conformation was taken as reference. The
helical conformation as a function of time for ~ pepOnone notation stands for the 7-p-
four f-depsiheptapeptides (see Fig. 6.6) at peptide the structure of which is shown in

298 K and 340 K. For peptide pepOnone the panel A of Fig. 6.1.
NMR model structure was used as the 3q4-

fold, neither in water nor in methanol, in agreement with NMR data [32]. A
very short 3-f-aminoxypeptide was shown to adopt a very stable 1.8g-helix in
chloroform and to exhibit no particular fold in water, again in agreement with
NMR data [33]. Figure 6.5 shows the effect of replacing an N—H group by an O
atom in residue 2 (pep O;), or residue 4 (pep Os), or residue 6 (pep Og), or all
residues (pep O,y) in 7-f-peptides (Fig. 6.6) that are very similar to the 7-f-peptide
(pepOnone) discussed before. The population of the 314-helical fold decreases from
PepOnone to pepOs to pepO, to pepOy to pepO,y, in agreement with NMR data
[34]. Whether the N or C termini of a f-peptide are carrying protective groups or
not, also influences the stability of the helical fold in agreement with experiment
[35].

Which particular fold (see Chapter 2) a f-peptide will adopt depends on the
type of side chain and whether the side chain is located at the a-position (f%-
peptide) or at the f-position (f3-peptide) in the backbone. The folds observed in
NMR experiments were all reproduced in MD simulations based on the GRO-
MOS force field: a left—handed (M)-314 helix [12], a right-handed (P)-10/12 helix
[13], a right-handed (P)-2.51; helix [36], or a p-hairpin [18]. Substitution of
two methyls at the f-positions in conjunction with standard side chains at the
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Fig. 6.6 Sequences of the four /3*-depsi- HLeu-p-HVal--HVal-p-HLeu-p-dHAla--HVal-
peptides and the 3-peptide considered in OH; p-depsipeptide pepOall: H-g-HVal--
Fig. 6.5. -peptide pepOnone: H-S-HVal-- dHAla-g-dHLeu-f-dHVal-5-dHAla-g-dHLeu-
HAla-p-HLeu-p-HAla(o-Met)-g-HVal-p-HAla-p-  p-dHVal-OH; The N-terminal amino- and
HLeu-OH. f-depsipeptide pepO2: H-£-HVal- C-terminal carboxylate groups are both
p-dHAla-f-HLeu-f-HVal-g-HAla-S-HLeu-f- protonated in the simulations as suggested

HVal-OH; f-depsipeptide pepO4: H-f-HAla-f- by the experimental data. The depsi-amino
HLeu-p-HVal-p-dHAla-g-HLeu-B-HVal-g-HAla- acids are denoted with dHAla, dHVal, dHLeu.
OH; p-depsipeptide pepO6: H-A-HAla-f-

a-position prevents helix formation [19], whereas substitution of hydroxyl groups
at the a-positions in conjunction with standard side chains at the S-positions
leads to the formation of a (P)2.51, helix [36]. The influence of different stereo-
centers (SR versus SS) in the backbone of a Val-Phe f-peptide on its conforma-
tional preferences was found to be significant, both in simulation and in NMR
experiments [37]. Also for carbopeptoids the presence of cis versus trans linkage
across the tetrahydrofuran ring influences the emergence of a particular fold
[30, 31]. Whether the presence of side chains with a branching point adjacent
to the f-carbon in the backbone (e.g. Ile or Val) [38] or the presence of polar or
charged side chains, which would be able to form salt bridges [25, 26], would en-
hance helix formation in S-peptides was also investigated.

Use of an explicit representation of solvent in the simulations offers the possi-
bility of investigating solvent effects upon fold formation. f-Peptides of different
chain lengths that adopt helical folds in methanol, show less to no tendency to do
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so when solvated in water [25, 26, 39]. Solvation in chloroform tends to enhance
helix formation [33, 40]. For u-peptides, f-hairpin formation in water has been ob-
served [16, 41]. In less polar solvents, such as DMSO, partial helix formation
could be observed for a particular 8-o-peptide [42]. Carbopeptoids also showed dif-
ferent folding behavior in DMSO versus chloroform [30, 31]. The observed effects
can be rationalized in terms of degree of solvent polarity or dielectric permittivity
and competitiveness to form solute—solvent hydrogen bonds. For an example of
the complex effects of the addition of co-solvent upon hydrophobic association
we refer to [43].

6.4
Convergence of the Simulated Folding Equilibrium

The convergence of a folding equilibrium can be monitored by calculating the
number of conformational clusters in a MD trajectory as function of time. A con-
formational cluster is defined as the set of solute trajectory structures that deviate
less than a given limit from each other. Figure 6.7 shows for example trajectory
structures of the 7-f-peptide for which the backbone atom-positional root-mean-
square deviation (RMSD) for residues 2—6 from the central member structure of
the cluster is less than 0.09 nm. The clustering RMSD criteria chosen, 0.09 nm in

Fig. 6.7 Superposition of the trajectory structures of a f-heptapeptide
(see Panel A, Fig. 6.1) at 360 K with RMSD (residues 2-6) from the
central structure of 0.09 nm, and a maximum RMSD between any two
structures of 0.16 nm [44].
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Fig. 6.8 Number of clusters (conformers) of a f-heptapeptide (see
Panel A, Fig. 6.1) at 340 K and at a pressure of 1 atm (m) and 1000 atm
(o) as a function of time. In the upper panel each point represents the
total number of clusters (conformers) at the corresponding time point
and in the lower panel the number of clusters (conformers) that make
up 95% of the trajectory sampled at the corresponding time point [23].

this case, will determine how precisely a particular cluster is defined. Because the
clustering algorithm [44] tends to produce many very sparsely populated clusters
after having found the most populated ones, the convergence of the (un)folding
equilibrium is better characterized by monitoring not the total number of clus-
ters, but the number of conformational clusters that make up e.g. 95% of the tra-
jectory sampled at the corresponding time point, see Fig. 6.8. This figure shows
that the conformational space of the 7--peptide is basically completely sampled
within about 30 ns. However, to obtain sufficient statistics on (un)folding events
much longer simulation times are required as is suggested by Fig. 6.2.

Figure 6.9 shows cases in which the number of sampled conformational clus-
ters does not level off with time, but displays a linear growth with time: the poly-
hydroxybutanoate solute continuously accesses new conformations, because there
are no hydrogen-bond donor moieties in this chain molecule [45]. Intrasolute
hydrogen bonding does not restrict the conformational space accessible to this
molecule.

Figure 6.10 demonstrates that for longer chain molecules even 100 ns of sam-
pling at 298 K is not sufficient to find the most dominant P-2.5;; helical con-
former [36]. Only by simulating at higher temperature, 340 K, it was found, and
subsequent simulation starting from this helical structure confirmed its domi-
nance and stability also at 298 K. The lowest panel of Fig. 6.1 illustrates that the
presence of polar side chains may slow down the (un)folding process. The conver-
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Fig. 6.10 Backbone atom-positional root-mean-square deviation of MD
trajectory structures with respect to a 2.51,-helical model structure
(residues 2—7) derived from NMR data for a f-octapeptide in methanol
at 298 K (upper panel) and 340 K (lower panel) simulated from
different starting structures. Blue and red curves: an extended peptide
structure; green curve: a 2.5q,-helical structure [36].
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gence of folding equilibria of «-peptides in water is very much slower than that of
f-peptides in methanol [46].

6.5
Sensitivity of the Folding Equilibrium to the Force Field Used

Most of the simulation studies of the folding equilibria of peptoids under various
thermodynamic and environmental conditions made use of the GROMOS force
field [47, 48], parameter sets 43A1 [49] or 45A3 [50]. These parameter sets con-
tain nonbonded interaction parameters for nonpolar atoms which were optimized
to reproduce thermodynamic properties (heat of vaporization, density, free energy
of solvation) for liquid hydrocarbons and their aqueous solutions [49, 50]. Be-
cause of this thermodynamic basis, the various predominant folds of the different
p-peptides with predominantly nonpolar side chains could be found in the MD
trajectories in agreement with NMR experimental data [11-13, 16-19]. There
seem to be no comparable studies based on other biomolecular force fields that
show nearly as good agreement with the experimental data as is obtained using
the GROMOS force field [51]. However, the nonbonded interaction parameters
for polar atoms in the 43A1 and 45A3 GROMOS force fields had not yet been op-
timized to reproduce the above-mentioned thermodynamic properties for liquids
of polar molecules and their aqueous solutions. Such an optimization led to the
GROMOS 53A6 force-field parameter set [48]. It came as no surprise that a
simulation using the 45A3 GROMOS force field for a 12-f-peptide with predom-
inantly polar side chains could not reproduce the 34-helix experimentally ob-
served to be stable in methanol. Only with the 53A6 force-field parameters this
helical fold became stable [39], as is illustrated in Fig. 6.11. For the 20-f-peptide

0.8
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Fig. 6.11 Atom-positional root-mean-square deviation of the backbone
atoms of residues 2-11 (the structure of the peptide is given in the
figure) with respect to the experimental NMR model structure derived
for the peptide in methanol. Parameter sets 45A3 (black) and 53A6
(red) in methanol [39].
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in solution (Fig. 6.4), the 53A6 force field seems to preserve the 314-helix slightly
better than the 45A3 force field, but overall the picture is essentially the same for
this molecule.

Not surprisingly, a calibration of force-field parameters for small molecules that
represent the various moieties present in peptide analogs against thermodynamic
data in the condensed phase seems a necessary condition to adequately simulate
the folding equilibria of polypeptide analogs in various solvents. Not only the sol-
vation properties in aqueous solution should correspond to experimental data,
but also those for other solvents such as chloroform, cyclohexane, methanol,
DMSO, acetronitrile and acetone [52], which may be used as solvents for bio-
molecular studies.

6.6
Comparison of Simulated with Experimentally Measured Observables

The validation of simulated folding equilibria by comparison of simulated proper-
ties of the polypeptides with measured ones is not straightforward. First, the ex-
perimental data are generally averages over a conformational ensemble. Deriva-
tion of an ensemble from average values is impossible. On the other hand, the
average of a particular observable, e.g. a NOE or a 3J-coupling constant, may be
rather insensitive to the shape of the underlying conformational distribution over
which the averaging is performed. For example, the folding equilibrium of the 7-
f-peptide discussed before is rather different at 298 K, with 97% 314-helix present
from the ensemble at 360 K with only 25% 314 helical content. Yet the agreement
with the 21 measured 3J-values is as good for both quite different ensembles [53],
as can be seen in Fig. 6.12. Yet, for another peptide, an 8-a-peptide, in DMSO, the
3J-values are sensitive to differences in the conformational distributions in solu-
tion on the one hand and in crystal on the other [42, 54]. In DM SO solution tran-
sient M-and P-helical fragments are present, leading to a broad conformational
ensemble with (*]> = 6.8 Hz, the experimental value. In the crystal a rather nar-
row P-helical conformational ensemble is found with (3]> = 4.0 Hz close to the
average 3J-value (4.2 Hz) of the X-ray structure.

Second, experimental data on folding equilibria are limited in number and ac-
curacy. They may come from X-ray diffraction on crystals, or CD or NMR mea-
surements in solution. The crystal data may only indicate that the fold that was
adopted or preserved upon crystallization from a solution, is likely to be one of
the dominant conformers in solution. However, the particular crystalline fold
may also be induced by crystal contacts or particular co-solvents required for the
crystallization. CD spectra may be very insensitive to the dominant conformers of
an ensemble and may actually be determined by a fraction of the ensemble.
An example of such a situation was reported in [19] where the CD spectrum was
largely due to a conformer that constituted only 18% of the conformational en-
semble. Regarding NMR-NOE spectra, it has been shown that different NOE
peaks may show a very different sensitivity to the conformational ensemble [37].
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Fig. 6.12 Comparison of the 21 experimental averaged *)-coupling
constants measured at 298 K with the corresponding averaged 3J-
coupling constants calculated for the trajectory structures of 50 ns MD
simulations of a f-heptapeptide (see Panel A, Fig. 6.1) in methanol at
four different temperatures [53].

An example of quite different ensembles reproducing the same experimental NOE
and 3J-value data for an 8--peptide in methanol can be found in [36]. These data
appeared to be insufficient in number to uniquely determine the dominant con-
former, a 2.51,-P-helix or a 2g-8-helix.

6.7
Characterization of the Unfolded State and the Folding Process

The theoretically accessible conformational space of backbone conformations of
polypeptide analogs depends on the number of easily rotatable torsional angles
along the backbone. Assuming three (trans, gauche®, gauche™) conformations
per torsional angle, the theoretical number of conformations of the 7-f-peptide
discussed before would be 3% or about 10? conformers. Whether all these con-
formers are accessible under physiological conditions can be investigated by clus-
tering all peptide structures from a MD trajectory of a folding equilibrium into



6.7 Characterization of the Unfolded State and the Folding Process

conformations which are characterized by a maximum atom-positional RMSD be-
tween their backbone atoms. This can be done as follows [17, 44]: the number of
neighbors (that is the number of structures satisfying a given similarity criterion)
is determined for each trajectory structure, with the criteria of similarity between
two structures being the positional RMSD value of their main chain atoms. The
structure with the highest number of neighbors is then taken as representating
the first, most populated, conformation or cluster of structures. After removing
the structures belonging to the first cluster from the trajectory, the procedure is
repeated to find the second cluster or conformation, and so on. This clustering
algorithm can also be applied to two trajectories representing different peptides
of the same chain lengths or generated at different thermodynamic conditions
for a single peptide. If the two trajectories sample the same part of configuration
space and have similar conformational distributions, the resulting clusters will
each have a comparable amount of structures from each of the two trajectories.
If the two trajectories sample disjunct parts of configurational space, each cluster
will only contain members of only one of the two trajectories. The former situa-
tion is illustrated in Fig. 6.13, which shows the result of a combined trajectory
cluster analysis of a simulation of the 7-f-peptide at 360 K and 1 atm with one at
340 K and 1000 atm [23]. So, the conformations characterizing the unfolded state
at higher pressure are the same as those characterizing the unfolded state at
higher temperature. This combined trajectory cluster analysis has also been

20

15 — —

10

Population of conformational cluster [%]

g EpEE= g ENEm=N= F W
12 3 4 5 6 7 8 9 1011 1213 14 1516 17 18 19 20
Rank of conformational cluster

Fig. 6.13 Conformational analysis over the combined 50 ns trajectories
of a f-heptapeptide (see Panel A, Fig. 1) at two different conditions:
(grey) 360 K and 1 atm, and (black) 340 K and 1000 atm [23].
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Fig. 6.14 Conformational analysis over the combined 100 ns
trajectories of two S-hexapeptides (structures shown in the figure) at
340 K [55].

applied to two 6-f-peptides carrying different side chains, which made them
adopt different stable folds: a 314-helix for one peptide (black bars in Fig. 14) and
a hairpin for the other peptide (grey bars in Fig. 6.14) [55]. In Fig. 6.14 the result
of the combined cluster analysis of the two trajectories is shown. The conforma-
tional distributions are rather different. The most populated cluster is a hairpin
and the second most populated cluster a helix, as expected. Figure 6.15 shows an
example of two completely disjunct folding equilibrium ensembles of two 6-f-
peptides carrying identical side chains, but differing by the presence of two meth-
ylgroups at all six o-carbon positions along the main chain. These methyl groups
prevent helix formation leading to a completely different conformational ensem-
ble from that of the unmethylated peptide in methanol [19].

Folding pathways can be determined by counting the number of transitions
from and to each conformational cluster [41, 44]. Such an analysis has been
applied to the dynamic folding equilibrium of the 7-f-peptide [44] which has a
314-helix as most populated cluster. At 340 K, more than one pathway leads to
the helical fold. Figure 6.16 illustrates that these pathways are not necessarily
downhill in free energy. We note, however, that in order to obtain statistically
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Fig. 6.15 Clustering of the combined 100 ns trajectories of two -
hexapeptides in methanol at 298 K. The plot shows the population in
percentage per cluster and the portion of structures per cluster that
belongs to the trajectory of each of the peptides [19].
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converged transition rates between conformational clusters very long simulations
are required.

Finally, we note that the unfolded state of the f-peptides discussed comprises
many fewer conformations than the about 10° theoretically accessible ones [17,
56]. The number of different conformers is rather of the order of 102-103, see
Figs. 6.8, 6.13—6.15. This small size of the unfolded state explains why these pep-
tides fold on a nanosecond timescale.

6.8
Conclusion

The dynamical simulation of folding equilibria of a variety of foldamers at the
atomic level including explicit treatment of solvent degrees of freedom offers the
possibility of analyzing the factors that drive the conformational distribution to-
wards a particular fold. A necessary condition to predict the various stable folds
under different thermodynamic and solvation conditions in agreement with ex-
perimental data seems to be the use of a biomolecular force field that is calibrated
using thermodynamic data of the condensed phase. Currently available comput-
ing power only allows adequate sampling of the conformational ensemble and
the (un)folding transitions for not too large polypeptide analogs. However, the rel-
atively small size of the denatured or unfolded state of polypeptides and the con-
tinuing rapid growth of computing power offer the perspective to simulate the
folding equilibrium of a small protein within the next decade.
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Foldamer-based Molecular Recognition

Jorge Becerril, Johanna M. Rodriguez, Ishu Saraogi
and Andrew D. Hamilton

7.1
Introduction

Noncovalent forces such as hydrogen bonding, electrostatics, and hydro-
phobic effects are ubiquitous in natural systems. Biomolecules combine many
of these intrinsically weak interactions to effectively carry out a wide variety of
biological processes like protein folding and substrate recognition. Inspired by
nature, chemists have been able to use these forces to design new synthetic sys-
tems that are able to recognize a variety of targets. Foldamers are one class of
molecules that has been developed for this purpose. Their well-characterized
structural features make them ideal candidates for the development of new
receptors.

Molecular recognition using foldamers can be classified into two main catego-
ries. The first one is foldamer recognition of small guests such as ions and small
molecules. In general, these types of foldamers are designed to adopt circular or
helical conformations that project functionality in a convergent manner to form
cavity-like moieties where small molecules can bind. Binding of this type of fol-
damers to the guest molecules can be described as endo-recognition (Fig. 7.1a).
Foldamers that form helices and tubular structures have been reviewed elsewhere
[1] and we will focus here only on those that have been used as receptors. The
second category is foldamer recognition of biomacromolecules such as proteins
and DNA. In this type of recognition, the target is usually larger than the receptor
molecule. The foldamer is often designed to project functionality in an ordered
fashion that will complement the surface of the desired target. This is a case of
exo-recognition (Fig. 7.1b).

In this chapter, we will focus on foldamers that recognize and bind to small
molecules and biomacromolecules. We will also discuss foldamers designed to
recognize crystal surfaces in an attempt to mimic biomineralization processes.
For the purpose of this chapter, we will include only those foldamers for which
there is evidence of a well-organized structure prior to binding.
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a) b)

Fig. 7.1 (a) Endo-recognition of a guest molecule (dark gray) by a
foldamer host (light gray); (b) Exo-recognition of a host (dark gray) by a
foldamer guest (light gray).

7.2
Small Molecule Recognition Using Foldamers

The intricate networks of noncovalent interactions that biological receptors
employ to recognize and bind small molecules have been a great source of inspi-
ration for chemists. The formulation of the lock and key principle to explain en-
zymatic action highlighted the importance of complementarity for successful mo-
lecular recognition and played a central role in the later development of the field
of supramolecular chemistry. Supramolecular chemists have been very successful
in using the principles of pre-organization and complementarity to design recep-
tors with high affinity and selectivity [2—4]. Conformationally constrained mole-
cules such as macrocycles and capsule-like structures have been traditionally
used as synthetic receptors for a wide array of small molecules and ions [5-9].
These types of hosts can surround or encapsulate a guest molecule or ion maxi-
mizing the number of stabilizing interactions. Even though tremendous progress
has been made in this area, the applicability of these receptors has been limited
due to intrinsic disadvantages such as synthetically difficult cyclization steps of
macrocycles or excessive rigidity of capsule-like systems. There is now compelling
evidence that a certain amount of flexibility is in fact beneficial in both biological
and synthetic receptors as it allows for some degree of adaptability that leads to
better affinity and specificity [10-12].

Oligomers that have a tendency to fold into circular or helical conformations
present a great opportunity for the design of receptors that avoid difficult cycliza-
tion synthetic steps. Additionally, the inherently weak character of the noncova-
lent forces that help stabilize the folded structure provides these receptors with
some degree of flexibility and adaptability that could be advantageous over the
rigid supramolecular receptors.

7.2.1
Receptors for Water Molecules

Even though there are a number of examples of foldamers that bind to molecules
of water in the solid state [13—15], there are currently only a few cases in which
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a)

Fig. 7.2 (a) Structure of the quinoline/pyridine oligoamide foldamer.
The dashed lines indicate hydrogen bonds that contribute to the
stabilization of the helical conformation; (b) X-Ray structure of the
quinoline/pyridine oligoamide foldamer (light gray) with a molecule of
water trapped in the cavity (dark gray). Isobutyl and benzyl chains have
been omitted for clarity (Reproduced with permission from the
authors).

the binding to water molecules has been demonstrated in solution [16]. Pyridine
oligoamides have been shown to adopt a helical conformation in the solid state
and co-crystallize with water molecules in the helical cavity [15]. The restricted
rotation about the aryl amide bonds and an extensive network of intramolecular
hydrogen bonds are responsible for folding into a rigid structure. It has been
shown that water-soluble derivatives of this foldamer maintain the folded struc-
ture even in solvents competing for hydrogen bonds such as water. Huc and co-
workers transformed this helical scaffold into a capsule by adding two dimeric
fragments of quinoline monomers flanking a central trimeric moiety of pyridine
monomers as shown in Fig. 7.2a [16].

The X-ray structure obtained from crystals grown in organic solvents showed
that the foldamer adopts a capped helical conformation with a water molecule
trapped in the inner cavity (Fig. 7.2b). These results validated the design of the
foldamer as a receptor for water in the solid state. However, the study of this sys-
tem in solution proved to be more laborious. Since the molecule of water was
completely encapsulated in the crystal structure, the binding event must involve
a partial unwinding of the foldamer to allow the entrance of the guest water mol-
ecule. To test this hypothesis, Huc et al. performed variable temperature 'H NMR
studies in dry and wet organic solvents. When the experiments were carried out
at low temperature, two different water peaks were observed which were assigned
to free water and encapsulated water. This was supported by the observation that
the encapsulated water showed NOEs with some of the amide NH hydrogens in
the inner cavity.
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7.2.2
Receptors for Ammonium Cations

Over the last few years there have been numerous reports of positively charged
molecules that bind in the polar interior of circular or helical foldamers. For
example, Li et al. designed and synthesized a series of hydrogen bonded aryl oli-
goamide foldamers [15] and studied their binding to ammonium salts in chloro-
form (Fig. 7.3) [17]. The researchers were able to crystallize a fragment of the fol-
damers’ basic repeating unit which revealed a planar rigid conformation locked
by a bifurcated hydrogen bond between the amide N-H and the aryl methoxy
groups (see Chapter 1). Inspection of the 'H NMR peaks showed significant de-
shielding of the amide protons indicative of strong hydrogen bonding in solution.
NOE experiments showed correlation of the amide NHs with the methoxy hydro-
gens but not with the aromatic protons. Taken together, the NMR experiments
suggest that the scaffolds adopt a planar rigid conformation in solution stabilized
by hydrogen bonding. Infrared spectroscopy further corroborated the presence of

Me0,C N
Me NO, OviiH,,
ME e

Fig. 7.3 Structures of aryl oligoamide foldamers and the ammonium
salts used as guest molecules.
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strong hydrogen bonds independent of the concentration which ruled out inter-
molecular association.

Addition of ammonium salts 4 and 5 (Fig. 7.3) caused a substantial increase in
the fluorescence intensity of the foldamers. Only a small increase in the fluores-
cence was observed when a quaternary alkyl ammonium salt was added suggest-
ing that both the formal positive charge and the presence of free hydrogen bond
donors in the guest molecule are essential for binding. 'H NMR titration experi-
ments were carried out by monitoring the shift of the NH signals induced by the
association with the ammonium salt in chloroform. The association constants
(K,) obtained ranged from 14 to 360 M1, being higher for the less hindered pri-
mary amine 5. The stability of the complex increased with the length of the fol-
damer, 2 being a better receptor than 1, presumably because of the presence of
more available hydrogen bond acceptors. However, foldamer 3 showed decreased
binding affinity which was rationalized as the result of an excess of steric repul-
sion caused by the methyl substituents within the binding cavity.

More recently the same authors presented a modified scaffold in which the me-
thoxy substituents were replaced by fluorine atoms (Fig. 7.4) [18]. Although there
are extensive studies that suggest that covalently bound fluorine is not a good hy-
drogen bond acceptor, the X-ray structure of the monomer unit proved that the
fluorines are involved in hydrogen bonding. The fluorine atoms interact with the
amide NHs leading to a rigid well-folded structure. Large down-field shifts in the
NMR spectrum were observed for the NH peaks in solution for both foldamers (7
and 8) compared to those obtained in control compounds providing evidence of
the presence of these F-H—-N bonds in chloroform.

Titration experiments with the ammonium salt of dioctylamine 4 (Fig. 7.3) gave
stability constants of 4.9 x 10 and 8.1 x 10® M~! for foldamers 7 and 8, respec-
tively, and Job plots suggested the formation of 1:1 complexes which was further
corroborated by ESI-MS. Additionally, a series of NOE cross-peaks were also ob-
served between the ammonium protons and some of the amide hydrogens of
the foldamers suggesting inclusion of the ammonium ion into the cavity.

(n-CgH47)2N N(n-CgH47)2

A

7 8: R = CON(n-CsH12)2

Fig. 7.4 Structure of the fluorine-containing aryl oligoamide foldamers.
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R IR A-a

Fig. 7.5 Structure of the naphthalene-based foldamers.

In the same study, the binding of the ammonium salt of a tyrosine derivative
6 (Fig. 7.3) was investigated. The addition of the chiral guest gave rise to a CD
signal in the foldamers’ absorption wavelength that increased as the concen-
tration of the guest molecule rose. These results, along with the fact that the
intensity of the CD signal decreased with the addition of methanol, suggest that
the foldamers are indeed binding to the guest through electrostatic or hydrogen-
bonding interactions.

Solvophobic effects have been often used as the driving force to obtain well-
folded structures (see Chapter 3) [19-22]. Chen and co-workers took advantage
of this principle in the design of a new family of foldamers [23]. The scaffolds
consisted of a series of naphthalene groups connected by diethylene glycol
spacers (Fig. 7.5). In polar solvents the oligomeric chain should adopt a helical
conformation in which the hydrophobic naphthalene groups are stacked on top
of each other minimizing their exposure to the solvent. As a result, the ethylene
glycol spacers should create a cavity that resembles the well-studied crown ethers.

The UV-vis absorption spectra of the foldamers were recorded in different
chloroform—acetonitrile mixtures at a concentration low enough to avoid intermo-
lecular association. As the polarity of the mixture was increased with a higher per-
centage of acetonitrile, the samples underwent a significant hypochromic shift
compared to the control. This effect was caused by the z-stacking of the aromatic
subunits and was therefore an indicator of the progressive folding of the scaffolds
with the increasing polarity of the media. The absorption of the longest oligomers
reached a plateau and remained constant for mixtures having more than 50%
acetonitrile, indicating that the foldamer was completely folded at that polarity.
Moreover, the fact that the hypochromic changes occurred at a lower polarity for
longer, more hydrophobic oligomers supports the idea that folding is facilitated
by solvophobic forces and takes place in a cooperative manner. 'H NMR and flu-
orescence experiments also contributed compelling evidence of complete folding
in polar solvents.

It is well known that macrocyclic crown ethers have high affinity for ammo-
nium ions [24, 25]. Due to the resemblance of these foldamers to crown ethers,
Chen et al. studied their ability to bind to ammonium ions. Indeed, addition of
the diammonium salt of ethylenediamine in deuterated acetonitrile induced
shifts in the foldamers’ 'H NMR resonances confirming the complexation of the
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ions with stability constants around 10* M~!. Additional Job plots indicated the
formation of 1:1 complexes. NOESY experiments of the complex with the longest
oligomer (Fig. 7.5, where n =5) revealed intermolecular NOE cross-peaks be-
tween the foldamer methylenes and the guest CH, protons which further con-
firmed the formation of the complex. Interestingly, intramolecular NOE cross-
peaks were also observed that were not present in the absence of the diammo-
nium salt suggesting that the foldamer becomes even more compact and rigid
upon binding.

7.2.3
Receptors for Hydrophobic Small Molecules

Hydrophobic small molecules were the targets of the foldamers developed by
Moore et al. [26]. The tendency of aromatic rings to pack together through -
stacking interactions, preventing their exposure to a polar environment, was
used in the design of a helical foldamer with a hydrophobic interior (see Chapter
3). This scaffold was based on an oligomer of m-phenylene ethynylene units (9,
Fig. 7.6a) which had been shown to undergo a transition from a random coil in

Me, Me Me.__Me
Me@/h‘e
M
0. o‘(~/\0}; Mo md L, e
(-)-o-pinene  [(1S)-endo]-(+)-borneol  (1S)-(+)-3-carene
H X
T™MS
i M., Mo Me, Me Me
Yo W 4
Me
9 me Me  oH
a) (-)-cis-myrtanylamine  (+)-f-pinene [(1R)-endo]-(+)-fenchil
alcohol
b)

Fig. 7.6 (a) Structure of the m-phenylene ethynylene oligomer 9 and
hydrophobic small molecules used as guests; (b) Association models of
m-phenylene ethynylene foldamer (gray) and (—)-o-pinene (red). The
polyethyleneglycol chains have been omitted for clarity.
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chloroform to a compact helical conformation in more polar solvents such as ace-
tonitrile [21]. Folding created a tubular hydrophobic cavity that could potentially
bind apolar molecules. This idea was tested by addition of enantiomerically pure
(—)-o-pinene (Fig. 7.6a) to a solution of the foldamer in acetonitrile. The appear-
ance of a strong CD signal was observed in the absorption range of the foldamer
which was indicative of its association with the chiral o-pinene. The addition of
(+)-o-pinene resulted in the mirror image of the CD trace and further confirmed
that the Cotton effect was a direct consequence of the chiral environment present
in the foldamer upon binding to the chiral small molecule. Interestingly, addition
of the chiral guest did not result in major changes in the UV-vis spectrum of the
foldamer. This result was in accordance with the presence of a well-folded struc-
ture prior to the addition of the guest molecule since changes in the absorption
pattern would have indicated major alterations of the zn-stacking interactions.

CD spectroscopy was used to perform a titration and corroborate the formation
of a 1:1 complex in mixtures of acetonitrile—water. The value of the binding con-
stant for this interaction increased as the percentage of water rose indicating that
binding of the hydrophobic o-pinene to the foldamer was a solvophobically driven
process. Even though the foldamer was insoluble in pure water, the complex sta-
bility in this solvent was estimated to be 6 x 10* M~! by extrapolating the values
of the binding constants with increasing water content. The high value of this
binding constant and the perfect fitting of the titration to a 1:1 binding model
ruled out the presence of nonspecific interactions. Additional hydrophobic mono-
terpenes shown in Fig. 7.6a were tested and found to bind to the foldamer at 40%
water in acetonitrile. They all formed 1:1 complexes with similar binding affin-
ities. To confirm that the small hydrophobic molecules are binding within the
cavity, two modified foldamers were synthesized that included aromatic methyl
groups. The methyl substituents were designed to fill the cavity upon folding, dis-
favoring the binding of small molecules. Previous solvent denaturation studies
showed that the addition of these methyl groups did not interfere with the folding
process. Indeed, the affinity of these new structures for pure a-pinene was up to
100-fold lower than that of the foldamer with an unfilled cavity and therefore con-
firmed that binding occurred in the central cavity (Fig. 7.6b).

The insolubility of these receptors in pure water was addressed in a more re-
cent study [27]. Complete water solubility was achieved by incorporating longer
polyethylene glycol chains into the design. As before, «-pinene was used as the
hydrophobic guest but in this case binding could be seen only when the amount
of water was higher than 60%. The authors suggested that one of the polyethyl-
ene glycol chains could be folding inwards, interacting with the hydrophobic core
and effectively competing with a-pinene at lower water percentages. Varying the
water composition from 60 to 90% resulted in a nonlinear increase of the affinity
constants ranging from 10* to 10° M~L. Interestingly, the binding equilibrium
was reached more slowly in higher water content mixtures supporting the idea
that the formation of a partially unfolded intermediate that exposes the hydropho-
bic core to the solvent is the rate-limiting step in the binding process.
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The cylindrical shape of the cavity led Moore et al. to consider using elongated
chiral guest molecules such as the diphenylpiperazine derivative shown in Fig.
3.7 of Chapter 3 [28]. Addition of this small chiral molecule to m-phenylene
ethynylene oligomers (16, 18, 20, 22 and 24-mer) induced a CD signal allowing
the titration of the complex. The best stability constant for a 1:1 complex was
5.6 x 10> M~! in 40% water. Further studies indicated that the piperazine
derivative binds through insertion into the cavity rather than by intercalating
between the helical loops. In order to obtain some insight into the binding mech-
anism, the researchers synthesized a guest with a voluminous trisaryl group at
each end of a central piperazine core (Fig. 3.7, Chapter 3) [29]. The presence of
bulky aryl groups did not prevent complexation although kinetic studies showed
a slower rate of complexation suggesting that a partial unfolding was necessary
prior to binding.

In an interesting variation of these experiments, the authors used the same
hindered piperazine derivative to induce the formation of the optimal foldamer
receptor through dynamic templation [30]. In this approach, imine derivatives of
a group of oligomeric precursors were allowed to equilibrate with the guest (Fig.
7.7). When the experiment was carried out in an apolar solvent that did not in-
duce folding, the result was a statistical mixture of all the possible products. How-
ever, when the experiment was repeated in a polar solvent such as acetonitrile,
the composition changed with an increased ratio of the foldamer that had the op-
timal length that maximized the binding to the piperazine. This elegant study
is the proof of concept that dynamic libraries can be used to optimize foldamer
receptors.
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Fig. 7.7 Schematic diagram of the dynamic library approach to find the
optimal length of the foldamer (Reproduced with permission from the
authors).
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The same scaffold has been recently modified by increasing the polarity of the
cavity interior [31, 32]. In one of these variations, Moore et al. introduced a series
of arylamide monomers into the foldamer sequence. This modification was
aimed at the creation of a more hydrophilic cavity and was used to study the rec-
ognition of a positively charged guest.

7.2.4
Receptors for Saccharides

Saccharides play key roles in important biological processes such as cell-cell dif-
ferentiation and recognition and are therefore becoming important therapeutic
targets [33]. Synthetic receptors designed to target carbohydrate molecules could
be used to prevent viral infectivity, transport saccharides across membranes and
facilitate the introduction of drugs into specific cell types. The potential applica-
tions of saccharide recognition have prompted the development of numerous
synthetic receptors based mostly on macrocycle and calixarene scaffolds [34].
Foldamers that can recognize and bind saccharides could similarly have broad
applications.

Prompted by the successful design of intramolecularly hydrogen bonded fol-
damers, Li and co-workers further developed foldamers 10, 11 and 12 (Fig. 7.8a)
by introducing a series of 1,2-dibenzoyl hydrazide groups that can form three-
centered H bonds [35]. The presence of an extensive network of intramolecular
hydrogen bonds forces the oligomers to fold into a rigid circular or helical confor-
mation depending on the length of the oligomer. Crystal structures of the hydra-
zide building blocks confirmed the existence of the predicted hydrogen bonds
and 'H NMR and NOESY experiments established the presence of a compact
well-folded structure in chloroform which is stabilized by an extensive hydrogen-
bonding network. According to computer models, the folded structure should po-
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Fig. 7.8 (a) Structures of the aryl 1,2-dibenzoyl hydrazide oligomers;
(b) Saccharide derivatives employed for binding experiments.



7.2 Small Molecule Recognition Using Foldamers

sition the carbonyl groups in the interior of the cavity creating a circular array of
hydrogen bond acceptors.

The addition of mono and disaccharides (Fig. 7.8b) to a solution of the fol-
damer in chloroform induced a moderate CD signal. When methanol was added
the CD absorption disappeared, indicating that the association between the fol-
damer and the saccharide occurs mainly through hydrogen bonds. The formation
of strong complexes with the longer oligomers induced an intense downfield shift
of the saccharide OH signals. However, addition of the saccharides to solutions of
short oligomers did not cause much change in the 'H NMR peaks. Job plots in-
dicated the formation of 1:1 complexes and the stability constants were obtained
by NMR titrations and fluorescence spectroscopy. The highest binding contant
was 6.9 x 10 M~! corresponding to the complex of the longest foldamer 12 and
the disaccharide f-maltose (Fig. 7.8) indicating that the presence of numerous
hydrogen bond donors and acceptors leads to greater stabilization of the complex.
Additional NOE experiments showed cross-peaks between the foldamer and the
guest molecules suggesting that the saccharides bind in the inner cavity of the
foldamer.

Two similar foldamers based on an oligobenzamide scaffold were recently re-
ported (Fig. 7.9) [36]. Binding of these oligomers to triol 15 and some saccharides
was investigated by 'H NMR titrations in chloroform. The binding constants
ranged from 5.5 x 102 M~! for the shortest foldamer 13 with p-p-ribose, to
7.2 x 10> M~ for the association of 14 with disaccharide f-maltose. The stability
constant values indicate that the association is more favorable as more hydrogen
bond donors and acceptors are available.
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Fig. 7.9 Structure of foldamers 13 and 14, and triol 15.
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Fig. 7.10 The role of protonation on the local conformation of the
foldamer. Partial protonation maximizes dipole-dipole interactions by
forcing a folded conformation.

Inouye et al. have recently reported the synthesis of poly(pyridine ethynylene)
foldamers and their use as pH-dependent saccharide receptors [37]. In this study,
monomers of dialkylaminopyridine derivatives were used to obtain a polymer
with an average length of 45 units (Fig. 7.10). Gradual addition of trifluoroacetic
acid and subsequent protonation of the pyridines induced a progressive change
in the UV-vis spectrum associated with the folding of the polymer into a helical
conformation.

It had been previously shown that binding to hexoses can induce the transition
of this type of foldamer from an unstructured to a helical conformation in chloro-
form [38]. The protonation-driven folding of the polymer should yield pre-
organized saccharide receptors with higher affinities as entropic penalty upon
binding is decreased. In fact, titration of the partially-protonated foldamer with a
series of modified hexoses showed an increase in complex stability when com-
pared to binding in the absence of acid. The increase in the binding constants
ranged from a 2-fold for f-p-mannose (3300 to 7200 M~1) to a 200-fold increase
for p-p-fructose (100 to 20000 M~!). Interestingly, a great excess of acid seemed
to be detrimental as it induced the unfolding of the structure. The folding behav-
ior of the polymer could be rationalized as being the result of the interaction be-
tween the monomer dipoles in solution. As shown in Fig. 7.10b, the individual
dipoles created by the dialkylaminopyridine groups force the backbone to adopt
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an extended conformation to minimize dipole—dipole repulsion. However, proto-
nation of one pyridine group induces an inversion of the local dipole and the re-
arrangement to a transoid conformation to maximize the dipole—dipole attrac-
tion. As more acid is added, the all-transoid conformation is favored leading to
complete folding of the foldamer. When an excess of acid is added, however, the
electrostatic repulsion between the positively-charged pyridinium ions forces the
polymer to unfold. Other effects such as the presence of charge-transfer com-
plexes between pyridinium and pyridine groups in consecutive loops of the helix
certainly have an important role as well.

7.2.5
Receptors of Other Organic Molecules

The foldamers presented so far rely on the folding process to create a cavity that
can host smaller molecules (endo-recognition). A different alternative is to use
the foldamer molecule as a structural scaffold from which to project appropriate
functionality that will interact with potential guests in a spatially controlled man-
ner (exo-recognition).

An example of the second approach is the work of Li et al. in which a previ-
ously reported polyarylamide foldamer was ingeniously used as the framework
from which to project multiple zinc porphyrins in a radial manner [39, 40]. A
short oligomer containing two porphyrin units was synthesized and NMR studies
demonstrated that the new receptor was able to bind Cgy and Cyy derivatives in
apolar solvents [39]. As an extension of this work, a longer foldamer was synthe-
sized (Fig. 7.11a) [40]. 'H NMR experiments confirmed the presence of intramo-
lecular hydrogen bonds expected in the folded conformation of the circular core.
Fullerenes have been shown to interact with porphyrins through n—z interac-
tions, whereas pyridine and imidazole functionalities are well-known zinc bind-
ers. A series of bidentate guest molecules containing both types of functionalities
were therefore synthesized (Fig. 7.11b) and their binding to the foldamer was
studied. Both the change in the UV-vis spectra and the quenching of the fluores-
cence of the porphyrins were used to monitor the titrations and estimate the
binding constants and stoichiometry of the complexes. Binding constants of up
to 10° M~! were obtained in chloroform. Interestingly, the Job plots for these sys-
tems revealed that up to six guests bind to one receptor.

Recently, polymers containing an average of 60 m-phenylene ethynylene units
have been functionalized with alkyl sulfonate and 1-alanine derivatives to increase
their water solubility (Fig. 7.12a) [41, 42]. Like the previously discussed oligo-
meric analogs, the polymers have a high propensity to undergo folding in polar
solvents. The presence of the sulfonic acid in 16 and the carboxylic acids in 17
ensured that the polymers were completely soluble in water and in other polar
solvents such as methanol and DMSO. UV-vis, CD and fluorescence spectra were
all consistent with a fully folded structure of 17 at water contents of 60% or more
in methanol.

207



208 | 7 Foldamer-based Molecular Recognition

PMB = p-methoxybenzyl
Ar = 3,5-di-tert-butylphenyl

Fig. 7.11 (a) Porphyrin-containing foldamer; (b) Bidentate ligands for
the porphyrin-containing foldamer.

The foldamers have a central helical hydrophobic core formed by stacked
aromatic units and project the negatively charged groups outwards. This general
structure presents interesting analogies with a DNA double helix and the possibil-
ity of using well known DNA binders to interact with the foldamers. The complex
[Ru(bpy)a2(dppz)]** is a well-known DNA intercalator that becomes photolumi-
nescent after intercalation into the DNA. When the ruthenium complex was
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Fig. 7.12 (a) Alkyl sulfonate and L-alanine derivatives of the poly(m-
phenylene ethynylene) foldamer; (b) Cationic cyanine dyes used in the
binding studies.
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added to a solution of the foldamers in water the characteristic orange-red photo-
luminescence of the complex could be observed. The stoichiometry was estimated
as being approximately two metal complexes bound per turn of the helix.

Foldamer 17 was used as a receptor for a series of cationic cyanine dyes (Fig.
7.12b). Binding of these species was studied by the changes in the absorption
spectra of the dyes. Additionally, the dyes presented a CD signature when bound
to the chiral foldamer 17 which led the authors to suggest that the flat dye mole-
cules form an aggregate in which they intercalate between the turns of the helix.
This arrangement maintains the positive charges of the guest molecules and the
negative charges of the foldamer in close proximity.

In addition to the foldamers discussed so far, there are a growing number of
examples of oligomers that acquire a rigid folded conformation upon binding to
a guest molecule or ion. For instance, an oligoindole scaffold has been shown to
fold into a helical conformation when chloride is added to a chloroform solution
[43]. Hydrogen bonding to the chloride ion stabilized the folded conformation
even in highly competitive solvents such as 10% water in acetonitrile. In a previ-
ous study nitrile groups were added to Moore’s phenylene ethynylene oligomer
[44]. The modified foldamer underwent folding upon complexation of silver ions
in THF. Additionally, many oligomers with coordinating groups such as pyridine
and pyrrole have also been studied and their complexes with different metals ions
characterized. These complexes receive the general name of helicates and have
been extensively reviewed elsewhere [45].
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73
Protein Recognition

Biomacromolecules such as DNA and proteins use a variety of structural ele-
ments to recognize their respective binding partners including o-helices, f-sheets,
bulges, and turns. Subtle differences on the interacting surfaces of biomacro-
molecules are advantageously used to achieve high levels of specificity and
affinity. Disruption of these sensitive interactions can affect cellular pathways
and ultimately lead to a variety of diseases. The use of molecular recognition
principles to design synthetic molecules that modulate the interaction between
biomacromolecules, is therefore an attractive strategy for therapeutic inter-
vention.

Within the past decade, peptides and oligonucleotides have been successfully
used to recognize macromolecules such as proteins and DNA; unfortunately,
their intrinsic susceptibility to enzyme degradation by proteases and peptidases
limit their applicability in vivo. Foldamers, or well-folded non-natural oligomers,
offer an attractive alternative due to their structural similarity to natural biopoly-
mers and stability towards degradation [46]. A commonly used approach to target
biomacromolecules of interest is to use their native substrates as templates for
the design of new foldamers. The use of this strategy led to the development of
a plethora of structural mimetics, such as f-peptides, peptoids, and peptide nu-
cleic acids (PNAs), that mimic naturally occurring biopolymers (see Chapters 1,
2 and 8) [47-49]. A common feature of this family of peptidomimetics is a poly-
amide backbone similar to the one found in natural systems. Alternatively, totally
synthetic foldamers that mimic only the functional epitope of extended regions of
proteins but not the polyamide backbone have also been developed [50, 51]. In
the following section, we will focus on the design strategies used by various
groups to develop foldamers to target biomolecules. As in the previous section,
we will discuss only those examples where the presence of a folded structure
prior to binding was well characterized.

The development of modulators of protein—protein interactions has remained
a challenging task primarily because such large interfacial areas are involved
[52]. However, despite these obstacles there is an increasing number of examples
where non-natural ligands (small molecules and foldamers) have succeeded in
disrupting protein—protein interactions [52-56].

When developing modulators of protein—protein interactions, one of the
two interacting partners is often used as a template for the design. Structural
analysis of the complex, with methods such as X-ray crystallography, NMR, and
alanine scanning, can reveal those structural features that are important for
complex formation. With this information in hand, it may be possible to repro-
duce or graft the functional epitope onto a non-natural scaffold. Furthermore,
the affinity of a molecule can be improved by developing stabilizing inter-
actions not present in the natural system through the modification of functional
groups.
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7.3.1
Abiotic Synthetic Foldamers

Some of the most widely studied protein—protein interactions include those in-
volved in cellular apoptosis. Irregularities associated with the apoptotic pathway
can lead to a variety of disorders ranging from cancer to degenerative and auto-
immune diseases [57, 58]. Major focus has been placed on the Bcl-2 family of
proteins which are key regulators of the apoptotic pathway [59]. In particular,
the disruption of the Bcl-x; /Bak complex has been shown to induce apoptosis in
unhealthy cells and is therefore a potential target for pharmacological interven-
tion [60]. Fesik and co-workers found that the Bak peptide forms an amphipathic
a-helix upon binding into a hydrophobic cleft formed by the BH1, BH2, and BH3
regions of Bcl-x;, [61]. Bak projects four hydrophobic side chains (Val74, Leu78,
Ile81, and Ile85) along one face of its a-helix into the cleft. Furthermore, alanine
scanning experiments suggested that these hydrophobic residues corresponding
to the i, i+ 4, i+ 7, and i+ 11 positions on the Bak a-helix are key for complex
formation. This information makes possible the design of Bak mimetics that can
potentially bind to Bcl-x;.

Hamilton and co-workers have recently reported a novel trispyridylamide fol-
damer that inhibits the Bcl-x;/Bak interaction (Fig. 7.13a) [50]. This scaffold was
designed to mimic the i, i + 4, and i + 7 residues of the BH3 domain of Bak. A
stabilizing bifurcated hydrogen-bonding network allows 18 to adopt a preferred

Fig. 7.13 (a) Struture of the trispyridylamide foldamer 18; (b) Idealized
poly-alanine a-helix; (c) Overlay of 18 and poly-alanine o-helix.
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conformation in which all three R-functional groups are projected on the same
face of the molecule. Overlay of a minimized energy conformation of 18 with
the « and f positions of the i, i + 4, and i + 7 methyl groups of a poly-alanine a-
helix shows close correspondence of the two structures with an RMSD = 0.94 A
(Fig. 7.13 b, ¢). The overall conformation of the backbone and the position of the
side chain functional groups predicted by MM2 minimization calculations were
confirmed in the solid state by an X-ray crystal structure of a nitro derivative of
18. In addition, 'H NMR studies including concentration and temperature depen-
dence experiments were performed to study the stability and hydrogen-bonding
pattern in 18. These experiments suggested that the amide proton is intramolec-
ularly hydrogen bonded in solution both in polar and nonpolar solvents as well as
in the solid state.

A competitive binding fluorescence polarization (FP) assay was used to
determine the ability of derivatives of 18 to disrupt the Bcl-x;/Bak complex. Inhi-
bition constants (K;) in the low micromolar range were found for the trispyridy-
lamide foldamers. The best inhibitor had a side chain substitution pattern of
R',R? = Bn, and R?® = iPr and a K; value of 1.6 uM. Differences in the binding
affinities were observed when the R-groups were varied. For instance, the deriva-
tive with three R = Bn substituents had a K; value greater than 20 pM, emphasiz-
ing the importance of surface complementarity and the selectivity that can be
gained by the variation of side chains.

73.2
Peptidomimetic Foldamers

Recently, Gellman and co-workers have developed an (o/f + «)-peptide ligand for
the same BH3-recognition cleft of Bcl-x; [62]. For their design, they studied the
different helices adopted by oligomers with a 1:1 alternation of «- and f-amino
acid residues along the foldamer backbone (see Chapter 2) [63]. Pure f-peptides,
as well as o/f-peptide designs, which formed 11-helices promoted by a five-
membered ring constrained f-amino acid, showed no activity in FP assays. On
the other hand, those o/p-peptides that adopted a 14/15-helix showed some activ-
ity. To gain affinity, Gellman et al. replaced either the N or C terminus of their
best o/f-peptide inhibitor with a fragment of the natural «-peptide sequence of
Bak. When the N terminus was modified no activity was observed. On the
other hand, the C-terminal modified chimeric peptide 19 showed a K; value of
1.9 nM (Fig. 7.14). In this (¢/f + «) peptide, a Leu was introduced in the 6th po-
sition and a Phe at the 12th position of the 14/15 helix in order to mimic Leu78
and Ile84 of the Bak peptide respectively. In addition, an Arg at position 4 and an
Asp at position 11, were included to increase binding via electrostatic interactions
with residues on the edge of the Bcl-x cleft. Because of the proteolytic suscepti-
bility of the o-segment in 19, future work will be aimed at replacing it with a non-
natural segment.

The hDM2/p53 complex is another well characterized protein—protein interac-
tion involved in apoptosis [64]. In unstressed normal cells, p53 is present at very
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Fig. 7.14 Structure of the («/f + ) chimeric scaffold.

low levels due to rapid degradation via a ubiquitin-dependent proteasome path-
way [65]. In cancerous cells, however, hDM2 is overexpressed abrogating the abil-
ity of p53 to induce cell cycle arrest and apoptosis by binding p53 and promoting
its degradation [66]. For the inhibition of the hDM2/p53 interaction, Schepartz
et al. designed a class of 14-helical f-peptide inhibitors [67, 68]. They sought to
mimic three residues on the activation domain of p53 (Phel9, Trp23, and Leu26)
which had been shown to be important for the heterodimerization of p53 and
hDM2 [69]. In general short f-peptides lack a well-defined secondary structure
in water. However, Schepartz et al. were able to obtain well-folded 14-helix struc-
tures in water by neutralizing the helix macrodipole. To do this, on one of the
three faces of the 14-helix f-peptide scaffold, they introduced a positively charged
side chain (#3-homoornithine) near the N terminus and a negatively charged res-
idue (#*-homoglutamate) at the C terminus while still maintaining a stabilizing
salt bridge network (Fig. 7.15). This was the first example where this strategy
was used to stabilize short f-peptide 14-helix structures. The second face of the
14-helix was primarily substituted with *-homovaline residues, while the third
face was used to present the functional epitope necessary for protein recognition.
FP assays showed that 20 bound to hDM2 with nanomolar affinity and displaced
a p53 peptide derivative from hDM2 with an ICsp = 94.5 uM. Scrambling of the
$3-homophenylalanine, /*-homotryptophan, and f#*-homoleucine resulted in loss
of affinity, emphasizing the importance of mimicking the structural features of
the side chains in maintaining specificity and affinity.

i Topog B3I
P pey Bl
p3 ‘"5305 o
e,
20

Fig. 7.15 Structure of 14-helix -peptide 20 (Reproduced with permission from the authors).
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Fig. 7.16 (a) General structure of a peptoid; (b) Peptoid monomer side
chains used by Barron and co-workers.

Oligomers of N-substituted glycines, known as peptoids, have also been devel-
oped to mimic proteins [51, 70]. In peptoids, the peptidic side chains are shifted
to main chain nitrogen atoms that eliminate stereogenic centers and the possibil-
ity of forming hydrogen-bonding networks (Fig. 7.16a). Even though intramolec-
ular hydrogen bonding is not possible, the inclusion of appropriate bulky chiral
substituents can induce peptoids to acquire secondary structures (see Chapter 1,
Section 1.4.1) [71, 72]. In 2005, Barron et al. reported a class of helical peptoids
that mimic the lung surfactant (LS) protein B (SP-B) [73]. During respiratory dis-
tress, SP-B interacts with the lipid film by an unknown mechanism to enable
breathing. SP-B is an amphipathic 79-amino acid protein with four disulfide
bonds. Three of the disulfide linkages are intramolecular, while the fourth is in-
termolecular forming a homodimer. The presence of multiple disulfide bonds in
the SP-B homodimer complicates its synthesis, thus synthetic mimics of SP-B are
currently being investigated for use as additives or biomimetic lung surfactant
replacements.

In an effort to synthesize a peptoid mimetic of SP-B, Barron and co-workers
modeled their design after a small amphipathic N-terminus segment of SP-B
(SP-B;_35) that had been shown to retain much of the surfactant function. They
designed three 17-mer peptoids based on earlier reports describing the structural
properties of peptoids whose sequence incorporated certain bulky a-chiral aro-
matic and aliphatic side chains as shown in Fig. 7.16b. The first peptoid included
exclusively a-chiral aromatic side chains with an achiral lysine-like monomer at
every third position to create a cationic face and reproduce the amphipathicity of
SP-B;_35. The second incorporated both a-chiral aromatic and aliphatic residues
in addition to the lysine-like monomers. Finally the third mimetic consisted
of only a-chiral aliphatic side chains as well as the lysine-like monomers. As ex-
pected from earlier reports, the CD spectra of the first two peptoids in water
showed features corresponding to a poly-proline type I-like helix. The third was
found to be a random coil due to the lack of «-chiral aromatic monomers though
it is the most similar to SP-B; 5 in that it contains no aromatic residues.
All three peptoids, however, exhibited spectra characteristic of helices in a lipid
environment.

Four different in vitro techniques were used to characterize the surface-active
properties of the peptoids. Their activities were compared to two peptides (SP-
B 35 and KL,4) that had been previously established, by in vivo as well as in vitro
studies, to be good mimics of SP-B. Extensive in vitro characterization of the pep-
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toids’ surface activities showed that their properties were similar to those previ-
ously reported for other SP-B mimetics. Barron and co-workers also reported
that this similarity appeared to correlate with the overall helicity and hydrophobic-
ity of a given peptoid.

The scope of peptidomimetic compounds is not limited to mimicking a-helices.
In fact, f- and y-peptides have also been used to mimic f-turns (see Chapter 2,
Section 2.5). One of the earliest examples where a f-peptide was used to recog-
nize a biomacromolecule was reported by Seebach and co-workers [74]. They
developed a cyclic f-tetrapeptide analog of octreotide that would bind to human
somatostatin receptors. Octreotide is a cyclic a-octapeptide derived from somatos-
tatin that is currently in use to treat acromegaly and intestinal cancers [75, 76].
SAR studies performed on octreotide revealed that the amino acids in the f-turn
(Phe-Trp-Lys-Thr) were required for activity [76]. Though the affinity of the cyclic
f-tetrapeptide was an order of magnitude lower than octreotide, this study dem-
onstrated that a f-peptide could be used as a f-turn mimetic.

More recently, Seebach and co-workers designed an unconstrained f-peptide
that would be predisposed to fold [77]. They incorporated an o-branched (2)/p-
branched (%) p-dipeptide sequence into their design which had been shown to
induce a f-turn structure with a 10-membered intramolecular hydrogen bond
[78]. They made a tetrapeptide 21 (Fig. 7.17) as a potential somatostatin (SRIF)
mimic by attaching a Lys and a Trp residue to the f?/f* motif, while the other
two residues were 3-HPhe and #3-HThr. Two other peptides were synthesized
for comparison purposes. The first was an all-f*-amino acid peptide lacking the
B%/B* motif 22 and it was expected to fold into an a-helix. The second was an all-
a-amino acid peptide expected to be unstructured in solution. One-dimensional
NMR spectroscopy and CD were used to obtain information about the secondary
structures of the peptides. In the 'H NMR, the C(y)-H protons of peptide 21 are
shifted upfield in agreement with a f-turn conformation where its C(y)-H protons
are in close proximity to the tryptophan indole ring. The C(y)-H protons of -
peptide 22, showed no such upfield shift indicating the absence of a f-turn. In
the CD spectra of 22 and the a-peptide no Cotton effect was observed, while 21
shows a maximum at 203 nm in methanol. This agrees well with the spectrum
of a well-characterized f-peptide turn.

H
o NH, H
\ \
Ph
N7= N N N NH )J\;
HH H H H ? HH EI H H NH
21 22
NH,

Fig. 7.17 Structure of f-peptides 21 and 22.
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Fig. 7.18 (a) Structure of one of the four y-peptides 23; (b) Proposed
conformation of 23 showing fi-turn structure.

A radioligand-binding assay was performed to evaluate the affinity of the
peptides for five human recombinant SRIF receptors. Both the linear f3-peptide
22 and the a-peptide showed low affinity for the receptors with K4 values higher
than 10 pM. On the other hand, 21 showed a significant and selective affinity for
the human receptor ssty (K4 = 83 nM). Octreotide was found to have 20 times
higher affinity than 21, whereas somatostatin had an affinity 20 times lower. In-
terestingly going from peptide 21 to 22 ,which only differ in the position of the
Lys chain, resulted in nearly a 1000-fold decrease in the affinity for ssty.

Seebach and co-workers have developed a series of y-dipeptide derivatives that
also target human somatostatin receptors [79]. They designed four peptides that
included a tryptophan sidechain in the y? position of the first y-amino acid and a
lysine in the y* position of the second (Fig. 7.18). Similar to the f-peptides previ-
ously discussed, the NMR of all four y-dipeptides prepared confirmed the proxim-
ity of the lysine chain and tryptophan ring, indicative of a turn conformation as
seen for 23 in Fig. 7.18b. In addition, the CD spectra of the peptides exhibited an
intensive negative Cotton effect further supporting the idea of the presence of
secondary structure. The peptides were tested in a radioligand-binding assay
against five human somatostatin receptors. Their best inhibitor exhibited a Ky
value of 510 nM.

Synthetic foldamers can also be used to mimic the quaternary structural
elements of proteins. In this approach, the recognition occurs between two
or more synthetic partners yielding an all-artificial structure that resembles a
protein-like assembly. Recently, Schepartz et al. have reported the recognition be-
tween structured f-peptide helices that form a complex [80]. Two S-peptide mono-
mers, Acid-1F and Base-1F, were designed to recognize each other (Fig. 7.19).
Both contained free N and C termini as well as one face that included alternating
positively and negatively charged residues to stabilize the 14-helix conforma-
tion. f3-homoleucine residues were incorporated into positions i and i+ 3 of
the 14-helix and f*-homophenylalanine residues were incorporated at positions
4 and 7 to favor interhelical interactions. In addition, at positions 1 and 10, a
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Fig. 7.19 Structure of f-peptides Acid-1F (left) and Base-1F (right)
(Reproduced with permission from the authors).

B3-homoornithine (positively charged) or a f*-homoglutamic acid (negatively
charged) were incorporated into the design to favor heterodimerization.

CD spectroscopy was used to study the helicity of the single 14-helices as
well as a 1:1 mixture of the two. The spectra revealed that the monomers had
14-helical structure in solution that was strongly enhanced in a 1:1 mixture indi-
cating higher levels of 14-helix structure. Job plots suggest that the CD signal was
due to a 1:1 ratio of heteroligomers. This complex was shown to have a melting
temperature of 58 °C similar to that of a well-folded protein. Moreover, sedimen-
tation equilibrium experiments were consistent with either a hetero-hexamer or a
hetero-octamer equilibrium complex. Several derivatives of Acid-1F and Base-1F
were synthesized to probe the structural requirements necessary for complex for-
mation. Studies done with these variants showed that the aromatic residues at po-
sition 4 and 7 are important. In addition the f-homoleucine face was shown to be
necessary, probably making multiple interactions within the complex. Disulfide
exchange experiments also revealed the presence of homo- and heterodimers.
This is a significant step towards the design of artificial protein-like structures.

7.4
Mimicry of Biomineralization: Recognition of Crystal Surfaces Using Foldamers

In the preceding sections, we have discussed how foldamers have been used to
recognize small molecules, ions and macromolecules. In this section we will de-
scribe the use of foldamers to recognize the ordered arrangement of ions along
the faces of a crystal.

7.4.1
Introduction to Biomineralization

Although the phenomenon of crystallization has been known for a very long
time, the roles that factors such as solvent, temperature and impurities play in
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this process are still not well understood [81]. A precise control over the crystalli-
zation process, which is essentially a type of molecular recognition, is still a for-
midable challenge [82]. The most remarkable example of such control comes
from Nature in the form of biomineralization. In Nature, the growth of inorganic
minerals (biominerals) is rigorously controlled by organic biomacromolecules
like proteins and polysaccharides. The highly regulated conditions give rise to
structures with shape, size, morphology and properties very different from those
obtained in the laboratory [83-90]. Interestingly, the biomacromolecules are often
incorporated into the inorganic crystal lattice during the growth process, giving
rise to organic—inorganic hybrid structures. These composite materials combine
the rigidity of inorganic substances and the toughness of organic materials to pro-
vide organisms with stronger building units [90, 91]. Biominerals are often supe-
rior to man-made materials in terms of their mechanical strength, resistance to
fracture and other physical properties [91]. An example of this is calcite, a poly-
morph of calcium carbonate, which grows in the laboratory as a brittle rhombohe-
dral crystal (Fig. 7.20a). Under biological control, however, it attains a very differ-
ent shape (Fig. 7.20b) and enough strength to impart protection and mechanical
support to the animal, e.g. mollusk shells. One of the most remarkable features
of biomineralization is that it occurs under physiological conditions unlike the
manufacture of man-made materials, like cement, that requires extremes of tem-
perature and pressure [92]. Due to the desirable properties of biominerals, there
is much interest in mimicking biomineralization to obtain superior materials
with tailored properties [93].

In Nature, biomineralization is controlled by biomacromolecules that project
functionality in an ordered way to selectively recognize the growing faces of a

Wym ——

a)

Fig. 7.20 (a) Calcite crystals grown in the laboratory; (b) A mature sea
urchin spine composed of calcium carbonate and organic
macromolecules (Reprinted with permission from Science 2003, 299,
p. 1192. Copyright 2003 AAAS).
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Fig. 7.21 Schematic diagram showing crystal growth in the presence of
inhibitor for face B (Reproduced with permission from the authors).

crystal. An effective strategy to mimic this process is to present arrays of function-
ality designed to recognize and bind to specific crystal faces [90, 94]. This involves
molecular recognition between the organic additive and the inorganic ions at the
surface of a growing crystal. When an organic additive selectively recognizes a
specific face of a growing inorganic crystal, it is adsorbed and further accumula-
tion of inorganic ions on that face is hindered (Fig. 7.21). These faces gradually
increase in area while others that are not recognized by the additive, decrease in
area and ultimately disappear as the crystal grows. As a result, only the faces that
are recognized by the organic molecule are manifested in the equilibrium mor-
phology of the crystal while the rest of the faces are not observed. This implies
that examination of the faces that appear in a crystal can provide information
about the specific interactions between the additive and the affected face [94].
Conversely, it is possible to design additives that are complementary to a specific
face of a crystal that can be used to alter the morphology of a crystal (Fig. 7.22)

>

crystal | +
surface

N

Fig. 7.22 Schematic diagram showing structural complementarity
between the interacting groups.

additive
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[89]. Charge, size, distance and stereochemical complementarity are important
parameters to be considered when designing effective crystal growth modulators
[84, 90]. The role of interfacial interactions on the conformational preference of
foldamers is discussed in detail in Chapter 13.

During the last two decades, numerous types of templates have been used to
obtain various morphologies of common minerals. These include conformation-
ally constrained peptides [95], polymers [96-101], self-assembled monolayers
[102-105], other supramolecular assemblies [106] and small molecules [107-
111] and have been reviewed elsewhere [85, 112-114]. Since many organic mac-
romolecules involved in biomineralization are known to have acidic moieties, a
common design strategy involves projecting negatively charged groups (e.g. car-
boxylates, phosphates) in an ordered manner [115]. The negatively charged
groups presumably recognize the arrangement of cations in the initial stages of
crystallization. Foldamers designed to project negatively charged functionality in
a rigid manner could interact selectively with specific crystal faces and act as ef-
fective crystal growth modifiers.

7.4.2
Biomimetic Synthesis of Calcite Using Foldamers

Calcium carbonate is one of the most widespread biominerals found in nature.
Numerous reports of the control of morphology and polymorph selectivity of cal-
cium carbonate have been published. Calcium carbonate has six polymorphs: cal-
cite, aragonite, vaterite, two hydrated forms and one amorphous form [90]. Of
these, calcite and aragonite are the most commonly found biominerals while va-
terite is rather rare. Calcite, the thermodynamically most stable form of CaCOj3,
crystallizes in a trigonal unit cell and has rhombohedral morphology. Aragonite
crystallizes in an orthorhombic crystal system and forms needle like crystals. Fi-
nally, vaterite crystals are spherical with a hexagonal unit cell.

Ueyama et al. have reported the crystallization of CaCO; in the presence of
aromatic polyamide foldamers with regularly repeating carboxylates (Fig. 7.23)
[116]. The structures are held in a fixed conformation by intramolecular H bonds
as evidenced by IR and NMR. When CaCOj crystals were grown in the presence
of compound 24 the morphology of the calcite obtained was affected. Inspection
of the crystals obtained with 24 revealed that the growth of the {401} face had
been inhibited. This plane has a Ca?* ion spacing of about 4.96 A between adja-
cent calcium ions. Since 24 linearly projects carboxylates at a repeat distance of
~10A, the negative charges are optimally placed to interact with alternate Ca®*
ions. On the other hand, the trans geometry of the double bonds in 25 precludes
the linear arrangement of carboxylates and it is unable to induce a morphological
change in calcite. The authors also detected 24 occluded within the inorganic
crystals by using cross polarization/magic angle spinning NMR techniques. This
further corroborated the fact that 24 was involved in the crystallization of calcite.

In a later paper, the same group reported alternately amidated poly(acrylate)s
which form 8-membered rings stabilized by hydrogen bonds between the
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Fig. 7.23 (a) The polyamide 24 with carboxylates regularly repeating at
a distance of 10A optimal for interaction with the calcite lattice; (b) The
polyamide 25 with the trans geometry of the fumaryl spacer not suitable
for interaction with the calcite lattice.

carboxylate oxygen and the amide NH (Fig. 7.24) [117]. When the poly(acid)s or
their sodium salts were used as additives during the crystallization process, the
CaCOj crystals obtained were found to be predominantly the vaterite polymorph.
In contrast, the crystals obtained with the calcium salts were mainly calcite. The
authors proposed that these polymers control the polymorph selectivity at the nu-
cleation stage presumably by stabilizing the nascent nuclei of one polymorph
over the others.

o

R= n-Bu, t-Bu

Fig. 7.24 Alternately amidated poly(acrylates) showing 8-membered
H-bonded rings used by Ueyama and co-workers.
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Fig. 7.25 (a) The polyisocyanide-based scaffold, showing the H-bonding
arrays between the side chains used by Sommerdijk and co-workers;
Calcite crystals obtained in the presence of the polyisocyanide-based
scaffold; (b) at low magnification; (c) at high magnification showing the
apple core morphology. (Reprinted in part with permission from J. Am.
Chem. Soc. 2002, 124, p. 9700. Copyright 2002 American Chemical
Society).

Sommerdijk and co-workers have used peptide based polyisocyanides as or-
ganic templates for the crystallization of calcium carbonate [118]. These mole-
cules adopt a helical conformation due to restricted rotation of the polymer back-
bone and H-bonding interactions between the dipeptide side chains (Fig. 7.25a)
[119]. CD data showed that the helical conformation was further stabilized in
the presence of calcium ions. Interestingly, the handedness of the helix could be
changed by switching the chirality of the amino acids. When the sodium salt of
poly(r-isocyanoalanyl-p-alanine) was added to the crystallization solution, the cal-
cite crystals obtained had an “apple core-type morphology” (Fig. 7.25 b, c). The
molecular weight and polydispersity of the polymers were shown to have no ef-
fect on crystal growth. The faces of the {hk.0} family were expressed in the crys-
tals obtained. They identified the nucleating plane as (01.1) and suggested that
the orientation of the carboxylates in the polymer mimics the orientation of the
carbonates on this face. When the corresponding 1,1 isomer was used, the crystals
obtained were not as uniform, presumably due to a less well-defined structure for
the polymer as seen from its CD spectrum. This underlines the importance of
well-folded structures and controlled projection of functionality to effectively
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Fig. 7.26 (a) The foldamer used by Hamilton and co-workers; (b)
Calcite crystals (90x) obtained in the presence of the foldamer under
optical microscope (left), under scanning electron microscope (scale
bar: 5 um) (right) and control calcite crystals (inset).

modify crystal growth. Similar results were obtained with these foldamers in the
case of calcium phosphate where rod-like hydroxyapatite crystals were formed
[120]. From thermogravimetric analysis, the authors were able to show that the
crystals contained 5% by mass of the polymer adsorbed in the crystal.

Hamilton and co-workers reported a synthetic foldamer with a polyamide back-
bone that is held in a linear conformation due to bifurcated H bonds and projects
carboxylates in an ordered manner from one face of the molecule (Fig. 7.26a)
[111]. The design was based on a o-helix mimetic that was reported earlier from
the Hamilton group [50]. The side chains were designed to include carboxylates
that would mimic the aspartates and recognize the arrangement of calcium ions
on the surface of a growing calcite crystal. The CaCOs crystals grown in the pre-
sence of these foldamers were shown to be calcite from the characteristic peaks in
the IR spectrum at 713 and 876 cm™!. The crystals were elongated and had a
“saw-tooth” morphology very different from the usual rhombohedral geometry
of control crystals (Fig. 7.26b). Overgrowth experiments were performed in which
the elongated calcite crystals were re-introduced into the crystallization solution
to study the orientation and identity of the new crystal faces formed. From these
results and modeling data, the expressed faces were identified as the {—10[}
where 0.5 <1< 1. The arrangement of the carbonates on these faces was pro-
posed to be well mimicked by the carboxylates of the foldamer.

Volkmer et al. have used short peptides (4 and 8 residues) containing an alter-
nating Phe-Asp repeat to obtain calcite crystals similar to those obtained from bi-
ological samples [121]. They assigned the newly formed faces as {11.0} and {01.2}
which are also commonly found in biomineralized calcite. Although the authors
have yet to determine the three-dimensional structure adopted by these peptides
in solution, they hypothesized that the peptides take up preferred conformations
in which the spacing of the carboxylates matches the positions of the calcium
ions on the expressed crystal faces.
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e~ NH2

Fig. 7.27 The peptidomimetic used by Kelly and co-workers to obtain
controlled growth of CdS crystals.

7.43
Biomimetic Synthesis of CdS Using Foldamers

Besides calcite, a variety of other biominerals have been explored including cal-
cium phosphate, cadmium sulfide and silica. Kelly and co-workers have reported
amphiphilic peptidomimetics that fold into f-hairpins (Fig. 7.27) which subse-
quently self-assemble into a f-sheet monolayer at the air-water interface [122].
They have used these peptidomimetics to grow oriented CdS crystals with con-
trolled particle size. Both acidic (-COOH) and basic (-NH,) functionality were
used on the side chains to determine the effect of negatively and positively
charged groups on CdS growth. Transmission Electron Microscopy (TEM) and
Atomic Force Microscopy (AFM) images showed that only the peptidomimetic
with —COOH functionality was successful in generating oriented CdS nanocrys-
tals with a narrow size distribution. From electron diffraction studies they con-
cluded that the crystals had the wurtzite lattice structure. The crystals were
roughly oriented in the ¢ direction and were nucleated from the {01.0} face. This
face has a Cd-Cd distance of 6.7 A which matches the 6.9 A distance between the
o carbons of the glutamate residues in the peptidomimetic. The fact that the pep-
tidomimetic with —NH, was not found to give uniform homogeneous CdS crys-
tals, highlights the importance of electrostatic complementarity between the addi-
tive and a crystal face.

7.5
Conclusion

During the last decade, there has been considerable progress in the field of fol-
damer design, particularly in the area of foldamers as useful receptors for the rec-
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ognition of molecules. Nature provides the most exquisite examples of well-folded
structures that can recognize and bind to desired targets with high affinity and
specificity. This is achieved by projecting functionality in a manner that makes
optimal use of different noncovalent interactions. In the same way, foldamers de-
signed to recognize a wide variety of molecules and surfaces could find important
application in fields such as sensor technology, drug design and delivery, and
materials science. The intrinsic structural features of foldamers make them ideal
scaffolds for the design of new functional receptors, and we foresee the develop-
ment of a significant number of new foldamer-based receptors in the years to
come.
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8
Biological Applications of Foldamers

Marc Koyack and Richard Cheng

8.1
Introduction

Biologically active compounds have been traditionally dominated by small mole-
cules [1, 2], oligonucleotides [3, 4], and o-peptides [5]. Small molecules are partic-
ularly attractive for developing bioactive compounds, because small molecules
can be designed to have both the desirable bioactivity and reasonable in vivo half
lives suitable for therapeutic drugs [1, 2]. However, the construction of small mol-
ecule libraries with high diversity is taxing of both time and resources. Further-
more, small molecules may not be sufficient to bind the large surface areas pre-
sented by biomacromolecular systems. Although peptides and oligonucleotides
may cover larger surface areas compared to small molecules, both suffer the
drawbacks of poor bio-availability and susceptibility to in vivo degradation. None-
theless, libraries of a-peptides [6] and oligonucleotides [7-11] are easy to generate
and screen. An ideal scaffold for developing bioactive molecules would combine
the desirable in vivo half lives of small molecules and the ease of library genera-
tion of o-peptides and oligonucleotides.

Foldamers are oligomeric compounds that adopt compact globular structures
in solution stabilized through noncovalent interactions between nonadjacent
monomer subunits (see Chapters 1-5) [12-14]. Foldamers can be divided into
two categories: bio-inspired foldamers and abiotic foldamers [13, 15]. Bio-inspired
foldamers have backbones that are structurally similar to naturally occurring bio-
macromolecules, such as proteins and nucleic acids. In contrast, abiotic fol-
damers possess backbones that do not resemble any natural biomacromolecule.
Both types of foldamer have been shown to fold locally into regularly repeating
structures analogous to naturally-occurring secondary structures such as turns,
helices, and sheets. Furthermore, many of these foldamers are readily prepared
through iterative covalent linkage of monomer building blocks, allowing facile in-
troduction of functional groups at multiple sites. While poor bio-availability may
limit the potential of bioactive foldamers as therapeutic agents, certain modifica-
tions to foldamers can increase cellular uptake and localization [16-28]. Overall,
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foldamers are an attractive platform for designing molecules that can potentially
recognize large surface areas presented by biomacromolecular systems. There-
fore, a number of bio-inspired and abiotic foldamers have been used as scaffolds
to introduce bioactivity. Highlights of the structural aspects and inherent biologi-
cal properties of some of these foldamers are provided in the following sections.

8.1.1
p-Peptides

B-Peptides are composed of f-amino acids [12-14, 29-31], which are naturally oc-
curring a-amino acids with a single carbon unit inserted into the backbone (Fig.
8.1). f-Amino acids can have side chains present at either the C, (%) or Cs (5°)
positions or both (2, ). -Peptides can adopt numerous protein-like secondary
structures, including sheets, turns, and helices (see Chapter 2) [12, 13, 29, 30].
Independently, Gellman [32] and Seebach [33] revealed the sequence-dependent
formation of different f-peptide helical structures in organic solvents. In particu-
lar biological activity has been introduced into three f-peptide helical structures:
the 14- [34-45], 12- [46-49], and 10/12-helix [50].

The p-peptide helix type can be controlled by incorporating different f-amino
acids. Homochiral f%-peptides and homochiral f*-peptides can promote the
14-helix structure, whereas alternating 2 and 3- of residues can promote the
10/12-helix [33]. f-Amino acids constrained by cyclohexyl rings can promote 14-
helices [32, 51] while cyclopentyl f-amino acids can promote 12-helices [32]. Sta-
bilization of the 14-helix scaffold in aqueous solution has been accomplished
through various design methods, including favorable electrostatic interaction
with the helix macrodipole [52], introduction of residues with branched side
chains [53, 54], and intra-helical salt bridges [55, 56].

f-Peptides are readily synthesized by solid-phase techniques using standard
amide coupling protocols and protecting groups developed for synthesizing a-
peptides [57, 58]. However, synthesis of f-peptides longer than six residues can
be difficult because of impaired deprotection and can be addressed through alter-

R o R O R O
§\N)\[(§ g\”/\‘)J\é %\N)\)Kg %\N/H/u\g
H o R H
a-peptide Bz-peptide Bs-peptide [}2B3-peptide
Base (=A,C,G,T)
I NG S R .
{—NH N { T by $
H R O H

cyclohexyl 3-peptide cyclopentyl B-peptide peptoid peptide nucleic acid

Fig. 8.1 Chemical structures of various residues for o-peptide, ff-
peptide, peptoid, and peptide nucleic acids (PNA).



8.1 Introduction

native deprotection protocols [59, 60] and increased deprotection temperatures
[37]. Nonetheless, f-peptide libraries have been synthesized and screened by com-
binatorial methods [43, 44].

f-Peptides exhibit significant metabolic stability under in vivo conditions [61,
62]. p-Peptides subjected to various robust peptidases (i.e. proteinase K) remained
intact after 48 h, whereas analogous a-peptides were completely degraded within
15 min [62]. The pharmacokinetics of f-peptides are equally impressive, with
elimination half lives of 3-10 h, compared with less than 15 min for analogous
a-peptides following intravenous injection in rats [62]. -Peptides can also cross
cell membranes and localize to the cell nuclei by the appendage of f-peptide seg-
ments derived from HIV-1 Tat proteins [28]. This permits the design of f-peptides
that can affect biological targets in the nucleus.

8.1.2
Peptoids

Peptoids are oligomeric peptidomimetics composed of N-substituted glycines (see
Chapter 1) [12-15]. Compared with natural o-peptides, peptoids differ by the ap-
pendage of side chains to the amide nitrogen atoms of a peptide backbone, rather
than to the a-carbons for natural a-peptides (Fig. 8.1). Peptoids as short as five
residues bearing certain bulky a-chiral aromatic or aliphatic side chains can adopt
a stable helical structure similar to the type-I polyproline helix, with cis-amide
bonds, three residues per turn, and 6.0 A pitch (see Section 1.4.2 in Chapter 1)
[12-15, 63-68].

Peptoids are readily synthesized by solid phase techniques [69] and are amen-
able to combinatorial methods [70, 71]. Unlike other foldamer types, peptoids are
prepared by submonomer synthesis [69]. Peptoid synthesis is an iterative two-
step process of bromoacetylation of the N-terminal secondary amine followed by
Sn2 displacement of the bromide by side chain bearing amines [69]. Synthesis
therefore proceeds without the need for producing suitable quantities of a diverse
set of protected monomers as in solid phase peptide synthesis. Peptoids exhibit
poor oral absorption, as only 3—8% of orally administered peptoids were absorbed
in rats [72]. Nevertheless, peptoids have been shown to be stable against multiple
proteases in vitro [73, 74]. Furthermore, peptoids introduced intravenously into
rats were eliminated primarily in the feces without degradation [72], while an -
peptide tetramer was completely metabolized in the blood within 2 h.

8.13
Peptide Nucleic Acids (PNA)

Peptide nucleic acids (PNA) consist of a pseudopeptide backbone of repeating N-
(2-aminoethyl)-glycine units linked by peptide bonds, with nucleobase moeities
linked to the amide nitrogens of the backbone by methylene carbonyl bonds
(Fig. 8.1) [75, 76]. The nucleobases of PNAs can bind those of a complementary
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nucleic acid strand, because the number of backbone bonds and the distance be-
tween nucleobases are conserved between the two backbone types [77]. In con-
trast to natural nucleic acids DNA and RNA, the amide backbone of PNAs is non-
rigid, achiral, and neutral in charge due to the absence of ribose and phosphate
groups. PNA oligomers can bind to complementary strands of DNA [78-80],
RNA [80, 81], or PNA [82-84]. The complexes formed are stable duplex and tri-
plex structures that bind through Watson—Crick base pairing (for duplexes) [80,
85] or a combination Watson—Crick—Hoogsteen base-pairing (for triplexes) [77,
79, 86]. Binding occurs through strand invasion, whereby a PNA oligomer displa-
ces a strand of the DNA duplex [78, 87]. Duplex [80-85], triplex [78, 86, 88|, and
double duplex [89-91] DNA strand invasion have all been described. PNA folding
is induced upon hybridization to DNA, RNA, or another PNA oligomer. Experi-
ments with 2-D NOESY and COSY NMR revealed that the DNA in PNA-DNA
duplexes adopt a B-form structure with deoxyribose sugars of the DNA strand in
the C2’-endo-conformation [92]. Crystal structures of PNA-DNA triplexes showed
the adoption of a P-form helix, which displays a base-tilt similar to the B-form
DNA but with a larger deviation of bases from the helical axis compared to the
A-form typically adopted by RNA [86]. Crystal structures of PNA duplexes re-
vealed a helical structure with a wide diameter and large pitch, with nucleobases
oriented almost perpendicular to the helical axis [84].

PNAs are readily obtained through solid phase synthesis on polystyrene beads
using Boc- or Fmoc-protected monomers and can be synthesized by a combinato-
rial approach [75-78, 93, 94]. PNA synthesis is an iterative process and employs
coupling reagents similarly used for the synthesis of peptides. Synthesis proceeds
by deprotection and activation of monomers, followed by amide coupling to the
nascent strand and capping. In addition to on-bead synthesis, membranes have
also been employed as a support for solid phase PNA synthesis and for the con-
struction of PNA microarrays, although yields have been reported to be lower
compared with synthesis on beads [75, 76, 93].

PNAs have a short elimination half life (17 min) and limited bio-availability as
revealed by injection of PNAs into rats 75, 95]. While delivery of PNAs into intact
cells has generally been limited, the appendage of cationic peptides has increased
tissue localization [16-23, 25-27]. Furthermore, increased delivery of PNAs
specifically to hepatic cells and rat livers has been achieved by the appendage of
GalNAc sugars [22-24].

8.1.4
DNA-Binding Oligoamides

DNA-binding oligoamides are heterocyclic crescent shaped molecules composed
of pyrrole and imidazole-based rings [96-98]. Three different heterocyclic rings
are commonly used: N-methylpyrrole (Py), N-methylimidazole (Im), and N-
methyl-3-hydroxypyrrole (Hp) (Fig. 8.2). These oligoamides were initially de-
signed based on the natural product Distamycin A, which binds A/T-rich se-
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Fig. 8.2 Chemical structures of Distamycin A and pyrole and imidazole
based monomers of DNA-binding olioamides (Im = N-
methylimidazole, Hp = N-methyl-3-hydroxypyrrole, Py = N-
methylpyrrole).

quences in the DNA minor groove as 1:1 or 2:1 Distamycin A-DNA complexes
[99]. These oligoamides have been used as site-specific DNA-targeting agents
with affinities comparable to DNA-binding proteins [97]. These DNA-binding oli-
goamides do not adopt specific conformations unless bound to DNA, and there-
fore are considered foldamers in a liberal sense. Crystal structures revealed that
the ring amide groups of these oligoamides recognize the edges of adjacent oligo-
nucleotide strands through a series of hydrogen bonds [100-102]. “Pairing rules”
for targeting specific sequences of DNA with oligoamide base pairs have been de-
duced [100-103]. Py/Hp recognizes A-T; Hp/Py recognizes T-A; Py/Im recog-
nizes C-G; Im/Py recognizes G-C.

Structural data of oligoamide-DNA complexes show that the oligoamide rise
per residue matches the pitch of the B-form DNA [100-102]. However, the curva-
ture of the oligoamide crescent shape is slightly greater than that of the minor
groove of DNA, thus oligoamides longer than 5 units do not completely comple-
ment the target DNA, limiting the size of DNA that can be targeted [100]. How-
ever, binding sites 10-11 base pairs long have been targeted by oligoamides con-
taining curvature-relaxing moieties such as -Ala [104] or by multiple oligoamides
linked to form hairpin structures [105-108].

Oligoamides can be synthesized through solid phase methods employing Boc-
or Fmoc-protected monomers [109-111]. The first residue attached to the resin
determines the oligoamide C-terminal residue, which can dictate the DNA-
binding specificity. For example, oligoamides with a C-terminal $-Ala specifically
target T-A pairs [112] whereas oligoamides without the C-terminal f-Ala target
G-C pairs [113].
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Localization to nuclei is crucial for DNA targeting with oligoamides. Nu-
clear localization of oligoamides depends on numerous factors, including the cell
type being targeted, oligoamide characteristics (such as charge, shape, sequence),
and the identity and placement of dye conjugates [114-117]. Idiosyncratic deter-
minants of nuclear localization have also been observed; the presence of a C-
terminal f-Ala residue or the absence of an alkyl amine moiety inhibited nuclear
localization, while the presence of an acetylated 2,4-diaminobutyric acid turn pro-
motes nuclear localization [117]. However, nuclear exclusion and localization to
other cellular compartments (i.e. lysosomes) often occurs [114, 115].

815
Aryl Amides and Aryl Ureas

Aryl amides are oligomers that consist of either diaminobenzene and dicarboxylic
acid benzene derivatives, or aminobenzoic acid derivatives (Fig. 8.3) [118]. Vari-
ous functional groups have been introduced to hydrogen bond to the backbone
amide to limit the number of low energy conformations, making the aromatic
and amide components coplanar. The interactions responsible for structural
stabilization are almost exclusively non-cooperative, although cooperative interac-
tions are possible between nonadjacent units (see Chapter 1). Linear [119-121],
cyclic [122-124], crescent-shaped [125, 126], and helical [125-129] aryl amides
have all been reported. However, bioactivity has only been introduced into the lin-
ear extended aryl amides. Aryl amides can be synthesized by Fmoc-based solid
phase chemistry but are usually obtained through solution-phase techniques
[130]. Carboxylic acids that have been converted to the corresponding acid chlor-
ides are reacted with aromatic amines to produce aryl amide oligomers. Further-
more, a convergent segment doubling strategy can be employed whereby two
oligomer segments are efficiently linked in a single step [130]. However, aromatic
oligoamides that fold during synthesis can reduce yields because steric hindrance
prevents access to the reagents.

Aryl ureas are structurally similar to aryl amides, possessing backbones rigidi-
fied by H-bonding groups. Aryl ureas differ from aryl amides by the insertion of
an amine moiety between the aromatic rings and carbonyls of the linking amides
(Fig. 8.3). Bioactive aryl ureas have been demonstrated to adopt extended confor-
mations. The aryl urea extended conformation is stabilized by H-bonding interac-
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Fig. 8.3 Chemical structures of the monomers for aryl amide and aryl ureas.
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tions. The presence of an additional H-bond interaction makes the backbone
more rigid compared to aryl amides. Several procedures have been described for
the synthesis of urea oligomers, including on solid support via activated carba-
mate intermediates [131-133] and single-pot reactions using carbonyl diimada-
zole couplings [134].

8.1.6
meta-Phenylene Ethynylenes (mPE)

meta-Phenylene ethynylenes (mPE) are hydrocarbon scaffolds composed of phe-
nyl rings connected by ethynylene linkages at the meta position (Fig. 8.4) [13, 135].
mPEs can adopt either an extended conformation (trans) or a helical conformation
(cis) (see Chapter 3) [135-138]. The conformation is dependent on solvent [135,
137] and the presence of hydrogen-bonding functionalities [138]. Biological activ-
ity has only been introduced into mPEs with an extended conformation [139].
mPEs composed of alternating cationic primary amines and nonpolar alkyl
groups have been designed to adopt an extended all trans conformation. mPEs are
amenable to large scale synthesis and are composed of inexpensive monomers.
Various 3-alkoxy-substituted 1,3-diiodobenzenes carrying Boc-protected amines
in the 5-position were readily obtained via Mitsunobu etherification, and polycon-
densation with 1,3-diethynylbenzene under Sonogashira-Hagihara cross-coupling
conditions followed by deprotection afforded facially amphiphilic mPEs [140, 141].
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Fig. 8.4 A meta-phenylene ethynylene oligomer which adopts an
extended (trans) conformation and demonstrates antimicrobial activity.

8.1.7
Terphenyls

Terphenyl ring systems are composed of three phenyl rings attached by single
carbon—carbon bonds (Fig. 8.5) [142-146]. The rings of the system are oriented
to achieve the least strained staggered conformation, resulting in a “turn” of the
structural axis (see Chapter 7). The twist and pitch between the units are uni-
form, so substitutions at the ortho positions of the rings capture nearly the same
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Fig. 8.5 Terphenyl and terephthalamide scaffolds and Bcl-x_ inhibiting derivatives.

spatial arrangement of substituted i, i + 4 and i+ 7 positions of short a-helical
segments [142]. Therefore, the terphenyl scaffold has been utilized to target helix
recognizing proteins [142-146]. The terphenyl ring systems have been synthe-
sized using Suzuki [143, 144] or Negishi [142] couplings. Low water solubility of
terphenyl foldamers has led to the replacement of the terminal rings with carbox-
yamides to give terephthalamide derivatives with improved water solubility (see
Fig. 8.5) [147, 148].

8.2
Design Strategies

There are four general strategies for developing bioactive foldamers: direct se-
quence conversion, distribution of physicochemical properties, modular assem-
bly, and grafting bioactive functionality. The biological target and the foldamer
employed both dictate the optimal strategy to apply. Foldamers designed using
the direct sequence conversion strategy are based on biologically active natural
biopolymers such as proteins. The strategy is most likely to be productive if the
mere presence of the bioactive functionalities is sufficient to exert bioactivity
(which is rare), or if the foldamer scaffold inherently presents the bioactive func-
tionalities with a similar spatial arrangement compared to the natural biopoly-
mer and the backbone is not directly involved in binding. For example, somatos-
tatin receptor binding S-peptides adopt a turn structure similar to the natural
a-peptide somatostatin [149-151]. However, biologically active molecules often
present functionalities in orientations significantly different from foldamer scaf-
folds, and therefore more sophisticated design strategies are necessary. Many bio-
activities rely on the appropriate distribution of physicochemical properties pre-
sented on the surface of bioactive molecules. For instance, the antimicrobial
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activity of the o-helical magainin-II peptide relies on amphiphilicity with a posi-
tively charged face to interact with the negatively charged outer membranes of
bacteria and a hydrophobic face to interact with the interior of the membrane
bilayer [152—154]. Therefore, foldamers bearing the same overall distribution of
physicochemical properties have been shown to exert antimicrobial activity [34-
37,46-48,50, 134,139,155, 159]. However, when a specific region of a large biopoly-
mer is being targeted (i.e. specific oligonucleotide sequences), relying exclusively
on distribution of physicochemical properties might not be sufficient for specific
binding. In this case, design strategies that can provide more intricate placement
of the bioactive functional groups are necessary. Modular assembly is useful only
when appendable monomers that can selectively bind specific components of the
targeted specific interaction are available. For instance, peptide nucleic acids that
selectively bind a specific oligonucleotide sequence have been constructed by in-
corporating complementing bases that can pair with the bases on the target oligo-
nucleotide [75, 76]. The most complex strategy is grafting bioactive functionalities
onto a scaffold to bind the biological target. This typically requires computational
modeling of the designs to evaluate the binding of the foldamer to the target.
This strategy is most suitable for targeting protein—protein interactions which in-
volve complicated surface topology with many different functional groups.

8.2.1
Direct Sequence Conversion

8.2.1.1 RNA-binding Peptoids
Transcription of HIV RNA requires the interaction of the virally encoded Tat pro-
tein with the transcriptional activator-responsive (TAR) element [157], a bulged
RNA hairpin structure. A single Arg amidst at least three basic residues in the
Arg-rich region of the Tat protein is the key determinant for binding the trinu-
cleotide bulge in TAR RNA [158], An o-peptide based on tat with the sequence
Ac-Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-NH, was found to bind TAR
RNA with submicromolar affinity (Kp = 780 nM) based on electrophoretic mobil-
ity shift assays [158]. Furthermore, circular dichroism studies with TAR RNA
showed a characteristic signal decrease at 265 nm upon addition of Tat peptide,
indicating a conformational change of TAR RNA upon peptide binding [159].
Various peptoids have been designed to specifically target TAR RNA (Fig. 8.6)
[159, 160]. Peptoids based on the sequence of the Arg rich region of Tat had sim-
ilar affinities compared with the Tat protein (~2 puM for peptoid) by gel shift mo-
bility assay [159]. The CD spectrum for wild type TAR RNA exhibited the charac-
teristic change for binding upon adding the peptoid, while no such change was
observed for mutant TAR RNA, demonstrating high specificity for targeting TAR
RNA. Also, fluorescence resonance energy transfer (FRET) experiments showed
a high affinity complex between a peptoid amide analog and TAR RNA with sub-
micromolar affinity (Kp = 155 nM). An ester derivative of the same peptoid dem-
onstrated even higher affinity (Kp = 68 nM) (see Fig. 8.6) [160].
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Fig. 8.6 TAR RNA binding (A) peptoids, and (B) oligocarbamate and oligourea designs.

8.2.1.2 RNA-binding Oligourea and Carbamate

An oligourea was designed to bind HIV-1 TAR RNA by direct sequence conver-
sion of the Arg-rich region of the Tat protein (Fig. 8.6) [161]. The oligourea bound
the TAR RNA with submicromolar affinity (Kp =111 nM), similar to a Tat-
derived peptide (Kp = 780 nM) as determined by electrophoretic mobility shift as-
say [161]. Furthermore, mutant TAR RNA could not displace the oligourea from
labeled TAR RNA, demonstrating the specificity of the oligourea for binding TAR
RNA [161]. Also the oligourea did not bind TAR RNA with mutations immedi-
ately surrounding the pyrimidine bulge critical for recognition. Importantly, the
oligourea was determined to be protease resistant against proteinase K. Similar
results have been obtained for a carbamate derivative (Fig. 8.6) [162]. The oligo-
carbamate was found to bind TAR RNA with micromolar affinity (Kp = 1.13
puM) as determined by mobility shift assay. Competition experiments on photo
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crosslinked carbamate-RNA complexes revealed that carbamate binding was spe-
cific to the widened major groove of TAR RNA and required the presence of the
characteristic trinucleotide bulge [162]. Treatment of the carbamate-RNA complex
with proteinase K did not result in a loss of the photo crosslink, indicating much
higher proteolytic stability compared with the Tat protein—RNA complex.

8.2.1.3 RNA-binding p-Peptides

TAR RNA-binding $*-peptides have also been designed as potential HIV thera-
peutics by direct sequence conversion of a segment of the RNA-binding protein
Tat to the f-peptide sequence (Fig. 8.7) [163]. This 11-residue $*-peptide based
on the Arg-rich region of the Tat protein bound TAR RNA with nanomolar affin-
ity (Kp = 29 nM) as determined by fluorescence anisotropy [163].

8.2.1.4 Receptor-binding p-Peptides

Somatostatin receptors bind somatostatin, a natural disulfide linked 14-residue
cyclic o-peptide, to control the release of various hormones including growth hor-
mone, glucagon, insulin, and gastrin [164]. Various somatostatin receptor sub-
types for mediating the different biological activities have been identified [164].
Therefore, developing molecules that selectively target these receptors would be
desirable for therapeutic purposes [164]. Somatostatin and most «-peptide soma-
tostatin analogs adopt a f-turn conformation involving the amino acid sequence
Phe-Trp-Lys-Thr (Fig. 8.8) [165]. The central Trp-Lys is required for binding soma-
tostatic receptors and thus bioactivity [166, 167]. Octreotide (Sandostatin) is an 8-
residue cyclic o-peptide somatostatin analog that may be used for the treatment of
acromegaly and certain gastric-entero tumors (Fig. 8.8) [167, 168]. However, oc-
treotide has a relatively short half life of 90 min in vivo, making f-peptides with
increased bio-availability an attractive alternative.

Design efforts toward somatostatin receptor binding pS-peptides have been
based on the placement of somatostatin residues onto a f-peptide scaffold that
can present the four bioactive side chains in a productive manner (Fig. 8.8). Ini-
tially, cyclic f-peptide tetramers were employed to present the side chains of the
key residues of somatostatin Phe-Trp-Lys-Thr [149, 150]. Computational model-
ing showed that the constraints imposed by the cyclic structure matched reason-
ably well with the type I1’ f-turn of a-peptides. The cyclic f-peptides bound differ-
ent types of human somatostatin receptors with micromolar affinities (Kp = 3.3—
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186 uM). Interestingly, unconstrained linear f-peptides, that adopt a turn confor-
mation, bound somatostatin receptors with nanomolar affinities (Kp = 83-724

M) [151, 169], suggesting that the constraints imposed by the cyclic f-peptide
were less than optimal.

8.2.2
Distribution of Physicochemical Properties

8.2.2.1 Antimicrobial Peptoids

Antimicrobial amphiphilic peptides such as magainin-II and defensins are a
widely distributed component of eukaryotic and prokaryotic host immune sys-
tems [152-154]. Although magainin-II forms an «-helix and defensins form f-
sheets, both are amphiphilic and display a facial distribution of cationic and hy-
drophobic groups on the folded structures [152-154]. While the mechanism of
action remains to be fully understood, it is generally presumed that the cationic
residues direct peptides to the partially negatively charged outer membrane of
bacteria, while the hydrophobic residues interact with the lipid bilayer and dis-
rupt membrane integrity, leading to cell death [152-154]. Amphiphilic peptides
exert activity by targeting the bacterial phospholipid membranes, therefore there
is minimal concern for the development of drug resistance. However, the most
common drawback of amphiphilic peptides is nonspecific recognition binding
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and lysis of host cells. Since red blood cells are particularly susceptible, hemolysis
assays are used to determine the potential for such undesirable cytotoxic effects.
The ICs values for magainin-II [152] based o-peptides against E. coli have been
reported as 1.2 ug mL™'. Varying the helical content of antimicrobial a-peptides
affects activity [152, 153]. Increasing helical content by replacing helix-breaking
residues with alanine (which is a strong helix former) enhances antimicrobial ac-
tivity, but at the expense of specificity as hemolysis concomitantly increases [152].

Antimicrobial peptoids have been designed to mimic the distribution of physi-
cochemical properties of the magainin-II amide antibacterial peptide (Fig. 8.9)
[170]. The peptoids were designed to be amphiphilic in a helical polyproline type
I conformation with a cationic face of lysine-like N-(4-aminobutyl)glycine (NLys)
side chains and a hydrophobic face of aliphatic or aromatic side chains [170]. Cir-
cular dichroism spectroscopy (CD) revealed that some of the peptoids adopted
characteristic polyproline type I-like helical structures in aqueous buffer and
also in the presence of lipid vesicles [170]. Helical peptoids as short as 12 residues
exhibited selective (nonhemolytic) and potent antibacterial activity against both
Gram-positive and Gram-negative bacteria with minimal inhibitory concentra-
tions (MICs) in the low micromolar range [170]. This is comparable to previously
reported results using a synthetic magainin II analog and other antibacterial o-
peptides [152, 153]. Unstructured peptoids were found to be ineffective as antibi-
otics [170], demonstrating the prerequisite of the helical structure and appropri-
ate distribution of physicochemical properties for antibiotic activity.

Combinatorial libraries of antimicrobial peptoids have also been synthesized
and screened [171]. A peptoid library created from a set of multiple statistically
unbiased 324 compound library was created. Screening of the library by growth
inhibition assays revealed peptoid compounds with antimicrobial activity against
a broad range of bacteria, including E. coli and S. aureus, with MICs in the micro-
molar range. It was deduced from the screens that antimicrobial activity of pep-
toids is enhanced (in terms of host range) by the presence of a primary amine
and a hydrophobic amine.

8.2.2.2 Antimicrobial p-Peptides
Amphiphilic helix-forming p-peptides with antimicrobial activity comparable
to that of a magainin-II analog have been designed based on the 14-helix [34-
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37], 12-helix [46—48], and 10/12-helix (Fig. 8.10) [50]. 14-Helical designs, consist-
ing of repeating hydrophobic-cationic-hydrophobic triad repeats, display a cati-
onic surface constituting approximately one-third of the helix circumference
(Fig. 8.10). Conversely, 12-helical structures consisting of cationic-hydrophobic-
cationic-hydrophobic-hydrophobic pentads yield a cationic surface on two-fifths
of the helix circumference (Fig. 8.10). Antimicrobial 10/12-helical f-peptides can
be designed to have two adjacent cationic faces among the four faces along the
helical axis (Fig. 8.10).

It has been shown that varying the helical content of antimicrobial
a-peptides affects activity [152, 153]. However, increasing the helical content of 14-
helical antimicrobial f-peptides by varying the proportions of rigid trans-2-
aminocyclohexanecarboxylic acid (ACHC) residues had little effect on antimicro-
bial activity [37]. Increasing helical propensity of the constituent residues did not
alter the MIC values against four bacterial species [37], suggesting that there is no
relationship between 14-helical stability and antimicrobial potency. However, the
identity of C-terminal groups and the ability of the f-peptide to form an amphi-
philic helix were crucial for antimicrobial activity [37]. A series of 9-mer f-
peptides were shown to have nearly the same efficacy as (Ala8,13,18)-magainin
II amide and melittin to permeabilize the membrane of B. subtilis BAU102 [35],
as measured by x-gal release. Furthermore, decreasing hydrophobic character by
replacing f*-hLeu with 8*>-hAla side chains increases the selectivity for targeting
bacterial cells over red blood cells [35].

12-Helical designs have also demonstrated antimicrobial activity comparable to
magainin-II peptides against four species of Gram-positive and Gram-negative
bacteria [46, 47]. Designs consisting of hydrophobic ACPC and hydrophilic APC
residues yielded facially amphiphilic 12-helices that were structurally rigid com-
pared with f3*-peptides because they are composed entirely of cyclic constrained
residues [46]. However, 12-helical f-peptides containing noncyclic residues have
also demonstrated similar antibacterial activity with comparable specificity to
magainin-II peptides [47].
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B-Peptides composed of alternating - and *-amino acids have been shown to
fold into 10/12-helices. A 10/12-helix forming f-peptide composed of hydropho-
bic and aromatic residues with two $3-HLys residues presented on one face of
the helix was highly active against two species of Gram-positive bacteria and also
displayed activity against Gram—negative bacteria [50]. Importantly, these 10/12-
helical antimicrobial f-peptides presented low hemolytic activity against human
and rat blood cells [50].

8.2.2.3  Antimicrobial Aryl Amides and Aryl Ureas

Aryl amides are smaller than the previously discussed antimicrobial foldamers,
and therefore may be advantageous in terms of production costs and bioavailabil-
ity. Presently, the biological activity of aryl amides is exclusive to those adopting
an extended conformation. Aryl amides composed of di-acid and di-amine mono-
mers possess an extended network of hydrogen bonds, which serve to rigidify the
backbone and stabilize the extended conformation (Fig. 8.11).

Facially amphiphilic aryl amides have displayed antimicrobial activity compar-
able to antimicrobial cyclic a-peptides and magainin II derivatives [155, 156].
Chain length studies showed that short aryl amides were the most effective at in-
hibiting bacterial cell growth, with an optimal length of 8 repeat units [155]. The
8-mer demonstrated bactericidal activity against several species of Gram-positive
and Gram-negative bacteria, with MICs below 50 pg ml~! for each strain. Longer
oligomers are suggested to be less active due to reduced solubility, lower molar
concentration, or the inability to penetrate the proteoglycan layer [155]. The pre-
sence of positively charged aminoethyl groups were also found to be requisite for
activity, as acetylation of the most highly active 8-mer resulted in loss of antimi-
crobial activity. Antimicrobial activity was attributed to disruption of phospho-
lipids bilayers, as determined by the ability of aryl amides designs to induce leak-
age of calcein from unilamellar vesicles composed of mixed phosphatidylserine
and phosphatidylcholine lipids [155]. However, these aryl amides were demon-
strated to be hemolytic near the MIC. In addition, increasing the hydrophobicity of
designed aryl amides has also been demonstrated to increase antimicrobial activ-
ity [156]. Aryl amides with increased hydrophobic character display high potency

+ + + + +
NH; NH3 NH; NHj NH;

aryl amide

Fig. 8.11 Antimicrobial aryl amide and aryl urea.
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against both Gram-negative and Gram-positive bacteria, with MICs of 6-12
pg mL~! against both E. coli and S. aureus [156]. However, increases in hydropho-
bicity were found to be directly proportional to hemolytic activity. Introduction of
more polar substituents yielded aryl amides that were significantly less toxic to-
wards erythrocytes [156]. One of these compounds displayed potency similar to a
magainin II analog and had significantly greater selectivity. Another analog with
similar potency was nonhemolytic at concentrations as high as 800 uM [156].

Compared with aryl amides, antimicrobial aryl ureas exhibit greater structural
rigidity [134]. In contrast to aryl amides, aryl urea homo-oligomers are composed
of only one type of monomer. Importantly, the number of hydrogen bonds per
monomer unit is higher than that for aryl amides, therefore aryl urea backbones
can be relatively more rigid (Fig. 8.11). The increased rigidity is due to the inher-
ent presence of internal NH-S bonding. Amphiphilic aryl ureas prepared by one-
pot synthesis demonstrated potent antimicrobial activity against E. coli and B. sub-
tilis. A trimer displayed the most potency and specificity, with an MIC = 0.7
mg mL~L.

8.2.2.4 Antimicrobial meta-Phenylene Ethynylenes

meta-Phenylene ethynylenes (mPEs) with alternating polar/nonpolar functional-
ities induce leakage of calcein from large phospholipid vesicles [140, 172], most
likely due to the amphiphilic nature of the mPE in the extended conformation
(Fig. 8.4). The hydrophobicity of mPEs is tunable through the appendage of hy-
drophobic or hydrophilic functionalities onto the hydrocarbon scaffold. This tun-
ability modulates the affinity and selectivity of mPEs for bacterial phosphopilid
membranes. A 20-mer mPE with ethylamine functionalities appended to alternat-
ing backbone benzenes exhibited antibacterial activity against both Gram-negative
and Gram-positive bacteria, with an MIC = 25 pg mL~! for E. coli [139]. A mPE
composed of six repeat units was less potent (MIC = 50 ug mL™1) but was 20
times more selective than the 20-mer in hemolysis assays, which is comparable
to a highly active magainin II analog.

8.2.2.5 DNA-binding Peptoids

DNA has a highly-negatively charged ribophosphate backbone that can be readily
targeted by positively-charged compounds. The selective binding of a foldamer to
DNA can inhibit the transcription of the targeted gene. To enhance the transcrip-
tion of certain genes, the foldamer would need to bind the targeted DNA and re-
cruit the appropriate transcription machinery. Also, foldamers that can bind DNA
and transport DNA across the cell membrane into the cell (also known as trans-
fection) may serve as gene delivery systems for gene therapy.

Peptoids have been shown to bind plasmid DNA [71], and thus have poten-
tial as gene delivery systems. The distribution of basic side chains on peptoid
scaffolds can thus serve to bind DNA, while hydrophobic residues render amphi-
philicity and facilitate cell entry. A series of peptoids, with varying lengths, fre-
quency of cationic side chains, hydrophobicity, and side-chain shape, were devel-
oped to bind DNA bearing the firefly luciferase gene [71]. Many of these peptoids



8.2 Design Strategies

condensed DNA and protected DNA from nuclease degradation, although only a
single type of repeating triplet motif (cationic-hydrophobic-hydrophobic) was
able to cross the cell membrane and localize to the nucleus. Direct binding of
the peptoid to the target DNA was shown by gel mobility shift assays [71]. A 36-
mer peptoid showed the greatest degree of transfection in multiple cell lines in
the presence of fetal calf serum [71]. Electron microscopy revealed that the 36-
mer peptoid formed highly regular spherical structures (50-100 nm in diameter)
when condensed with DNA [71]. Importantly, the efficiency of peptoid-mediated
transfection is similar to the standard lipofection method with cationic lipids in
serum-free medium.

8.2.2.6 DNA-binding p-Peptides

A 14-helical f-peptide was designed to bind single stranded and duplex DNA [39].
One side of the 14-helix displayed three f*-hAsn residues to potentially form H-
bonds to the DNA bases. Positively charged f3*-hLys residues were incorporated at
the termini to potentially form ionic interactions with the negatively charged
backbone of DNA and the introduction of 3-hAla and 3-hPhe residues rendered
the amphiphilic character to the helix and facilitated nuclear entry (Fig. 8.12).
Circular dichroism and DNA-melting temperature measurements using UV-Vis
revealed a structured interaction occurring between the f-peptide and DNA. CD
spectra were characteristic of the f-peptide 14-helix, while signal changes were
apparent upon addition of DNA, demonstrating interactions between the f-
peptide and DNA. In the presence of f-peptide, melted DNA was unable to
reform back to a duplex, suggesting that f-peptide binding interferes with the
rewinding process.

8.2.2.7 Cholesterol Uptake-inhibiting p-Peptides

Cholesterol and dietary lipid uptake in the lumen of the small intestine is facili-
tated by integral proteins in the brush-border membrane (BBM), the so-called
scavenger receptors of class B (SRB) type I or II proteins [173]. Uptake occurs

BzhAsn
B[} hrx\sn H-bonding recognition site for bases
sn
BahAIa BehLys s]>Ionic interactactions with DNA backbone
ﬁ?’héAla
p°hAla p3hphe

Fig. 8.12 DNA-binding /i*-peptide.
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through the binding of carrier particles such as small unilamellar phospholipid
vesicles and mixed bile-salt micelles [173]. In liver and steroidogenic tissues, the
SRBI receptor protein binds high density lipoproteins (HDL) which is an impor-
tant pathway of cholesterol homeostasis and metabolism [174]. More specifically,
the SRBI receptor protein binds an amphiphilic a-helix motif on HDL [175]. Con-
sequently, amphiphilic helices that bind the SRBI receptor protein have been
shown to inhibit cholesterol and lipid uptake at the BBM [173, 175].

Short f-peptides (hexamers, heptamers, and nonamers) were designed to
mimic the amphiphilic helices of HDL, bind the SRBI receptor protein, and in-
hibit cholesterol absorption. Amphiphilicity of the f-peptides was rendered by
the presentation of functionalized f3*-hLys or f*-hSer side chains along one heli-
cal face, and hydrophobic residues (3-hVal, f3-hPhe, and $3-hAla) on the other
helical face two model assays were used to test the bioactivity (Fig. 8.13) [38].
One assay followed the transport of lipids and cholesterol or cholesteroyl esters
from unilamellar vesicles into BBM vesicles. The second assay tested uptake into
a monolayer of whole CaCO-2 cells. Three of six f-peptide designs were capable
of inhibiting cholesterol uptake into BBM vesicles, with ICs, values as low as 590
pg mL~!, compared with Human apolipoprotein A-I. Interestingly, among the f-
peptides tested, only those that could form 14-helices in MeOH demonstrated an
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Fig. 8.14 Major repeat of heparin and a heparin binding aryl amide.
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inhibitory effect on cholesterol uptake in either model. On the other hand, while
none of the previously tested «-peptide inhibitors induced effects in whole CaCO-
2 cells, a f-peptide nonamer decreased the absorption rate of radiolabeled choles-
terol to background levels (indicated by an increase in Ty, of cholesterol absorp-
tion rate from 102 min to 2.6 h). This suggested that the -peptide nonamer was
not susceptible to proteolytic degradation, unlike its o-peptide counterparts.

8.2.2.8 Heparin-inhibiting Aryl Amides

Heparin is a linear, highly sulfated polysaccharide composed of repeating 1-
iduronic acid and p-glucosamine units [176]. Heparin demonstrates anticoagu-
lant activity and has therefore been utilized therapeutically as a treatment for
thrombotic diseases [176, 177]. Due to the presence of multiple sulfate function-
alities, heparin carries an overall negative charge, and heparin is therefore recog-
nized by cationic peptides (such as antithrombin) bearing either consensus se-
quence XBBXBX or XBBBXXBX, where B is a basic amino acid residue and X is
any other amino acid residue [178]. Furthermore, it has been suggested that the
basic residues of heparin-binding peptides are localized on one face of either an
a-helix or f-sheet. While several potent heparin-binding peptides have been re-
ported [179-182], these still suffer the drawbacks of proteolytic instability and
limited bioavailability.

Oligomeric 1,3-disubstituted aryl amides have been designed to strongly inter-
act with heparin [183]. Aryl amides were designed to display appropriately spaced
cationic groups to bind the negative charges on heparin (Fig. 8.14). Molecular
dynamic simulations showed that binding was mostly attributed to ionic inter-
actions and that increasing positive charge increased heparin binding [183].
Chromagenic assay studies revealed the ability of aryl amides to compete with an-
tithrombin to bind full-length heparin and low molecular weight heparin analogs
(ICsp = 22.5 uM). Schild plot analysis revealed the designed aryl amide could in-
hibit heparin-antithrombin complex formation with dissociation constants in the
micromolar range (1.8-6.7 uM). Furthermore, the aryl amide designs could in-
hibit heparin induced clotting in activated partial thromboplastin time clotting as-
says with comparable efficacy to the clinically used heparin neutralization agent
protamine. Importantly, the aryl amides were determined to be nonhemolytic at
concentrations as high as 1 mM.
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Fig. 8.15 Aryl amide inhibitor of calmodulin.

8.2.2.9 Calmodulin-inhibiting Aryl Amides
Calmodulin is an attractive therapeutic target due to its implications in multiple
biochemical pathways such as metabolism, apoptosis, inflammatory responses,
muscle contraction, intracellular movement, short-term and long-term memory,
nerve growth and the immune response [184, 185|. Three residues at the i,
i+ 3, and i+ 7 positions of the smMLCK peptide are critical for CaM-binding
[186]. Recapitulation of similar functional groups onto the appropriate scaffold
may therefore yield potent and highly selective CaM-binding peptidomimetics.
Molecular modeling studies revealed that the arrangement of tert-butyl groups
on a thioether substituted aryl amide scaffold closely matched the arrangement of
hydrophobic residues presented by the helical CaM-binding peptide smMLCK
(Fig. 8.15) [187]. Modeling also showed that p-phenylalanine residues presented
on both ends of the aryl amide were adequately accommodated by the hydropho-
bic binding pockets of CaM globular domains [187]. Inhibitory concentrations
(K;) of the aryl amide inhibitors were determined through fluorescence polariza-
tion competition assays by titrating aryl amides against 1:1 complexes of CaM and
the high-affinity CaM-binding peptide mastoparin X (MaX). Addition of inhibitors
resulted in a shift of the maximum fluorescence emission from 327 to 341 nm,
indicating release of MaX from CaM. Aryl amides demonstrated inhibitory con-
centration in the nanomolar range with the most potent inhibitor having a
K; = 7.10 nM [187]. Experiments with 2-D(*H'N)-HSQC NMR also suggested
that the aryl amides bound CaM similarly to CaM-binding peptides smMLCK
and MARCKS, demonstrating that the designed aryl amides were suitable pepti-
domimetics though with limited solubility [187].

823
Modular Assembly

8.2.3.1 DNA-binding Oligoamides

DNA-binding oligoamides have been designed using the pairing rules discovered
through studies on Distamycin A [97, 98]: A-T base pairs are recognized by Py/
Hp; T-A base pairs by Hp/Py; C-G base pairs are recognized by Py/Im; and G-C
base pairs by Im/Py [97, 98, 100-103]. Single stranded oligoamides bind in an
extended fashion in the DNA minor groove [96, 188]. Covalently linking the oli-
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goamide strands into a hairpin increases the affinity and specificity of these
oligomers [103, 189-195]. Hairpin compounds typically retain the orientation
preferences of extended polyamides, aligning N to C with the 5’ to 3’ direction
of the closest DNA strand. The classic example of DNA-binding oligoamides is
the eight-ring hairpin, in which a y-aminobutryic acid serves as the linker (Fig.
8.16) [189, 191, 192]. Covalent linkage of complementary oligoamides connecting
the carboxyl terminus of one oligoamide to the amino terminus of another to cre-
ate a hairpin can result in an increase of DNA-binding affinities by 100-fold [189].
Eight-ring hairpins have been demonstrated to bind specific DNA sequences
(6bp) with affinities similar to that of DNA-binding proteins (Kp < 1 nM) [191].
Undesirable binding events of hairpin oligoamides, such as binding in the oppo-
site intended orientation to target DNA or binding in a 1:1 rather than the in-
tended 2:1 binding mode have been remedied by the introduction of an amino
substituent at the o-position of the y-aminobutryic acid turn [193] or f-Ala [195].

H-pin [111, 194] oligoamides have also been designed, whereby an alkyl chain
projecting from the minor groove is used to link oligoamide strands at the central
position (Fig. 8.16). The introduction of f-Ala into covalent linkers introduces
flexibility to the structure and can relax the curvature of oligoamides, yielding
molecules designed after homo-dimeric complexes to bind 11 base pair sequences
of DNA with subnanomolar affinities [104]. Tandem hairpin oligoamides [106,
108], in which two hairpins are covalently linked by a 5-aminovaleric acid linker,
bound specifically to 10 base pair sites.

Cyclic oligoamides [196, 197], in which the C and N termini of a hairpin have
been covalently linked, eliminated the possibility of extended binding (Fig. 8.16).
Such oligoamides have demonstrated higher affinities but lower specificities for
target DNA sequences compared with analogous hairpin molecules with the
same number of cationic groups.

Oligoamides can bind a multitude of specific DNA sites with affinities com-
parable to DNA-binding proteins [98]. The binding of oligoamides to pro-
moter sites on DNA have inhibited gene transcription by disrupting RNA poly-
merase activity. In particular, the suppression of 5S RNA transcription RNA
polymerase III has been achieved both in vitro and in cultured Xenopus kidney
cells by minor-groove binding oligoamides [198]. Transcription of HIV-1 has also
been inhibited through the binding of designed hairpin oligoamides to multiple
transcription factor binding sites within the HIV-1 enhancer/promoter site as re-
vealed by cell free assays [199]. The same oligoamides were able to halt viral rep-
lication by more than 99% in human blood lymphocytes by directly effecting viral
transcription without greatly affecting cell viability. Oligoamides have been de-
signed to target GC rich regions flanking CRE sites to inhibit Tax protein binding
and Tax transactivation in vitro [200]. Other oligoamides targeting GC rich se-
quences bound to a 4 base pair site typically cleaved by bacterial gyrase, thus pre-
venting strand cleavage at nanomolar concentrations [201]. The NF-xB hetero-
dimer, a transcription factor which binds in the DNA major groove, has been
inhibited by oligoamides that bind the minor groove opposite one of the mono-
mers [202]. Oligoamides conjugated with the tripeptide sequence Arg-Pro-Arg
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Fig. 8.16 Various types of DNA-binding oligoamides.

can interfere with major groove-binding DNA proteins by distorting DNA
through charge neutralization, occupying the major groove to cause steric inter-
ference, or binding the backbone phosphate. Such oligoamides were able to in-
hibit the major groove binding transcription factor GCN4 [203]. Gene expression
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has also been affected by oligoamides in Drosophila; oligoamides introduced into
food sources resulted in the noticeable gain and loss of certain phenotypes, dem-
onstrating the effectiveness of oligoamides in complex organisms [204].

Oligoamides have also been demonstrated to upregulate transcription, either
through the inhibition of repressor proteins or recruitment of transcriptional ma-
chinery. A hairpin oligoamide was able to block binding of the repressor 1E86,
upregulating the transcription of human cytomegalovirus MIEP [205]. Upregula-
tion of the HIV-1 promoter has also been achieved by oligoamide binding to the
repressor complex sequence in the HIV-1 long terminal repeat, effectively inhibit-
ing the human protein LSF, a protein involved in HIV-1 latency [206]. Oligoa-
mides have also been created which act as artificial transcription factors; a hairpin
oligoamide was linked to a 20-residue peptide activation domain by a 36 atom
straight-chain linker, resulting in activation of transcription in cell free assays
[207]. Appendage of an even smaller yet more potent peptide activation domain
was also achieved, resulting in even higher levels of transcription [208].

Hairpin oligoamides have been used to target specific DNA sequences in nucle-
osomal DNA complexes [209]. Accessibility to certain DNA sequences of the nu-
cleosome is dependent on the positioning and structural implications of the DNA
strand wound about 8 histone proteins. Results show that DNA base pairs fully or
sometimes partially facing away from the histone octamer are fully accessible
[209]. Oligoamides were shown to bind the nucleosome positioning sequence of
the sea urchin 5S gene with Kp ~ 1 nM, blocking heat-inducible nucleosomal
translocation and transcription by the T7 RNA polymerase [209].

8.2.3.2 Nucleotide-binding Peptide Nucleic Acids

Peptide nucleic acids have been primarily used to affect gene transcription, either
through enhancement or suppression. In general, transcription enhancement
mechanisms are more complex since activity not only relies on DNA binding but
also the recruitment of various agents needed by the transcriptional machinery
(i.e. transcription factors). The H-bonding pattern between PNA and DNA base
pairs is directly consequential to the binding mode. For instance, PNA can pair
with single stranded DNA to form hetero-duplexes which are bound together by
Watson—Crick base-pairing, while two PNAs can bind a single stranded DNA to
form a triple helix via a combination of Watson—Crick and Hoogsteen base pair-
ing. One PNA strand binds DNA via Watson—Crick pairing while the other PNA
binds the PNA-DNA heteroduplex via Hoogsteen pairing.

PNAs have been shown to inhibit transcription. A 15-mer homopyrimidine
PNA targeted to the IL2-Rx NF-«B binding site inhibited transcription factor
binding through strand invasion [210]. Transactivation was inhibited in wvitro
when the PNA was pre-incubated with the target DNA under low salt con-
centration prior to addition to nuclear extracts. Although direct addition of the
PNA to Hela cells did not inhibit NF-«B mediated transactivation, inhibitory
effects were evident up to 24 hours after introduction of preincubated PNA-
reporter plasmid complexes. Another strategy to block transcription has been
achieved through prevention of transcribed strand elongation. Binding of a
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homo-thymidine 10-mer PNA or a mixed sequence 15-mer to the template strand
of a G-free transcription cassette have been demonstrated to block site-specific pol
IT transcription elongation in vitro [211]. Binding of the 10-mer to RNA also
terminated reverse transcription and in vitro translation at the exact site of PNA
binding independent of RNase H activity. Furthermore, microinjection of the 15-
mer into the nucleus of cells expressing SV 40 T antigen inhibited T antigen ex-
pression. A homo-thymidine 10-mer has also been used to target the terminator
elements of three yeast class III genes, which are vital to RNA polymerase III
(pol III) recycling and thus transcription efficiency [212]. In vitro transcription
assays revealed nanomolar inhibition of the genes in supercoiled (but not linear)
plasmid constructs [212]. Furthermore, PNA concentrations that inhibited multi-
ple rounds of transcription had no effect on the absolute amount of RNA output
for a single transcription cycle, suggesting the inhibition of pol III recycling
caused by a strand invasion induced “roadblock” to the terminator. Unmodified
PNAs are capable of crossing the blood—brain barrier in rats upon intraperitoneal
injection [213]. Following intraperitoneal injection, PNAs that bind to the mRNA
and DNA of rat neurotensin receptor (NTR1) were demonstrated to inhibit gene
transcription and exert behavioral effects in rat specimens [213].

Peptide-linked PNAs have also been designed with antitranscriptional activities.
A 17-mer PNA with an appended nuclear localization signal (NLS) peptide
successfully localized to the nuclei of Burkitt’s lymphomas cells and caused
rapid down regulation (35% decrease in 7 h) of c-myc oncoprotein expression
[21]. Peptide-linked PNAs have also been used to inhibit the expression of human
caveolin 1 in both cultured Hela and primary endothelial cells [26]. A 9-mer
PNA conjugated to a nitrogen mustard suppressed HER-2/neu oncogene expres-
sion by 80% in intact HeLa cells [27]. Appendage of an alkylating agent presum-
ably facilitates strand invasion and ultimately stabilizes triple helix formation.
A trifunctional PNA-peptide-diethylenetriamine conjugate showed sequence-
specific RNA cleavage in vitro and has potential as an artificial cell-penetrating ri-
bonuclease [25]. A PNA prodrug complementary to the hepatic human microso-
mal triglyceride transfer protein (huMTP) is rapidly internalized by HepG2 cells
due to the appendage of GalNAc sugars [22]. Also, the PNA conjugates accumu-
late in the parenchymal liver cells of mice to a far greater extent than nonconju-
gated PNAs following intravenous injection. The MTP mRNA levels in HepG2
cells was consequently down regulated by 35-40% at 100 nM.

PNAs have been demonstrated to act as artificial transcription promoters in
vitro [214, 215] and in vivo [215, 217]. RNA polymerases and transcription factors
initiate transcription through sequence-specific recognition of 12 base pair
loop structures at the promoter sites of partially melted double stranded DNA
(dsDNA). Similar loop structures evolve upon binding of PNAs to dsDNA, as the
resulting (PNA),-DNA complexes display stable D-loop structures on the tem-
plate strand resembling those of transcription initiation sites [78, 87]. Loops
formed by strand invasion of homopyrimidine PNAs are recognized by RNA poly-
merase which can initiate transcription at PNA-binding sites with efficiencies
comparable to that of the robust E. coli lacUV5 promoter [214]. However, the use
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of PNAs as gene promoters in vivo has been limited due to impaired cell delivery.
Induction of the y-globin gene, a therapeutic target for sickle cell anemia, has
been achieved both in vivo and in vitro according to studies with reporter gene
constructs [215]. Induction of the endogenous gene was achieved in K562 human
erythroleukemia cells after introduction into cells by electroporation. Also, PNA
length-dependence studies demonstrated that PNAs 14-20 nucleotides long can
induce high levels of transcription in a HeLa nuclear extract in vitro transcription
system [216]. Furthermore, transfection of these same PNAs bound to GFP re-
porter gene plasmids into human normal fibroblast (NF) cells could induce GFP
translation in vivo.

The RNA component of the ribonucleoprotein enzyme complex human telo-
merase is accessible to incoming nucleic acids, and has thus been recognize as a
suitable anticancer target. The RNA component of telomerase has previously
been targeted by complementary DNA [217], phosphorothioate DNA [218], and
2’-O-methyl RNAs [219], however the inhibitory efficiency of these agents was
limited by poor sequence selectivity and bioavailability. Therefore, peptide nucleic
acids designed to complement the RNA component of telomerase may provide an
alternative with more desirable pharmacokinetics.

Dose-dependent reduction of telomerase activity in cell extracts, tumors, and
permeabilized cells has been demonstrated by PNAs [220]. Assays with HMES50-
5 cell extracts revealed several PNAs of 11 with nanomolar ICs values (0.9-10
nM). The most potent inhibitor also showed an ICsy of 50 nM towards permeabi-
lized cells. In comparison to control phosphorothioate DNA oligomers, PNAs
demonstrated 10-50-fold increase in binding affinity and increased sequence spe-
cificity. The appendage of cationic peptides to 11-mer and 13-mer PNAs were
shown to increase cell permeabilization in pretreated melanoma cells, with ICsg
values in the submicromolar range (360 nM) [221].

8.2.4
Grafting Bioactive Functionalities onto Scaffolds

8.2.4.1 Protein—protein Interaction-inhibiting f-Peptides
Protein p53 is a transcriptional activator critical for stress-induced cell cycle arrest
and apoptosis [222]. The overexpression of hDM2 in cancer cells results in un-
checked cell growth [223], and is therefore an important target for anticancer
therapy. The protein hDM2 inhibits p53 transcriptional activity by binding the
P53 transactivation domain [224], exporting p53 from the nucleus [225], resulting
in ubiquitination of p53 and subsequent degradation [226, 227]. The binding in-
terface between p53 and hDM2 is well characterized. Three hydrophobic residues
of the o-helical activation domain of p53 (F19, W23, L26) are key for hDM2 bind-
ing [228, 229]. a-Peptide inhibitors of hDM2 based on the a-helical activation do-
main of p53 have been reported to induce apoptosis in tumor cells overexpressing
hDM2 in vivo [230].

The protein-protein interaction hDM2-p53 has been targeted by p-peptides
[40-44]. Recapitulation of the three key hydrophobic side chains one turn apart
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Fig. 8.17 An hDM2-inhibiting f-peptide £53-1.

on a f-peptide 14-helix scaffold as shown to have good overlap with the p53 acti-
vation domain bioactive side chains as determined by computational methods
(Fig. 8.17) [40]. The designed f-peptide, 53-1, adopted a 14-helix structure as
determined by CD and NMR [40]. Fluorescence polarization studies showed that
$53-1 bound directly to hDM2 with submicromolar affinity (Kp = 368-583 nM),
only 1.6-2.5-fold lower in affinity than an a-peptide analog of the p53 activation
domain. 53-1 also competed with a p53-derived peptide for the hDM2 binding
site, displacing the peptide with an ICsq of 94.5 + 4.4 uM [40]. $53-1 variants
which displayed altered orientations of °>-hPhe, f*>-hTrp, and *-hLeu side chains
demonstrated the importance of these residues for binding affinity and specificity
[40].

Combinatorial libraries of f-peptides have also been created to screen antago-
nists of the p53-hDM2 interaction [43, 44]. An efficient synthesis of a 14-helical
f-peptide library on polystyrene macrobeads has been achieved using microwave
irradiation, yielding an inhibitor containing cyclically-constrained residues with
an ICsg of 250 uM [44]. Another library that was created using modified peptide
synthesis solid phase protocols resulted in a f-peptide with an inhibitory potency
nearly 8-fold greater than 53-1 [43].

14-Helical inhibitors have also been designed to target the N-terminal region of
GP-41, a protein implicit to HIV viral fusion to host cell membranes [45]. Three
residues comprising the WWI domain of the GP41 C terminus (Trp628, Trp631,
and Ile635) were presented on short 14-helical scaffolds consisting of /*-amino
acids (Fig. 8.18). Fluorescence polarization studies demonstrated four inhibitor
designs that bound to a GP-41 based model peptide system with micromolar af-
finity (0.75-2.4 uM), which is comparable to the highest affinity o-peptide of sim-
ilar size (1.2 pM). The inhibition was also specific for targeting GP41 over car-
bonic anhydrase II and calmodulin, two proteins that interact with hydrophobic
helices. Inhibitor designs were shown to inhibit cell fusion in vivo, with ECs, val-
ues in the micromolar region (5.3-27 pM).

Human cytomegalvirus (HCMYV) viral fusion and cell entry is another thera-
peutic target [231-233] that has been inhibited by f-peptides [49]. HCMV re-
quires interaction between the helical components of two proteoglycans, gB and
gH, which presumably bind one another through a coiled-coil [234]. 12-Helical -
peptides were designed to display a series of nonpolar side chains with a spacing
similar to coiled coils to mimic the gB heptad and bind gH. Cell-based assays
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Fig. 8.18 f-Peptide inhibitors of GP-41.

showed that the f-peptide induced inhibition of HCMV with greater potency than
the a-peptide model (ICso = 30 pM) [49].

8.2.4.2 Protein—protein Interaction-inhibiting Peptoids

Using structure-based design, several peptoids were designed to target hDM2
[235]. Three peptoids designed to form a right-handed type-I polyproline helical
conformation were found to weakly bind the N-terminal domain fragment of
hDM2 (Fig. 8.19) [235]. Synthetic modifications to the side chains to enhance
water solubility and improve hydrophobic and nonhydrophobic contacts resulted
in a peptoid decamer with improved binding affinity that competed against a pep-
tide analog of the N-terminal region of p53. The ICs, for the peptoid was only ap-
proximately 2-fold higher than the p53 peptide (6.6 pM versus 3 pM). However,
hydrophobic peptoid side chains that mimicked the Phe, Trp, and Leu of p53
may not be limited to binding in the nonpolar cleft of hDM2 based on computer
generated models [235]. Interestingly, achiral peptoid designs were found to bind
hDM2 with higher affinity than helical peptoid designs, indicating that the helical
sense may not be important for binding hDM2.
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8.2.4.3 Terphenyl Helix Mimetics

The binding epitopes of o-helices are typically found along one face of the helical
axis, involving functional side chains at i, i + 3, and i + 7 positions. The spatial
arrangement of functionalities on two o-helical turns can be closely recapitulated
onto tris-functionalized 3,2’,2”-terphenyl scaffolds in a staggered conformation
[142-146]. Terphenyls displaying hydrophobic functionalities have been designed
to mimic the o-helical domain of smooth muscle myosin light chain kinase
(smMLCK), a calmodulin (CaM) binding peptide [142]. Calmodulin is a ubiq-
uitous and highly-conserved protein that mediates intracellular Ca?* levels,
affecting the activity of regulatory proteins such as kinases and phosphatases
and thereby regulating a diverse array of biochemical processes. An enzymatic as-
say revealed that the terphenyl compound inhibited the phosphodiesterase activ-
ity with an ICsy of 80 nM; this is only a 10-fold decrease in affinity compared with
the 20-residue smMLCK control peptide.

Proteins belonging to the B-cell lymphoma -2 (Bcl-2) family are important de-
terminants of apoptosis, or programmed cell death [236]. Overexpression of the
anti-apoptotic Bcl-x; protein has been demonstrated to decrease the efficacy of
anticancer drugs [237]. Bcl-x; activity is mediated by binding of pro-apoptotic pro-
teins such as Bad- and Bak, which occurs through interactions between o-helices
of Bad (or Bak) and o-helices on Bcl-x; [238]. Helical mimetics of the Bad or Bak
would inhibit Bcl-x;, and may serve as anticancer therapeutics. Initial designs us-
ing the terphenyl scaffold displayed aryl or alkyl substituents at the ortho posi-
tions in addition to carboxylate moieties at either end to electrostatically interact
with the positive charge on Bcl-x; (Fig. 8.5). Fluorescence polarization studies
showed that the terphenyl compound bound within the hydrophobic cleft of Bcl-
xp with nanomolar affinity (Kp = 114 nM) [143]. Similar derivatives showed in-
crease selectivity for disrupting Bcl-xL-Bak over hDM2-p53 interaction. Treatment
of whole human embryonic kidney 293 (HEK293) cells with the terphenyl deriva-
tives demonstrated the inhibition of Bcl-xL binding to Bak in vivo [144].

Potent terphenyl-based activators of the pro-apoptotic protein p53 have also
been described [145, 146]. Helix mimetics were able to inhibit mDM2-p53 bind-
ing in an ELISA assay with [Csg values in the micromolar region (10-20 uM). The
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terphenyl designs also induced p53 accumulation and activation in cultured
HCT116 cells with ICsg values in the micromolar region (15-40 pM).

There is an inherent limitation to the solubility of terphenyls due to the hydro-
phobic nature [147]. To improve the water solubility, the two flanking phenyl
groups of terphenyls have been replaced with two functionalized carboxyamide
groups to give terephthalamide derivatives (Fig. 8.5) [147]. Terephthalamide ana-
logs designed to inhibit the Bcl-xL/Bak interaction exhibited high in vitro activity
[147, 148]. Fluorescence polarization studies revealed an analog with submicro-
molar activity (K; = 780 nM) [147, 148|. In vivo inhibition by terephthalamides
was also demonstrated against intact HEK293 cells [148].

8.3
Outlook and Future Directions

The ideal bioactive foldamer needs to be target-specific with high bioavailability,
and synthetically readily accessible. Early research efforts on foldamers have
mainly focused on synthesizing novel backbones and discovering their three-
dimensional structural determinants. Building on these pioneering studies, fol-
damers are now being developed for applications in material science and pharma-
ceutics. Early investigations in organic solvents have been important first steps in
understanding the structural characteristics of many foldamers. Studies of fol-
damers in aqueous environments have paved the way for the introduction of bio-
activity and for the future development of foldamer pharmaceutics. Accordingly,
numerous examples of bioactive foldamers involving several strategies have been
discussed in this chapter. Most of these bioactive foldamers have been patterned
after known bioactive peptides or oligonucleotides. The foldamer scaffolds have
provided more desirable bio-availability over the parent biopolymer for most
cases, however the bio-availability of bioactive foldamers remains far from ideal
compared to small molecule drugs. Nevertheless, higher bioactivity and specific-
ity for the foldamer has been observed in some cases compared with the parent
biopolymer. It seems that the next strategic challenge for developing bioactive fol-
damers will be the de novo discovery of bioactivity either through structure-based
design or combinatorial methods.
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9
Protein Design

Jean-Luc Jestin and Fréedeéric Pecorari

9.1
Introduction

Most natural proteins are not adapted to our needs for therapeutic or even bio-
technological uses. The challenge of protein design is to define efficient and
comprehensive ways for the identification of new or improved proteins with the
required properties. The design of new proteins relies on sequence-structure—
function relationships and is limited by our partial knowledge of the protein fold-
ing mechanism. But as we will see in this chapter, creating new proteins or pro-
teins with desired properties is clearly possible.

A striking characteristic of natural proteins is that they are able to adopt a
folded state despite their very high sequence diversity. About one thousand differ-
ent folds are known. Natural proteins constitute the richest family of folded mol-
ecules. When targeting specific functions and applications, non-natural folded
proteins are of obvious interest. They can be created by protein engineering
thanks to their plasticity using diverse strategies including mutagenesis (random
mutagenesis, recombination or site-directed mutagenesis making use of struc-
tures and models), domain fusions and sequence-activity relationships deriving
from natural and directed evolution.

This widely applied strategy aims to explore the potential benefit of natural pro-
teins. There is an advantage in knowing the protein’s three-dimensional struc-
ture, as modifications can be introduced rationally into the protein while trying
not to destroy its foldability. This predictive approach can be used to change li-
gand or reaction specificities, or to increase stability, for example. New proteins
can be also designed by combining several natural proteins or their functional do-
mains in one polypeptide chain. Although many successes have been reported
with rational approaches to protein design, it remains very difficult in many cases
to make drastic changes to a protein. Thus, with the development of powerful
molecular biology tools, the combinatorial approach has progressed remarkably
during the last 15 years. The principle is to introduce mutations in the gene of
interest and create large collections of variants of the encoded protein. The result-
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Table 9.1 Comparison of the properties of selection versus screening.

SELECTION in vivo or in vitro SCREENING
1 Analysis in parallel in series
2 Number of variants analyzed 106 to 1013 103 to 108
3 Substrate quantities required ug to mg g
4 Isolated variants selected population one or a few

ing library is then screened or selected to identify clones with the desired prop-
erty. Several rounds of random mutagenesis and of screening or selection can be
conducted in order to obtain variants with better properties (Table 9.1). Such pro-
cesses represent an accelerated mimicry of the natural evolution of proteins, since
there is a generator of variability associated to a selection pressure (Fig. 9.1).
These approaches make general use of the link between the genotype (the gene
which can be amplified and sequenced) and the phenotype (the protein’s func-
tion) (Fig. 9.2). The most efficient way to achieve the expected result is to com-
bine the predictive and combinatorial approaches in order to target randomiza-
tions in only a part of the protein, for example the active or binding site. The
idea is to minimize perturbation of the folding and stability of the protein. It has
therefore been possible to obtain new proteins with desired properties and muta-
tions that would have been impossible to predict.

Directed protein evolution

Protein library

108 to 10"3
Amplification Screening
Transcription or
Translation selection

Selected proteins

Sequencing of corresponding genes
Biochemical characterisation

Characterised proteins

Fig. 9.1 The evolution of protein libraries of
more than 10° proteins can be directed
experimentally by screening or by selection.
To enrich the population of variants in
proteins of interest, several cycles of
selection of proteins and of amplification of

their genes are necessary. An evaluation of
the number of cycles required can be
estimated by measuring enrichment factors
[80]. Amplifications may also be mutagenic,
thereby generating new libraries from a
selected population of proteins of interest.
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Phage ~@=pec
Ribosome ‘v‘e

mRNA

Cur

Fig. 9.2 Scheme of several combinatorial Selections are generally done by binding to a
tools for selections. A physical entity ensures  ligand immobilized on a solid surface to
the link between phenotype (protein = blue) facilitate washings. After each round of
and genotype (gene = green). It can be selection, the binders of interest are
phages, cells, ribosomes or puromycin amplified via cell multiplication, phage
molecules for example. These systems allow propagation, or PCR depending on the
firstly the isolation of proteins according to method of selection used. Finally, after
their function from a library of proteins and several rounds of selection, the selected
secondly the characterization of selected variants are isolated, analyzed for the desired
proteins by amplification and sequencing of properties, and their sequence identified.

the corresponding genes linked to it.

After several decades of protein folding studies, it is still a real challenge to
design fully de novo proteins. Using rules deduced from sequence—structure—
function relationships for natural proteins, some proteins with simple folds,
such as a four helix bundle fold, have been successfully designed de novo.

In this chapter key challenges in protein engineering will be reviewed focusing
on the strategies used to isolate a protein with the desired properties. Strategies
that make use of natural scaffolds, of domains, of secondary structures, of altered
amino acid alphabets and strategies that do not make use of known protein se-
quences will be addressed here.

9.2
Design of Proteins from Natural Scaffolds

The simplest strategy to design active proteins is to start from proteins with sim-
ilar functions or from proteins with known folds and to introduce insertions,
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deletions or substitutions using amino acids from the standard genetic code. In
this case, the idea is to keep the foldability of a protein that has been naturally
selected during evolution while introducing targeted substitutions into the pro-
tein to change its specificity. This strategy makes the assumption that the fold-
ability and the stability of a protein are robust enough to support quite a high
mutational load. The use of screening or selection tools is often powerful enough
to eliminate variants that are not folded.

9.2.1
Design of Enzymes

9.2.1.1 Grafting Catalytic Sites in Proteins
A catalytic site with a triose phosphate isomerase activity was grafted onto a ri-
bose binding protein [1]. Computational design was used to create a substrate
binding site and to position catalytic residues at the active site. Finally, a powerful
in vivo selection in E. coli allowed the isolation of active variants with rate en-
hancements of 10° to 10° when compared to the uncatalyzed reaction.

Similarly, by combining in silico modeling of protein insertions and deletions
with in vivo selection of variants for antibiotic resistance allowed a metallohydro-
lase to be converted into a cefotaxime hydrolyzing enzyme [2].

9.2.1.2 Endowing Enzymes with Two Catalytic Activities in a Single Domain
Endowing an enzyme with two catalytic activities was achieved using sequence—
catalytic activity relationships or using sequence—-structure—catalytic activity rela-
tionships [3]. Recent experiments tend to show that the simplest strategy to
enlarge the spectrum of catalytic activities of a polypeptide may be to direct its
evolution towards a new catalytic activity (Fig. 9.2).

Directed evolution of a library of more than 107 Thermus aquaticus DNA-
polymerase I mutants by in vitro selection for RNA-dependent DNA-polymerase
activity (Fig. 9.3) yielded the isolation of DNA polymerase variants that copy both
DNA and RNA with similar catalytic efficiencies [4]. This result is astonishing
as the experimental evolution procedure did not include a selection for DNA-
dependent DNA-polymerization.

In another study, 2 x 10° T. aquaticus DNA polymerase I mutants within the
highly conserved motif A were selected in vivo for the wild-type activity, DNA-
dependent DNA-polymerization. Screening of selected clones for DNA-dependent
RNA-polymerization activity allowed the identification of variants with a 103-fold
greater ribonucleotide incorporation efficiency than that of the wild-type enzyme.
Ribonucleotide incorporation was still up to ten-fold less efficient than deoxyribo-
nucleotide incorporation [5]. Direct selection for RNA-polymerization using
phage display allowed the isolation of a variant of the Stoffel fragment of T. aqua-
ticus DNA polymerase [ with similar catalytic efficiencies for RNA- and DNA-
polymerization on DNA templates. These catalytic efficiencies were found to be
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S

Fig. 9.3 In vitro selection for catalytically
active proteins using phage display. The in
vitro selection for enzymes includes a
selection for foldability. An unfolded
polypeptide (yellow), a folded polypeptide
with a low catalytic activity (green) and a
folded polypeptide with a high catalytic turn-
over (blue). Substrates are coupled to
purified phage particles. The in vitro selection
for catalysis relies on isolation by affinity
chromatography for the product bound to
phage-enzymes. If the polypeptide is
unfolded or inactive, the substrates will not
be converted to products; no particles will be

purified by affinity chromatography. If the
polypeptide has a low catalytic activity, the
phage particle will not be isolated efficiently
by affinity chromatography for the product. If
the polypeptide has a high catalytic turn-over,
multiple substrates are converted into
products. Because of the chelate effect, this
phage particle derivatized by multiple
products will be efficiently isolated by affinity
chromatography. The genes encoding active
enzymes are located within the phage
particles. This strategy can be applied to
libraries of more than 107 variant enzymes.

less than ten-fold lower than that of DNA-dependent DNA-polymerization of the

wild-type Stoffel fragment [6].

9.2.1.3 Grafting Allosteric Sites to Regulate Enzyme Activity

Regulation of an enzyme’s activity was achieved by introducing mutations that al-
lowed the binding of chosen ligands which could act as regulators.

Libraries of beta-lactamase variants with mutations in loops surrounding the
catalytic site were constructed and allowed the isolation of lactamases binding var-
ious proteins such as streptavidin, ferritin, beta-galactosidase or antibody frag-
ments [7]. This approach has been used as a method to titrate an antigen (the
prostate-specific antigen, PSA) in solution by measuring the lactamase activity.
In fact, the enzyme was engineered so as to bind an anti-PSA antibody fragment,
forming a complex which was found to inhibit the enzymatic activity by 90% [8].

In another report, beta-lactamase was inserted randomly within a maltose-
binding protein. The fusion proteins were selected for ampicillin resistance. Fur-
ther screening for maltose-dependent activity allowed the isolation of lactamase
variants with a 600-fold improved rate in the presence of maltose [9].
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9.2.2
Design of Binding Proteins

The key points in designing binding proteins are (i) to choose a starting protein
that will be used as a scaffold on the basis of its favorable biophysical properties
and (ii) to define a mutagenesis scheme that will allow generation of the new
binding property while minimizing negative effects on the foldability of the pro-
tein. It has been known for a long time that proteins can tolerate mutations, es-
pecially if mutated amino acids are located at their surface [10].

Antibodies, in particular their variable domains, are among the most studied
proteins as they exemplify how a protein can show extraordinary adaptability to
bind very different kinds of ligands, such as proteins, peptides, nucleic acids, sug-
ars, etc. In antibodies, the scaffold is constituted of f-strands that are connected
by six loops. These loops are highly variable in length and in sequence from anti-
body to antibody and provide the diversity needed for binding the ligand, while
the immunoglobulin fold remains constant. Many attempts have been made to
recreate this concept in vitro with antibodies. A study involving randomization of
the most significant loop for antigen-binding and diversity (CDR-H3) [11] opened
the door to fully synthetic libraries of antibodies. In this work, the authors
showed that the randomization of one loop followed by selections by phage dis-
play was sufficient to convert an antibody specific for the human tetanus toxicoid
antigen into antibodies specific for fluorescein. This approach was then extended
to several loops [12, 13, 14]. With these libraries it was possible to isolate new
antibodies with desired specificities for various ligands, often with dissociation
constants in the nano- or even picomolar range.

Unfortunately, antibodies or their derivative fragments are often difficult to pro-
duce because of their molecular complexity and/or their stability which do not
make them ideal molecules for nontherapeutic applications. For these reasons, al-
ternative methods have been developed using other natural proteins engineered
via a combinatorial mutation/selection approach. The aim was to challenge anti-
bodies for their favorable properties while removing their disadvantages. Many
projects have been undertaken during the last decade in this field and we will
only focus on those where a three dimensional structure is available for binders
generated from a designed scaffold alternative to antibodies.

The staphylococcal protein A is a bacterial receptor that binds the Fc region of
immunoglobulin G. It has repetitive subunits of about 58 amino acids that are
individually folded into a three-helix bundle (Fig. 9.4A), that is highly soluble
and stable. Isolated domains, such as the Z-domain, were shown to tolerate mul-
tiple amino acids substitutions at the binding area involved in Fc recognition [15].
Combinatorial libraries corresponding to the randomization of thirteen residues,
located into two a-helices of the Z-domain at the binding surface, were used for
selections against three different proteins [16]. This work showed that the bind-
ing specificity of the Z-domain was changed from Fc to Taq polymerase, insulin
or apolipoprotein recognition. Circular dichroism experiments indicated that
these engineered binders (called affibodies) had a secondary structure similar to



Fig. 9.4 (A) Superimposition of structures of
a complex Zspp affibody-ligand (PDB ID:
1LP1) (blue) and of wild-type protein Z
domain (PDB ID: 1Q2N) (green); ligand
(yellow). (B) Superimposition of structures of
a complex FIuA anticalin-ligand (PDB ID:
1NOS) (blue) and of wild-type bilin binding

9.2 Design of Proteins from Natural Scaffolds

ligand (3.24 binder) (PDB ID: 2CBO) (blue)
and of wild-type neocarzinostatin (PDB ID:
1NCO) (green); ligand (yellow) (testosterone
hemisuccinate). (D) Superimposition of
structures of a complex designed ankyrin-
ligand (PDB ID: 1SVX) (off7 binder) (blue)
and of a wild-type ankyrin (PDB ID: 1AP7)

(green); ligand (yellow) (maltose binding
protein).

protein (PDB ID: 1BBP) (green); ligand
(yellow) (fluorescein). (C) Superimposition of
structures of a complex neocarzinostatin-

the native Z-domain suggesting that their fold is similar. Initial affinities obtained
were in the micromolar range. With an affinity maturation step, via random sub-
stitution of six residues and a new selection, it was possible to obtain binders with
dissociation constants around 40 nM, against the Taq polymerase [17] which is
similar in strength to the association of the parent staphylococcal protein A with
the Fc fragment. Binders with affinities in the nanomolar range were also ob-
tained against several other protein targets such as the extra cellular domain of
the HER2 receptor [18] with dissociation constants as low as 22 pM [19]. The con-
cept of re-directing the specificity of a natural protein was thus clearly demon-
strated in this case. However, the foldability of the resulting binders was not
demonstrated. To answer these questions structural studies were undertaken for
several affibodies, either alone or in complex with their respective partner, by
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NMR [20], [21] and by X-ray crystallography [22]. The structures for the binder
Zspa revealed that its interaction surface has some characteristics comparable
to those observed in antibody-protein complexes (size of the surface area and hy-
drogen bonding sites) [22] and ten of the thirteen randomized residues were
indeed interacting with the target. However, these structural data [20] and bio-
physical characterizations [23] showed that uncomplexed affibodies behave like a
molten globule and that folding occurs upon binding to the target protein. By
contrast, it was shown that other affibodies (Z1,q and anti-Zr,q) were well struc-
tured, folded even uncomplexed [21] and had higher melting temperature than
for Zspaq [24]. These studies showed that individual structures of affibodies are
superimposable, indicating that the scaffold of the wild-type Z-domain was pre-
served after mutagenesis, at least in the complex. However, for the same scaffold,
the assumption that foldability is retained after surface substitutions have been
made, was verified in one case and not in the other. This suggests that selection
for a binding property does not mean selection for foldability, at least for the iso-
lated binders.

The bilin-binding protein, a member of the lipocalin protein family has been
recruited as a scaffold for the development of new affinity reagents called “antica-
lins”. This protein of 174 amino acid residues folds into a f barrel with eight
strands connected by loops which are involved in the binding of biliverdin (Fig.
9.4B). These loops indeed form a rather wide and shallow pocket for the hapten.
Libraries of lipocalin mutants were created by randomization of sixteen residues
distributed across four loops and were used for selection against several low mo-
lecular weight compounds. Binders were obtained by phage display with dissoci-
ation constants of 35 nM and 295 nM for fluorescein [25] and digoxigenin [26],
respectively. The affinity was further improved with a resulting dissociation con-
stant of 12 nM for digoxigenin after an affinity maturation step [27] and 1 nM for
fluorescein by rational design [28]. Biophysical characterization of one mutant by
circular dichroism showed that some of the residues in a S-strand and o-helical
conformation were the same as those deduced from the crystallographic structure
of the parent protein. A structural study of the mutant FluA in complex with flu-
orescein further supported the idea that lipocalin can be mutated in the targeted
loops without significantly disturbing its overall conformation [29]. Indeed, the
major perturbations were observed in the loops. Hence, the foldability of the re-
sulting variants was similar to the wild-type lipocalin.

Neocarzinostatin, an enediyne-binding chromoprotein of 113 amino acids con-
sists of seven f-strands forming a f-sandwich, an architecture similar to anti-
bodies (Fig. 9.4C). However, the binding of the chromophore, a small organic
compound, involves thirteen amino-acids that constitute a binding pocket. To ex-
plore the potential of this pocket to bind other haptens, several libraries corre-
sponding to randomization of up to thirteen residues were created and used for
selection by phage display [30]. Variants able to bind specifically testosterone have
been isolated. These binders showed nanomolar dissociation constants for strep-
tavidin bound testosterone and micromolar Kp values for the free soluble form of
testosterone. Thus, it is possible for this scaffold to change its recognition proper-
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ties to bind an unrelated ligand. The three dimensional structures of several mu-
tants were obtained to understand the structural basis of the testosterone recogni-
tion [31]. These studies revealed that indeed the structure for the binder 3.24 was
retained in the free and complexed forms. Uncomplexed binders 1a.15 and 4.1
were found to have the same structure as the wild-type protein, while they formed
dimers when complexed with the ligand. Hence, the foldability of the neocarzi-
nostatin was also retained after massive randomization of its amino acids.

Some proteins such as ankyrins are composed of several repeated motifs. A
modular approach to library construction has been performed using these kinds
of motifs. In ankyrins the repetitive structural units consist of twenty to forty
amino acids folded in a S-turn and two o-helices. In contrast to other described
scaffolds, for which a strictly natural protein was used as a starting point for li-
brary construction, the authors first designed self-compatible repeat modules
[32], [33] by consensus analysis of naturally existing ankyrin repeats. Biophysical
studies showed that this strategy produced well expressed, soluble, stable and
folded proteins [34]. The three dimensional structure of a consensus ankyrin,
with three central repeats and two N- and C-terminal caps, showed that the de-
signed ankyrin retained the fold of natural ankyrins [35]. Hence, using the con-
census sequence libraries were constructed with two or three randomized ankyrin
repeat domains comprising six diversified residues [33]. These libraries were used
for selections by ribosome display. Binders with nanomolar dissociation constants
were obtained for maltose binding protein, two eukaryotic protein kinases [36]
and a bacterial kinase [37]. The three dimensional structures of two binders, in
complex either with maltose binding protein [36] (Fig. 9.4D) or aminoglycoside
phosphotransferase [38], were obtained. These structures further confirmed that
foldability was retained for the binders compared to wild-type ankyrins.

9.3
Design of Proteins from Building Blocks

9.3.1
Design of Proteins from Structural Domains

Foldability is a molecular property that can be selected for and this allows the iso-
lation of stable structural domains. The methods for the isolation of these do-
mains and their applications are highlighted below.

9.3.1.1 Methods for the Identification of Stable Structural Domains

Powerful tools for the identification of stable structural domains are in vitro selec-
tion for folding or in vitro selection for improved stability [39]. These methods
allow the isolation of rare structural domains among large repertoires of more
than 107 protein sequences. They are represented for two types of proteins, those
that fold into a stable structural domain and those that do not fold (Fig. 9.5).
These strategies make use of the display of proteins on phage or on the ribosome
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Fig. 9.5 Folded domains can be selected for
in vitro by phage display, which establishes a
link between a protein and the corresponding
gene (thick line): the protein is displayed on
the surface of bacteriophage particle
(Inovirus) by fusion with a phage coat protein
such as protein p3. The phage tips are
represented. (A) A folded domain (rectangle)
or an unfolded polypeptide (thin line) is
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only domain D3 of p3 are not infectious and
are counter-selected. Phage particles with the
three domains of p3 are infectious, thereby
allowing the corresponding gene to be
amplified in E. coli. (B) A folded domain
(rectangle) or an unfolded polypeptide (thin
line) is inserted between protein p3 and an
affinity tag ‘a’. Digestion by a proteolytic
enzyme cleaves the unfolded polypeptide and
releases the affinity tag in the solution.
Affinity chromatography for the tag ‘a’ allows
the isolation of folded domains and of their
genes.

so as to establish a link between the phenotype (the folded or unfolded domain)
and the genotype (the corresponding gene which can be amplified) [40, 41]. Pro-
teolytic digestion of unfolded domains is coupled to loss of infectivity of the
phage particle, thereby preventing its recovery after infection of E. coli. In analo-
gous methods, proteolytic digestion of unfolded domains is coupled to release of
an affinity tag, preventing the recovery of the phage particle by affinity chroma-
tography for the tag [42].

9.3.1.2 Identifying New Folds and New Topologies
The in vitro selection using phage display described in the previous section was
applied to a library of about 3 x 10”7 random DNA fragments of the E. coli ge-
nome. 124 unique fragments were found to be resistant to trypsin which cleaves
the polypeptide chain at arginine and lysine residues. About two-thirds of the
fragments also displayed resistance to the protease thermolysin, which cleaves at
aromatic and aliphatic amino acids [42]. This method for identification of struc-
tural domains should be useful for structural genomics studies either by NMR
which requires small folded domains or by crystallography as crystallization can
be improved by removal of the flexible regions in proteins.

A new fold was also identified using the same in vitro selection strategy. A li-
brary of random fragments of about 40 amino acids in length from E. coli were
fused to the N-terminal half of the cold shock protein A from E. coli and yielded
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after selection a fusion with a C-terminal fragment of the ribosomal protein S1
[43]. The protein’s architecture was found to be a unique six-stranded beta-barrel
that assembles to form a tetramer [44].

Enzyme topology was also altered: in the case of Methanococcus jannaschii cho-
rismate mutase, the quaternary structure of the protein was changed from a
dimer into a monomer. The catalytic activity as measured by the kinetic parame-
ters was found to be similar for both the dimeric and the monomeric enzymes.
This method relies on the introduction of dimer destabilizing mutations and on
in vivo selection of active enzymes [45].

9.3.1.3 Combining Domains

Given two domains A and B, domain fusions found in nature occur mainly in a
single orientation AB or BA. It was estimated that both orientations (AB and BA)
domains appear in only about 2% of the cases [46].

Fusion of domains can be used to endow catalysts with new functions. For ex-
ample, thermostable DNA-dependent DNA-polymerases such as family A T. aqua-
ticus DNA polymerase [ or family B Pyrococcus furiosus DNA polymerase were
fused to a thermostable protein binding double-stranded DNA, the Sulfolobus sol-
fataricus Sso7D protein. These fusion proteins were found to incorporate more
nucleotides per DNA binding event, i.e. to have an improved processivity [47].
This has important applications in polymerase chain reactions (PCR) for efficient
amplification of long templates of up to 15 kilobases.

9.3.2
Design of Proteins from Secondary Structures

During the last five years the number of three dimensional structures of proteins
available has more than tripled [48] to reach now about 34 000 structures in the
RSCB Protein Data Bank. Meanwhile, the number of different protein folds de-
scribed has less than doubled and currently there are about one thousand folds
according to the CATH [49] and SCOP [50] databases. Hence, it has become clear
that there are a limited number of protein folds in nature. Proteins are mostly
composed of secondary structures such as o-helices and f-strands. The combina-
tion of these motifs and their spatial organization define the fold of a protein.
Thus, strategies to experimentally explore the occurrence of folded proteins de-
signed from a random combination of secondary structure building modules
were undertaken (Fig. 9.6).

By constraining the periodicity of polar and nonpolar residues, sequences with
propensity to form defined secondary structures can be generated. The Hecht
group used a binary patterning that defines the locations of polar and nonpolar
residues but not their precise identity. A combinatorial library was designed with
the aim to generate sequences able to fold into four-helix bundles [51]. The en-
coded proteins had 74 amino acid residues of which only 18 residues were held
constant (helix caps and turns). Characterization of the expressed proteins indi-
cated that most of the designed sequences folded into compact o-helical struc-
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Fig. 9.6 (A) Schematic representation of binary patterning used for
amphiphilic a-helix and -strand. Polar and nonpolar residues are
shown in dark grey and light grey; (B) Principle used for the
combinatorial design of novel proteins from secondary structure
modules.

tures. Thus, a simple binary code of polar and nonpolar residues arranged in the
appropriate order can drive polypeptide chains to collapse into globular o-helical
folds. Dozens of proteins from this initial library have been purified and charac-
terized. They showed circular dichroism spectra characteristic of o-helical pro-
teins, and some of them had native like properties, such as NMR chemical shift
dispersion [52], cooperative chemical and thermal unfolding [53], and protection
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Fig. 9.7 Structure of a four helix-bundle protein (clone S-824) isolated
from a combinatorial secondary structure motifs library (PDB ID: 1P68
[56]).

of hydrogen exchange [54]. However most of the proteins from this initial library
formed fluctuating structures and were probably molten globules. Using a typical
molten globule-like protein from the original 74-residue library, a second genera-
tion library was constructed to increase length of the four helices (102-residue li-
brary) [55]. Biophysical characterization of five proteins by circular dichroism and
NMR-measurements showed that stability and native-like properties were im-
proved compared to the initial protein. This was confirmed by a structural study
by NMR of a protein isolated from this improved library [56]. The experimentally
determined structure was indeed a four-helix bundle as specified by the design
(Fig. 9.7). It demonstrated also that the designed protein is not a molten globule
and forms a unique structure.

In another study the Pliickthun group also used the approach of binary pattern-
ing to design novel proteins [57]. The length and amino acid composition of the
modules were determined according to rules deduced from secondary structure
elements observed in natural proteins. For example, a serine followed by a proline
or a glutamic acid were used to design the N-terminal caps of a-helices while the
helices themselves were encoded semi-randomly with a binary patterning of polar
and nonpolar residues having a propensity to form o-helices. The building blocks
were thus generated at the DNA level and randomly assembled until the average
DNA fragment length, corresponding to proteins of about 100 amino acids,
was reached. Several libraries were built to generate proteins with a mixture of
o-helices and fS-turns, a combination of f-strands and fS-turns, or a combination
of a-helices, f-strands and f-turns.

Arbitrarily selected clones from these libraries were tested for expression in
E. coli. The proportion of clones with detectable expression was found to be be-
tween about 8% and 84% depending on the library. Quite a high fraction of pro-
teins in these synthetic libraries were resistant to cytoplasmic degradation. How-
ever, the solubility, which is a characteristic of most of natural globular proteins,
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was moderate for expressible clones, with 10% to 60% of the proteins found in
the soluble fraction. Further characterization by circular dichroism, size exclusion
chromatography and sedimentation equilibrium experiments showed that some
members from the all a-helices library were indeed helical, possessed a defined
oligomerization state and showed cooperative chemical unfolding behavior. How-
ever, these proteins also showed properties consistent with a molten-globule state.
By contrast, the all f-strand library led mainly proteins prone to aggregation.
These results showed that an unexpected proportion of proteins built-up from
structural secondary elements without S-strands possessed several of the favor-
able properties of natural proteins.

In order to avoid fastidious screening, it is an advantage to have a method
to select folded proteins from large libraries of random proteins (see Section
9.3.1.1). Such an approach was developed to perform selections by ribosome dis-
play [41], based on two observations. Firstly, upon folding, a globular protein
hides most of its hydrophobic residues. Secondly, once folded natural proteins
often show a certain resistance to proteases due to their compactness. Thus,
with a model system, the authors used a combination of hydrophobic interaction
chromatography and proteolysis under limiting conditions and were able to select
for a natural folded protein (a fragment of protein D from phage lambda) from a
mixture including three other proteins previously obtained from the library of
secondary structure modules. The potential of this selection approach is evident,
and it will probably be applied to the search of folded proteins from combinatorial
libraries.

9.4
Design of Proteins using Altered Alphabets

Two types of alphabets will be distinguished here, depending on whether they are
larger or smaller than the amino acid alphabet of the standard genetic code. Re-
duced alphabets provide a tool for the investigation of compact and folded struc-
tures. Larger alphabets allow the introduction of unnatural amino acids within
proteins.

9.4.1
Design of Proteins using Reduced Alphabets

Is it realistic to obtain folded proteins from libraries of random polypeptides using
a less constraining design than for secondary structures but with a reduced alpha-
bet of amino acid residues? Several studies have tried to answer this question,
and we will focus on two of them.

In a pioneering study published by the Sauer group in 1994 [58] and in 1995
[59], a library of 80 to 100 residue proteins composed of random combination of
glutamine (Q), leucine (L) and arginine (R) was constructed. Glutamine and leu-
cine were chosen as representatives of hydrophilic and hydrophobic residues, re-
spectively. Arginine was arbitrarily chosen to represent charged residues and was
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included to increase solubility of the resulting random proteins. A FLAG and
(His)g-tag were added at the end of the proteins to facilitate purification and anal-
ysis. For this library (named QLR library), the authors claimed that no attempt
was made to design secondary structures or tertiary interactions in the encoded
proteins. However, it is known that the three residues used have a propensity to
form helical structures. The QLR library expression in E. coli was analyzed by im-
munoblotting. It was found that 5% of in-frame proteins were indeed expressed
in E. coli. More than 60% of these proteins had a size corresponding to the library
design. Hence, quite a high proportion of random proteins were well produced in
E. coli although unfolded proteins are usually degraded in this organism. How-
ever, protein solubility was fairly low (two of eleven clones). Three highly ex-
pressed proteins were analyzed by circular dichroism showing that their confor-
mation was significantly helical, stable and unfold cooperatively as determined
by guanidinium hydrochloride denaturation studies. These proteins were also
relatively resistant to proteolysis, a characteristic of folded proteins. As shown
by size exclusion chromatography and equilibrium centrifugation experiments,
these proteins had a defined oligomeric state, but differed from native proteins
in having no slowly exchanging amide hydrogens.

It is probable that the first proteins ever folded on Earth could have been com-
posed with a limited set of amino acid residues. With the hypothesis that the pre-
biotic residues could be sufficient to obtain folded proteins, the Yanagawa group
designed a library of random proteins using only five residues: Valine (V), Ala-
nine (A), Aspartate (D), Glutamate (E), and Glycine (G) [60]. The so-called VA-
DEG proteins were designed to be 100 residues long and were the result of
random combinations of these five residues. The set of residues was chosen ac-
cording to a prebiotic environment deduced from spark-discharge experiments
and from the composition of amino acid residues found in meteorites. Eight arbi-
trarily picked VADEG proteins were found to be highly soluble, with a defined
oligomeric state but with a low helical content.

These results support the idea that a certain degree of foldability can be ob-
tained from random libraries using a limited set of amino acid residues. How-
ever, in the absence of structural studies for such generated proteins, it is difficult
to draw conclusions regarding the extent of folding achieved by these proteins.

9.4.2
Design of Proteins using Extended Alphabets

Extending the alphabet of amino acids that can be incorporated into proteins re-
lies on the engineering of the genetic code [61]. This may be achieved by reas-
signment of codons: substitutions of amino acids by isosteric amino acids or by
amino acid analogues were described. Other strategies rely on the suppression
of stop codons using aminoacyl-tRNAs with anticodons complementary to stop
codons. Frameshift suppression which makes use of anticodons recognizing
more than three-bases long codons, defines another method for introduction of
unnatural amino acids within proteins.
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9.4.2.1 By Codon Reassignment Strategies

Use of auxotrophic strains and supplementation of amino acids analogues in the
culture medium provides a means to incorporate unnatural amino acids in the
proteins. Histidine analogs such as 2 or 4-fluorohistidine [62] or histidine ana-
logues containing 1,2,3-triazole or 1,2,4-triazole [63] have been introduced into
proteins in vivo by addition of the amino acid analogues in the culture medium
devoid of histidine. In a similar strategy, an unsaturated amino acid, namely an
isoleucine analogue with a carbon-carbon double bond between carbon 4 and car-
bon 5 was incorporated within a protein [64]. In these studies, the unnatural
amino acids incorporated in proteins differ from amino acids coded in the genetic
code by substitution of a hydrogen atom by a fluorine atom or by introduction of
a carbon-carbon double bond within the aliphatic chain of an amino acid: these
modifications can be considered as isosteric.

Non-isosteric modifications of amino acids have been also described. They rely
on the use of E. coli strains with mutations introduced specifically within the edit-
ing domains of aminoacyl-tRNA synthetases. Single amino acid substitutions
within E. coli valyl-tRNA synthetase were found to be sufficient for mischarging
VatRNA with cysteine and with aminobutyric acid [65]. This observation resulted
from the mapping of mutations within strains selected in vivo for thymidilate
synthase activity in the absence of thymidine. The gene encoding thymidilate syn-
thase contained a valine codon instead of the cysteine codon at a position within
the active site known to be highly conserved. Mischarging of cysteine at a valine
codon then allowed isolation of E. coli strain with reassigned codons within the
genetic code.

9.4.2.2 By Suppression Strategies

Suppression of stop codons or of frameshifts by aminoacyl-tRNA anticodons that
recognize stop codons or four- or five-base long codons respectively, appears to be
a powerful tool for selective modification of proteins with unnatural amino acids.
More than 30 non-natural amino acids have been incorporated site-specifically
into proteins to date [66].

Two main approaches for stop codon suppression have been described depend-
ing on whether the aminoacyl-tRNA is synthesized in vivo or in vitro.

In the first type of approach, an aminoacyl-tRNA synthetase is selected so as to
prevent any cross-reaction with the cells tRNAs. The tRNAcya whose anticodon
recognizes the amber nonsense codon TAG was chosen so as to be specifically
aminoacylated with the unnatural amino acid by the selected synthetase, and not
by endogenous aminoacyl-tRNA synthetases. Extension of the genetic code of
Saccharomyces cerevisiage with unnatural amino acids was for example described
for the introduction of phenylalanine derivatives modified by azide or acetylene
groups using a mutant E. coli tyrosyl-tRNA synthetase. Proteins having incorpo-
rated these residues can undergo further [3+2] azide-alkyne cycloaddition for se-
lective conjugation of the protein [67]. Extension of the genetic code of E. coli was
achieved using a Methanococcus jannaschii tyrosyl-tRNA synthetase variant with
four mutations that were selected for charging of p-benzoyl-L-phenylalanine on a
mutant "tRNAcya. This unnatural amino acid was incorporated at an amber
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codon within a tagged protein produced in E. coli. Photocrosslinking experiments
with this amino acid may allow the identification of protein-protein interactions
[68].

In the second type of approach, the aminoacyl-tRNA was synthesized in vitro
(Fig. 9.8). A 3’ terminal amino-acylated nucleotide or dinucleotide can be synthe-
sized chemically [69]. These nucleotides can be coupled enzymatically to a tRNA
lacking the last nucleotide(s) by T4 RNA ligase. The amino-acylated suppressor
tRNAcua and a mRNA containing a TAG stop codon at the site of incorporation
of the unnatural amino acid can then be microinjected into Xenopus oocytes for
expression [70]. Editing of the aminoacyl-tRNA by endogenous aminoacyl-tRNA
synthetases was not reported and may be negligible in this system. Site-
specifically modified ion channels such as nicotinic acetylcholine receptors were
then characterized by electrophysiological measurements [70]. This defines a
method for the introduction of chosen chemical groups at specific sites within
proteins.

Frameshift suppression provides an alternative to stop codon suppression
methods. A five-base codon allowed the incorporation of nitrophenylalanine into
streptavidin at position Y54 using an E. coli in vitro translation system. The yield
of full-length protein was found to be 3.5 times higher using a five-base codon
suppression than for amber codon suppression [71]. Four- and five-base codons
are recognized by Watson and Crick base-pairing with extended anticodon loops
of tRNAs [72].

Frameshift suppression for two four-base codons combined with amber stop
codon suppression allowed the introduction of up to three unnatural amino acids
within the heteromultimeric nicotinic acetylcholine receptor [73].
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More generally, extended alphabets allow the synthesis of site-specifically modi-
fied proteins that could be useful for the study of the proteins’ biological function.
Extended alphabets should further allow the synthesis of large macromolecular
assemblies such as protein conjugates derivatized with a precision approaching
the atomic-level. It may also facilitate the design of future vaccines and of thera-
peutic agents.

9.5
Design of Proteins de novo

De novo design of proteins makes no assumptions on the protein sequence and
relies on the power of calculations or of selections to define proteins of interest
(see also Chapter 6 Section 6.4.1 on computational approaches and Chapter 5
Section 54.2 on the design and chemical synthesis of tertiary structures).

9.5.1
Computational Design of New Folds and Experimental Proofs

The use of empirical rules together with computational approaches allowed the
design of a new fold, i.e. alpha-helical bundles with a right-handed superhelical
structure [74]. Empirical rules were derived from the analysis of left-handed
coiled-coils and from the positioning of amino acids for packing of a hydrophobic
core within trimeric and tetrameric bundles. Stable conformations for trimers
and tetramers were computed for multiple side chain rotamers and for different
backbone conformations. The synthesized trimers and tetramers were stable
structured domains as shown by the apparent melting temperatures and had the
predicted oligomerization state as evaluated by analytical centrifugation. The te-
tramer’s crystal structure fits the model with atomic level precision, except at the
C-terminus which is involved in crystal contacts [74].

Computational design of a new fold was also achieved by iteration of cycles of
sequence optimization and of structure prediction [75]. The predicted structure of
an o/f protein of 93 amino acids was confirmed by X-ray crystallography. The re-
markable stability of the designed proteins was evidenced by circular dichroism
spectra which were similar at 25 °C and at 98 °C.

9.5.2
Combinatorial and Experimental Design

Finally, a real challenge for the design of new proteins by a combinatorial
approach is to start from fully random proteins without introducing any con-
straint except their length. The sequence space that corresponds to fully random
proteins of 80 amino acids in length for example, contains an astronomical num-
ber of sequences (20%°). Thus, the fraction of this sequence space that one can ex-
plore with the most powerful method of selection is obviously very small (for in
vitro techniques about 10'® clones at best). Given that, a question immediately
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arises: is there a substantial chance of finding a folded or even a functional pro-
tein in such combinatorial libraries?

To answer this question, Cho and colleagues [76] constructed a random library
of about 10*3 clones in which every position had an equal probability of encoding
each amino acid. Arbitrarily, the length of proteins was fixed to 80 amino acid
residues and the targeted function was ATP binding. This library was used for se-
lection by mRNA display using immobilized ATP. After several rounds of selec-
tion, binders were isolated and showed no sequence homology with known ATP
binding motifs. Their dissociation constants for ATP were in the range of 100 nM
to 10 uM. Competition with ATP analogues showed that the recognition was spe-
cific for some parts of the ATP molecule. This binding was EDTA concentration
dependent, and could be restored after dialysis in the presence of Zn?*. One fam-
ily of binders indeed contained a CXXC motif characteristic of zinc binding do-
mains. Furthermore, a core of only 45 amino acid residues was determined to be
sufficient for ATP binding. Finally the monitoring of selection led the authors to
conclude that the ATP binding property probably occurs at a frequency of 10711

Selected clones were only soluble when fused to the very soluble maltose bind-
ing protein. To improve their solubility, a pool of previously selected binders was
submitted to rounds of selection in the presence of increasing concentrations of a
denaturant over successive rounds. The population was thus selected for the abil-
ity to bind ATP in presence of 3 M guanidinium hydrochloride. One clone was
shown to have a defined folded structure according to circular dichroism, trypto-
phan fluorescence and NMR studies [77].

Can this strategy lead to new folds? A structural study by X-ray crystallography
of one previously isolated clone was undertaken [78|. The three dimensional
structure obtained confirmed that the in vitro evolved protein binds a Zn?* ion
(confirmed by X-ray fluorescence) via a CXXC motif. Although the protein has
no apparent sequence homolog, the binding site of ADP/ATP showed features
typical of adenine binding proteins and revealed a novel «/f fold (Fig. 9.9). This

Fig. 9.9 Structure of a de novo designed ATP/ADP binding protein
selected from a fully random protein library (PDB ID: TUW1 [78]).
Binder = blue; ADP molecule = yellow; Zn?* = grey.
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demonstrates that a protein with a tailored function and with the properties of
natural proteins can be designed from unconstrained protein libraries.

9.6
Conclusion

We have seen that a large palette of approaches is available to the protein engi-
neer ranging from biological chemistry, molecular modeling and structural biol-
ogy to microbiology through molecular biology and biochemistry. Success in pro-
tein design may well rely on highly interdisciplinary expertise in these various
fields.

From all the studies we have presented, we can draw some conclusions. Firstly,
it is clear that a highly successful approach is to start from a natural protein in
order to have the benefit of its foldability and stability. Practically, to achieve a
drastic change in the properties of a protein, the use of predictive and combinato-
rial approaches in parallel happened to be very efficient. The key points are to
choose a starting protein adapted to the targeted properties in terms of architec-
ture, folding and stability, and also to have powerful screening or selection tools
to identify clones of interest among the wide diversity of the generated variants.
The natural repertoire of twenty amino acids of the genetic code is generally suf-
ficient for the engineering of proteins with new functions (binding, folding, solu-
bility and catalytic activity). The extension of the genetic code towards non-natural
amino acids should prove useful for the engineering of protein conjugates de-
fined at the atomic level. Secondly, a lesson from combinatorial approaches is
that foldability of a polypeptide chain is a characteristic that can be quite easily
determined in a library with minimal rational design. But, it is striking to see
that even without any design, a library of fully random polypeptide chains can
contain some foldable and functional proteins at a frequency accessible to our
tools of selection. Thirdly, recent works using in silico approaches to predict and
design protein structures have now reached some landmarks and it is realistic to
think that in the near future this approach will become more important for the
design of new proteins.

The advancements in protein design during the last fifteen years can be real-
ized in a citation by Rainer Jaenicke [79]: “When and whether the time is ap-
proaching when new and even useful proteins will be de novo designed, synthe-
sized, and technologically applied is a question of enthusiasm and belief.” Ab
initio design of proteins has been mostly limited to small proteins with simple
folds, whilst the design of proteins endowed with new or improved functions
has generally resulted from screening or selection strategies. Major challenges in
protein design continue for the 215 century. The identification of mutations that
are associated with new or improved functions and that cannot be interpreted
given their sequence—structure—function relationships is certainly an issue of im-
portance. Prediction of protein functions from their primary sequences still re-
mains a challenge and advancements in this area should also facilitate the design
of proteins.
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Nucleic Acid Foldamers: Design, Engineering
and Selection of Programmable Biomaterials
with Recognition, Catalytic and Self-assembly
Properties’'

Arkadiusz Chworos and Luc Jaeger

10.1
Introduction

The remarkable complexity of living organisms essentially relies on proteins,
RNA and DNA, that carry out most of the major cellular functions necessary for
life. These biopolymers rely on two basic self-assembly processes: the spontaneous
folding of one polymer chain into a stable, well-defined three-dimensional (3-D)
structure, and the assembly of multiple subunits into well-defined modular
supramolecular architectures. Key characteristics are (i) sequence heterogeneity,
(i) hierarchical organization of conformation (secondary structure versus tertiary
structure), (iii) modular components, (iv) stereochemically specific and selective
interactions and (v) cooperativity of folding. Proteins and nucleic acids are thus
perfect prototypes of functional, biological foldamers.

In the past 15 years, the development of in vitro selection and evolution tech-
niques and progress in the rational design of nucleic acids has led to an in-
credible new world of novel functional nucleic acids capable of exquisite recogni-
tion, and having catalytic and responsive properties. Despite the fact that these
artificial molecules are typically of greater size than synthetic foldamers, such as
those described in Chapters 1-5, and that they have not been described as such in
the literature, they can be seen as nucleic acid foldamers.

In the course of this chapter, nucleic acid foldamers are defined as non-natural
nucleic acid polymers able to fold into well-defined 3-D shapes with recognition,
catalytic and/or assembly properties. By non-natural or artificial nucleic acids, we
want to express (i) that they are the product of combinatorial or/and rational syn-
thetic and supramolecular design and (ii) that, besides RNA and DNA, they can
be based on analogs that mimic nucleic acid.

This chapter focuses on DNA and RNA foldamers rather than nucleic acid bio-
mimetics and analogs. It aims to provide the reader with a broad outline of the
various concepts behind the nanoconstruction of functional nucleic acid based

1) A list of abbreviations appears at the end of this chapter.

291



292

10 Nucleic Acid Foldamers

materials. First we give an overview of the structural and functional properties of
RNA and DNA foldamers. Then we emphasize how nucleic acid sequences can
be synthesized, engineered and controlled to sculpt new 3-D molecular architec-
tures with catalytic, responsive and supramolecular properties. After a description
of the various self-assembly strategies used to direct the assembly of foldamers
into nanostructures of increasing complexity, we finally address how RNA and
DNA foldamers can potentially lead to the development of novel biomaterials for
electronics or biomedical applications.

By exemplifying our present ability to program linear polymer sequences to
fold and self-assemble into defined 3-D shapes, nucleic acid foldamers offer a
great source of inspiration to the supramolecular chemist [1, 2]. It is our hope
that they will pave the way to the creation of useful complex materials based on
novel fully synthetic biomimetic foldamers that will be chemically more robust,
cheaper and easier to obtain than nucleic acids.

10.2
Principles of Nucleic Acid Foldamers

While proteins are essentially structural components, catalytic or regulatory tools
that sustain metabolic pathways, DNA is the stable molecular recipient of the ge-
netic information. RNA molecules have more ambivalent functions, as they can
serve as catalytic and regulatory tools as well as the support of the genetic infor-
mation, more often as transient copies of DNA genes rather than as full ge-
nomes, however. These various molecular functions may be considered to be the
result of historical evolutionary contingencies, but they are also the direct conse-
quence of the unique biophysico-chemical properties pertaining to each of these
classes of polymers.

10.2.1
Structural Principles: Hierarchical Organization and Modularity

RNA and DNA modularity is hierarchically expressed at a chemical, structural
and supramolecular level (Fig. 10.1).

10.2.1.1  Chemical Modularity and Stability

From a chemical point of view, RNA and DNA are modular polymers with pri-
mary (1°) sequences formed of four basic building blocks: A, U, C and G ribonu-
cleotides for RNA and A, T, C and G deoxyribonucleotides for DNA. In cells, de-
oxyribonucleotides are biologically synthesized by enzymatic modification of RNA
ribonucleotides. DNA can be seen as a modified RNA that lacks the 2’-hydroxyl at
the level of the sugar moiety and has an extra methyl at the level of uracil to form
thymine. These minor chemical differences increase the resistance of DNA to-
wards spontaneous hydrolysis, and the fidelity of DNA replication, making DNA
a better support for the genetic information than RNA. At basic pH values (7-12),
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Fig. 10.1 Supramolecular and structural modularity of nucleic acids.
DNA and RNA chemical modularity is exemplified by their primary
sequence (1°). The structural and conformational modularity of nucleic
acids is expressed at the level of their secondary (2°) and tertiary (3°)
structures.

RNA backbone hydrolyzes in the presence of divalent ions such as magnesium.
Additionally, mutational events resulting from the spontaneous hydrolysis of cy-
tosine into uracil cannot be repaired in RNA as uracils at mutated positions can-
not be distinguished from those at non-mutated positions. At acidic pH values
(4-6), however, depurination is faster for DNA than RNA [3, 4]. In living organ-
isms, the greater chemical fragility of RNA compared with DNA essentially re-
sults from the numerous ribonucleases that biologically target RNA molecules.
In a laboratory setting, this can however be easily overcome by taking basic
“RNase-free” precautions.

For biotechnological and medical applications, RNA can be a good medium to
build transient, biodegradable materials or molecular scaffolds for RNA drugs
such as aptamers, ribozymes or siRNAs [5-7] (Section 10.2.2). Alternatively, the
combination of RNA moieties with DNA and other nucleic acid analogs can offer
limitless possibilities for improving and tuning the chemical and thermodynamic
stability of nucleic acid foldamers that would retain the unique structural rich-
ness and thermodynamic stability of RNA (Section 10.3).
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10.2.1.2 Secondary Structure Principles

In contrast to proteins, the secondary (2°) structure of RNA and DNA results
from hydrogen bonding between side chains and not between backbone atoms,
as for protein alpha-helices and beta-sheets. Therefore, nucleic acid 2° structures
are easier to predict than those of proteins. Within the hierarchical framework
that characterizes nucleic acid folding and assembly, n-stacking and Watson—
Crick base pairings drive the folding and assembly of RNA and DNA 1° se-
quences into 2° structures through the formation of stable helical elements.
Watson—Crick base pairs, with cis-glycosyl bonds, form the only set of pairs that
are isosteric in anti-parallel helices. Thus, they allow formation of helices with
regular sugar—phosphate backbones. RNA and DNA 2° structures are schemati-
cally represented in a planar drawing by base-paired segments that specify for var-
ious 2° structure motifs such as hairpin loops, bulges, internal loops and multi-
helix junctions (Fig. 10.1).

The presence of the 2’-OH in RNA increases the structural rigidity of RNA du-
plexes that are locked into compact A-form helices with C3’ endo sugar pucker.
More polymorphous DNA helices are mostly present in the extended B-form
with C2’ endo sugar pucker (Fig. 10.1). As basic modular building blocks,
A-form RNA duplexes are thermodynamically more stable than B-form DNA
duplexes. According to the base-pair free-energy parameters determined at 1 M
NaCl and 37° for RNA and DNA, RNA base pairs are, on average, —0.49 +
0.35 kcal mol~! more stable than those of DNA [8, 9]. Note, however, that the
thermodynamic stability of RNA and DNA duplexes varies as a function of the
nucleic acid sequence. The higher thermodynamic stability of RNA duplexes
compared with that of DNA duplexes essentially results from a higher enthalpy
for duplex formation for RNA, which is consistent with much better hydration
of RNA helices than DNA helices [10]. Recently, experimental measurements of
the persistence length for RNA and DNA duplexes was performed by single mol-
ecule analysis using Fluorescence Resonance Energy Transfer (FRET), Atomic
Force Microscopy (AFM) and magnetic tweezers techniques [11, 12]. They cor-
roborate that RNA helices are more compact and stiffer than DNA helices, with
persistence length of 55 nm and 63 nm for DNA and RNA, respectively. As the
rise per helical turn is 2.9 nm for RNA versus 3.4 nm for DNA, the persistence
length calculated in base pairs is 30% greater for RNA than DNA.

Besides the classic Watson—Crick pairs, eleven distinctive ‘“non-canonical” base
pairs, which involve at least two hydrogen bonds, can potentially occur between
complementary nucleotides [13]. In RNA, they can contribute significantly to the
rigidity and thermodynamic stability of RNA structural elements [14]. Design and
prediction of RNA and DNA 2° structures can presently be achieved by energy
minimization with a reasonable degree of accuracy [14, 15] using software like
mfold, RNAfold or RNAsoft [16—19]. Because the formation of mismatches is al-
lowed between strands that are not perfectly complementary, RNA helices have a
lower selective informational content than their DNA counterparts. Consequently,
for RNA, positive and negative design is particularly critical to maximize the sta-
bility of the desired 2° structure while minimizing folding into stable alternatives.
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10.2.1.3 Tertiary Structure Principles

Entropic gain through water and ion release is the main driving force for the ter-
tiary (3°) folding of a protein. It leads to a hydrophobic core mostly devoid of
water molecules. By contrast, for nucleic acids, both entropy gain through ion
and water release and enthalpy gain via the formation of intricate solvent net-
works lead to the 3° folding mostly devoid of hydrophobic pockets. At the 3°
structure level, the 2° structural elements can associate through numerous van
der Waals contacts, n-stacking, metal coordination and specific hydrogen bonds
via the formation of a small number of additional Watson—Crick and/or non-
canonical base pairs that involve single-stranded regions, loops or bulges. For 3°
nucleic acid structures, such as large stable RNA molecules, the assembly occurs
by metal-ion induced collapse of the 2° structure into compact conformations
(reviewed in Refs. [20-22]) (Fig. 10.2). Metal ions essentially screen the negative
charges on the phosphate groups. The loosely folded intermediates then undergo
further conformational rearrangements before adopting the final 3° structure [22]
(Fig. 10.2). This conformational search is essentially dependent on the local fold-
ing of recurrent and specific set of nucleotides that specify for modular 3° struc-
ture motifs that adopt unique local 3-D shapes and mediate stereochemically pre-
cise quaternary (4°) interactions (Fig. 10.3). These structure motifs can be seen as
the minimal information for folding a nucleic acid sequence into a specific 2° or
3° structure. As such, they can be seen as basic foldamer modules that can be
combined and encoded within a nucleic acid sequence to specify for more com-
plex 3-D shapes. The proper folding of 3° structure motifs requires the formation
of 3° interactions between specific nucleotide positions, which are highly depen-
dent on temperature, salts and divalent ion concentration. For instance, without

Metal ion Collapse Conformational
condensation (helix assembly) search

ot <10 ps D 1-10ms 50 ms-100s
== . - 0 =
2 ) A
./ il
S d truch >90% charge Compact Stable tertiary
gcondany. Scre neutralized intermediates structure

Fig. 10.2 Metal ion-induced folding of RNA. The association of the
positive ions (grey spheres) with the unfolded RNA rapidly neutralizes
more than 90% of the phosphate charges and induces the collapse of
the RNA into more compact conformations. The conformational search,
which is the time-limiting step, is dependent on the formation of 3°
structure motifs. Cylinders symbolize helical elements. Double arrows
indicate helical motions. The diagram is based on Fig. 2 from Ref. [20].
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divalent metals such as magnesium, RNA 3° structure motifs often behave as
flexible, dynamic 2° structure motifs. However, in the presence of magnesium,
they cooperatively fold into stable and unique conformers that can specify a re-
ceptor, catalytic site or a precise geometry of helical elements.

In Nature, DNA is essentially found as a long, helical rod and does not seem
to be used for purposes other than to carry genetic information. Therefore, our
knowledge of 3° DNA is currently very limited and only few natural 3° structure
motifs of DNA are known (Fig. 10.3a). As contiguous helices tend to stack on the
top of each other, it is possible to constrain the geometry of DNA helical elements
to form 3-way or 4-way junctions. In DNA 3-way junctions, one of the helices is
generally more flexible than the other two [23, 24]. The quintessential DNA 3°
structure motif is the 4-way (Holliday) junction [25] (Fig. 10.1), a motif that forms
transiently during recombination and replication cellular processes. Two other
classes of 3° DNA motifs are triple helices [26] and guanine quartets or G-tetrads
[27]. G-tetrads naturally occur at the level of DNA telomeres [28] and are often
found as structural scaffolds in artificial DNA aptamers [29] (Section 10.2.2.1).
In the future, novel 3° structure motifs will probably be revealed by NMR or
X-ray crystallography of currently available DNA aptamers and enzymes. These
structural studies will offer a new wealth of potentially functional foldamer mod-
ules for DNA nanoconstruction. Nevertheless, they might not be absolutely re-
quired as the remarkable base-pairing selectivity of DNA is particularly well
suited to building self-assembling architectures that predominantly rely on the se-
lective formation of 2° structure elements between multiple complementary oli-
gonucleotide strands (Fig. 10.1). This is described further in the later sections of
this chapter.

By contrast, the architectural potential of RNA relies more on the ability of an
RNA single strand to fold into an exquisite, stable 3° structure [30, 31]. The 3-D

|

Fig. 10.3 Structural principles of RNA and form flexible hinges at the level of single-
DNA supramolecular building blocks. Various  stranded regions, internal loops or multi-way
examples of 2°, 3° and 4° structure motifs junctions (left). Specific set of nucleotides
commonly used in DNA (a) and RNA (b) can also direct the formation of rigid 3°
nanostructures. Small single arrows specify structure motifs with distinct helical

the geometry adopted by helical elements. geometry [32-34]. (Center panel, top to

(a) Contiguous helices tend to stack on the bottom): the “right angle” motif [35]; the
top of each other. In a DNA 3-way junction, internal loop E and kink turn motifs; two
one of the helices is generally more flexible distinct 3-way junctions that specify for

than the other two. DNA 4-way junctions also  different helical geometries [38]; the 4 way-
present some degrees of flexibility [25]. For 4°  junction motif from the hairpin ribozyme
assembly, DNA units can be joined through [104, 176]; the class 2 tRNA 5-helix junction

noncovalent sticky-tails connectors [159] motif. RNA 4° interactions (Right panel) used
(top right) or through internal loop—loop for generating supramolecular assembling
interactions that fold into paranemic interfaces are (from top to bottom): tails
crossover junctions (PX) that do not connector [35], loop—loop (“kissing’)
interpenetrate topologically [170] (bottom interactions [35, 180] and the double GNRA

right); (b) RNA 2° structure elements can loop—receptor interaction [103].
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structures of natural RNA molecules can be seen as mosaics of recurrent and
modular 3° structure motifs [30]. Recently, a rich treasure-trove of structural mo-
tifs has been identified and compiled by data mining of known NMR and crystal-
lographic atomic structures of RNA [32-34]. They specify a precise geometry of
helical elements and can mediate stereochemically precise and readily reversible
3° and 4° interactions (Fig. 10.3b). Among them are single-strand junctions like
the U turn, “hook” turn and the right-angle motif [35]; terminal loops like ther-
mostable GNRA and UNCG loops, T-loops, internal loops such as loop E and
loop C [36, 37]; the kink turn [37]; and different classes of 3 and 4 way junctions
motifs [38]; pseudoknots, kissing-loops and loop—receptor motifs (for a complete
survey of structure motifs see Refs. [32, 34]). Interestingly, RNA motifs make an
extensive use of the 2’-OH group to form specific 3° contacts and numerous long-
range RNA-RNA interactions take advantage of the 2’-OH to create compact 3-D
RNA structures. Thus, by relying on different structural features, RNA and
DNA motifs are structurally different at a 3° structure level. Some 3° motifs, like
G-tetrads and triple helices can however form with either RNA or DNA.

Rather than relying solely on 2° structural elements, the structure of an RNA
can be engineered at a three-dimensional level by encoding the structural infor-
mation corresponding to rigid 3° structural motifs within its sequence. Addition-
ally, as thermodynamically stable structural entities, larger RNA domains or full
molecules such as the P4-P6 domain of group I ribozyme, the tRNA motif,
natural riboswitches and RNA enzymes can themselves be used as scaffolds to
engineer new artificial architectures (Sections 2.2.3 and 4). The separation of en-
ergy levels between 2° and 3° structures of RNA is distinct for stable natural
RNAs, with 2° structure elements being more stable than 3° elements [39, 40].
For a complex RNA object, the dependence of the 3° structure on the presence
of the extended and correct 2° structure might therefore be a necessity to avoid
kinetically trapped misfolded states.

10.2.1.4 Quaternary Structure Principles

At a quaternary (4°) structure level, RNA and DNA modular units can assemble
further into complex and highly modular supramolecular architectures in a pre-
dictable manner by using base-pair rules or specific, selective non-Watson—Crick
interactions as organizational instructions (Fig. 10.3). The dimensionality of these
nanostructures is directly related to the shape, geometry, orientation and number
of assembling interfaces present at the level of their constitutive building blocks
(Fig. 10.4). Brucale and colleagues proposed an interesting classification of nu-
cleic acid nanostructures according to their topology and dimensionality [41]. Ob-
jects of dimensionality zero (0-D), which mathematically correspond to a point,
are supramolecular architectures of finite size that can best be described as non-
reducible modular tiles. These tiles can be modular but formed of distinct non-
repetitive units. Objects of dimensionality one (1-D) are made of units with at
least two interfaces leading to growth into one direction (Fig. 10.4). Dimensional-
ity two (2-D) is based on a rectangular coordinate system commonly defined by
two perpendicular axes within a plane. 2-D assemblies require at least three inter-
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DNA RNA

Fig. 10.4 Supramolecular dimensionalities of nucleic acid architectures.
Modularity is expressed at the supramolecular level: RNA and DNA
units can be engineered to assemble into nanostructures of different
dimensionalities [41]. The dimensionality of supramolecular objects can
be defined in term of interconnections, spatial arrangement of
constitutive units and directional assembly growth.

faces to allow the assembly to grow at least in two directions that are all circum-
scribed within a plane. Dimensionality three is defined by a 3-D coordinate sys-
tem that provides the three physical dimensions of space: height, width, and
length. 3-D objects are characterized by units with at least four nonplanar assem-
bling interfaces that allow the assembly growth within and out of the plane in the
Cartesian space. Kinetic motion is sometimes described as a fourth dimension
(4-D).

10.2.2
Functional Principles: Recognition, Switches and Catalysis

Although the range of activities of natural nucleic acids seems limited when com-
pared with that of proteins, a remarkable range of nucleic acid functions (Fig.
10.5) have been unraveled by in vitro evolution techniques such as SELEX (Sec-
tion 10.4) and by the recent developments in molecular and cellular biology [40].
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Fig. 10.5 Functional principles of nucleic acid =~ RNA or DNA foldamer can catalyze chemical
foldamers. All single-stranded RNA and DNA  reactions with multiple turnovers; (d)

foldamers folds in presence of salt ions. (a) Aptazyme (allosteric ribozyme or DNAzyme):
Aptamers: RNA or DNA foldamers able to responsive catalytic foldamer that is activated
specifically recognize and bind a ligand. In by the presence (or absence) of a molecular
the absence of ligand, the aptamer can be effector. (e) Self-assembling DNA tiles or
either flexible or rigid; (b) Riboswitch: tectoRNAs: foldamers that assemble into
RNA foldamer able to switch from one stable nanostructures in the presence of salts
conformation to another upon binding of a and divalent ions (grey spheres) (Section

ligand effector; (c) Ribozyme or DNAzyme: 10.7).
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10.2.2.1 Aptamers and Nucleic Acid Switches

RNA and DNA sequences called aptamers (Fig. 10.5), can act as receptors for a
limitless number of ligands such as small bio-organic and synthetic compounds,
ions, peptides, proteins, polysaccharides, lipid membranes and mineral surfaces
(see reviews [7, 29, 40]). They bind their respective ligands with remarkable spe-
cificity and equilibrium constants of dissociation ranging from the micromolar
range to the femtomolar range [42, 43]. The specific sequence signature of an ap-
tamer can be surprisingly small and can vary from 10 to 100 nucleotides. In the
absence of ligands, an aptamer sequence can readily fold into a rigid, stable 3°
structure (Fig. 10.5a). However, it can also adopt a “flexible” metastable confor-
mational state that is cooperatively stabilized into a unique “rigid” structure by
induced fit mechanism upon ligand binding (Fig. 10.5a). Several artificial and
natural RNA aptamers acting as switches or riboswitches have been found to ex-
ploit this property [44—46] (Figures 10.5(b) and 10.6(a)). Natural riboswitches are
found to regulate the expression of genes by either activating or inhibiting the
transcription or translation upon binding of a small molecular effector [46-49].
These RNA domains are generally able to adopt two distinct alternative conforma-
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Fig. 10.6 Three-dimensional structures of a
natural riboswitch and artificial ribozyme. (a)
3-D crystallographic structure of the thiamine
pyrophosphate (TPP) sensing riboswitch: a
natural riboswitch involved in gene regulation
in bacteria [53]. The RNA bases and bound
TPP (red) are shown as cylinders and the
backbone is depicted with a ribbon. At the
bottom left, detailed view of the TTP binding
domain; (b) 3-D crystallographic structure of
the Diels—Alder ribozyme: an artificial

ribozyme that catalyzes carbon—carbon bond
formation between anthracene and N-pentyl
maleimide. The RNA bases and bound
product (blue) are shown as cylinders. The
backbone is depicted with a ribbon, whereas
the hydrated Mg?" are in a mesh represen-
tation [219]. On the right, detailed view of
the catalytic site with the bound product.
No Mg?* seems to be directly involved

in catalysis. Adapted with permission from
Refs. [53, 219].
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tions that are in equilibrium, one of the conformations being favored upon bind-
ing of a small target compound. The conformation that binds the target is gener-
ally metastable in its absence, allowing another thermodynamically more favored
conformation to occur: the free energy change between the two conformational
states is small and depends on few key 3° contacts directly involving ligand bind-
ing [50, 51]. The NMR and X-ray structures of several aptamers and riboswitches
are presently available and shed light on the molecular recognition characteristic
of these molecules [29, 51-56] (Fig. 10.6a). DNA switches have not yet been iden-
tified in Nature, but there is no conceptual reason why they should not be engi-
neered.

10.2.2.2 Ribozymes and DNAzymes

Since the discovery of the first catalytic RNA molecules (ribozymes) in the early
1980s, RNA has been shown to exhibit a large repertoire of catalytic functions
[57]. This has been extensively reviewed recently [58—60] and will only be de-
scribed briefly. Ribozymes can efficiently achieve catalysis by bringing the reactive
groups close to each other via specific binding, by precise orientation of the reac-
tive groups and by structural complementarity to the substrate transition state
(Figures 10.5(c) and 10.6(b)). Ribozymes are often known as metalloenzymes, al-
though they may not directly involve divalent ions in RNA catalysis (Fig. 10.6b).
They can also perform general acid/base and covalent catalysis. Besides reactions
at phosphoryl centers, RNA is able to catalyze the formation of esters, amides,
glycosidic and carbon-carbon bonds as well as alkylation, isomerization, metala-
tion, peroxidation, oxido-reduction and aldol reactions [60, 61]. Recently, pyridyl-
modified RNA sequences isolated by in vitro selection were found to catalyze the
growth of palladium nanocrystals in short reaction times (~1 min) and with a
high degree of shape specificity [62-64], suggesting that RNA can actively take
part in the evolution of inorganic materials. The mechanism and exquisite detail
of the 3° topology and catalytic site of several ribozymes has recently been re-
vealed by X-ray crystallography [58, 59, 65—68].

The structural diversity of DNA aptamers suggests that DNA can form many of
the same secondary structures that are exhibited by ribozymes. Despite the lack of
2’-OH groups, there is now compelling evidence that DNA can also efficiently cat-
alyze various chemical reactions [69-71]. The present scope of reactions catalyzed
by DNA enzymes (DNAzymes) is somewhat less impressive than that of ribo-
zymes. Nevertheless, beside reactions of phosphorylation, adenylation, ligation
or cleavage occurring on phosphoryl centers, some DNAzymes catalyze more ex-
otic reactions such as peroxidation, porphyrin metalation, DNA depurination and
thymine dimer photoreversion [71]. Interestingly, DNA higher order structures
do not automatically require the presence of divalent ions, and some deoxyribo-
zymes rely only on potassium ions, which are known to promote the formation
of G-tetrads [72].

10.2.2.3 Multifunctional Nucleic Acid Foldamers
Strikingly, most of the new catalytic functions isolated by in vitro selection do not
require large structural motifs. RNA pools containing fewer than 100 random po-
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sitions (N100 random pool) in their sequences are sufficient for finding ribo-
zymes with very different catalytic functions [57]. Longer random pools are gen-
erally required to select more complex RNA molecules, however. The degree of
functional complexity reached by an RNA molecule apparently correlates with its
structural complexity [73]. Thus, the longer the sequence of the random pool, the
better is the probability of selecting complex and interesting ribozymes. More-
over, only zeptomoles of nucleic acid might be necessary to find small functional
modules within large random pools [74]. Another interesting aspect is that RNA
molecules composed of several separate and equally sized modules might have a
strong selective advantage compared with larger unique structures [74].

In view of the modular organization of large RNA molecules [30], it is possible
to take advantage of a known RNA domain that displays a specific function, such
as substrate binding or catalysis, to select multifunctional ribozymes. The as-
sumption is that some molecules selected from an RNA pool which consists of a
known RNA module associated with a random domain, will combine the proper-
ties of the constant RNA module to a new function. This approach has been
successful for the isolation of highly complex template-directed, sequence-
independent RNA ligases from a pool of 10'® molecules consisting of a pre-
existing structural scaffold, appended to random RNA segments [75]. Similar
modular approaches were applied to generate a ribozyme that is able to poly-
merize any RNA sequences up to 14 nucleotides by RNA-template primer exten-
sion [76], and a bifunctional ribozyme that can recognize an activated glutaminyl
ester and subsequently amino-acylate a tRNA molecule [77]. Interestingly, struc-
turally and functionally complex ribozymes can be isolated from libraries formed
of stable structural modules associated with random regions of very limited size
(N30 random positions) [78, 79]. Combination of functional motifs was also used
to generate complex molecules with dual activities such as RNA cleavage and liga-
tion [80], and allosteric ribozymes [81-84]. The later are also called aptazymes be-
cause they result from the combination of an aptamer joined to a catalytic domain
by a communication module (Fig. 10.5d). Hammerhead self-cleaving aptazymes
have been trained by in vitro evolution to switch their activity on or off with re-
markable allosteric responses that are orders of magnitude greater than those typ-
ically seen for protein enzymes [85]. DNA aptazymes have also been engineered
[86]. Recently, bifunctional RNA molecules combining binding and catalytic activ-
ities were identified from random pools by a new two-step selection method [87].

In the future, it is likely that novel ligand-responsive RNA self-assemblies will
be generated likewise by taking advantages of artificial or natural riboswitches
(Fig. 10.5e).

10.3
Synthesis of Nucleic Acid Foldamers and Analogs

RNA and DNA foldamers can be obtained by either chemical or enzymatic syn-
thesis. DNA oligonucleotides of up to 120 nucleotides can presently be synthe-
sized by phosphoramidite technology with reasonable yield [88]. However, the
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Fig. 10.7 Examples of nucleotidomimetic phosphorothioate and phosphorodithioate
foldamers. (a) Examples of carbohydrate- linkages [96] and cationic guanidine
phosphate backbone modifications: LNA backbone modification (deoxynucleic and
(Locked-in Nucleic Acid) [90], pRNA ribonucleic guanidine) [97, 98]; (c) Examples
(pyranosyl RNA) [91], TNA (alpha- of modifications at the 2’-OH position: 2'-O-
Threofuranosyl Nucleic Acid) [92], 5'-C- Alkyl [10], 2"-amino [129] and 2'-fluoro [220,
phosphononucleotide [93], PNA (Peptide 221] modifications. These modifications have
Nucleic Acid) [94, 95]; (b) Examples of been incorporated in RNA and DNA
nucleotide linkage modifications: aptamers (e.g. Refs. [221, 222)).

lower coupling efficiency for RNA phosphoramidite synthons limits the length of
single-stranded RNA foldamers to 45-50 nucleotides. Similar synthetic ap-
proaches have also been used to generate interesting nucleotidomimetic fol-
damers [89] with modified carbohydrates nucleotides such as 2’-O-Alkylated
RNA [10], LNA (Locked-in Nucleic Acid) [90], pRNA (pyranosyl RNA) [91], TNA
(alpha-Threofuranosyl Nucleic Acid) [92] and 5’-C-phosphono oligonucleotide
[93], or modified backbone linkage like PNA (Peptide Nucleic Acid) [94, 95],
phosphorothiates oligonucleotides [96] and cationic DNG and RNG analogs (de-
oxynucleic and ribonucleic guanidine) [97, 98] (Fig. 10.7). For an exhaustive re-
view of nucleotido-mimetic foldamers before 2001, see the review by Moore and
colleagues [89]. The advantage of the synthetic approach is that it can be used to
create DNA/RNA analog hybrids or chimeric oligonucleotides and also allows the
incorporation of a large variety of modified nucleobase analogs at precise loca-
tions within the oligonucleotide sequence [89]. It also offers access to DNA and
RNA spiegelmers, single-stranded mirror images of DNA and RNA oligonucleo-
tides that offer the advantage of being extremely resistant to DNA and RNA nu-
cleases [99-101].
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Alternatively, RNA and DNA of virtually any size and sequences can be ob-
tained by in vitro enzymatic synthesis such as cloning [102], Polymerase Chain
Reaction (PCR) or in vitro RNA transcription of plasmid and PCR generated tem-
plates [35, 103, 104]. Interestingly, a striking number of nucleotide triphosphate
analogs are substrates for DNA and RNA polymerases, allowing enzymatic syn-
thesis of DNA or RNA containing modification [7, 105]. In that case, the nucleo-
tide analog is incorporated in the resulting transcripts at all the locations speci-
fied by the complementary template nucleotide. This approach can be used to
investigate the structure and function of a RNA molecule by nucleotide analog in-
terference mapping NAIM [106-108]. It has also been used to expand the func-
tional scope of RNA or DNA by selection techniques (Section 10.4). The introduc-
tion of 2’-O-methyl and other substitutions into RNA and DNA can be facilitated
by the selection and evolution of new polymerase variants that can incorporate
modified nucleotides [109-114]. Interestingly, a great variety of chemically modi-
fied nucleotides with C5 amino-acyl groups can be incorporated during PCR by
the KOD Dash DNA polymerase [115]. Until recently, the specific rules of natural
DNA and RNA polymerases did not permit incorporation of a nucleotide analog
at a specific and unique position within a RNA or DNA. However, the develop-
ment of novel base pairings has recently been used to incorporate a site-specific
fluorescent dye within an RNA, generated by transcription of a modified DNA
template with 2-amino-6-(2-thienyl)purine triphosphate (STP) or 2-amino-6(2-
thiazolyl)purine triphosphate (vVIP) in the presence of the modified complemen-
tary nucleotide triphosphate (2-oxo-(1H)pyridine triphosphate (yIP)) [116]. Alter-
natively, incorporation of site-specific modification within large RNA and DNA
molecules is generally achieved by ligation strategies [117], thereby circumvent-
ing the size limitation of synthetic DNA and RNA. The yield of final products
reached by these strategies is however still limited.

Particularly interesting are nucleotide analogs that can efficiently mimic the
conformation of natural nucleotides helices (Fig. 10.7). For instance, LNA and
2/-0-Me-RNA are both known to adopt A-form helix conformation and as such,
are good structural analogs of RNA helices with chemically more stable back-
bones [10, 118]. For example, DNA/LNA chimeric oligomers have recently been
shown to mimic RNA aptamers targeted to the TAR RNA element of HIV [119].
In this specific case, none of the 2"-hydroxyls present at the level of the aptamers
is critical for their function [119]. However, within large RNA sequences, the
2’-hydroxyls can be involved at key positions in 3° structure motifs and long-
range interactions to promote folding and assembly into complex 3-D shapes.
Nevertheless, it is possible to envision the synthesis of chemically more stable
RNA foldamer analogs for which most of the ribonucleotide positions are substi-
tuted by chemically stable nucleotide analogs as long as these key 2’-OH posi-
tions are known and kept unchanged.

It is also worth mentioning that synthetic and natural nucleic acids can be spe-
cifically modified by crosslinking [120-125], post-transcriptional modification at
their 5" or 3’ end extremities [126—128] or by specific modification of 2’-hydroxyl
positions [129-131] in order to conjugate them with other molecular components.
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10.4
Combinatorial Approaches for Isolating Functional Nucleic Acid Foldamers

The great functional diversity of nucleic acids, exemplified in Section 10.2.2, es-
sentially results from combinatorial techniques known as “in vitro selection”, “in
vitro evolution” or SELEX (Systematic Evolution of Ligands by EXponential en-
richment) techniques (see the reviews [132-134]). It exploits the construction of
large libraries of DNA or RNA sequences, with the possibility of amplifying a
small subset of selected molecules by PCR or RT-PCR. An example of an in vitro
selection experiment is presented in Fig. 10.8.

First, a large library of DNA molecules is synthesized from a pool of synthetic

semi-randomized oligonucleotides that are amplified by PCR to generate multiple

T7 RNA polymerase
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Fig. 10.8 Example of a round of SELEX. (step
1) A random pool of RNA molecules is
synthesized by in vitro run-off transcription of
a random DNA library generated by PCR.
After folding in the presence of salts (step 2),
the resulting population of 2° and 3°
foldamers is submitted to a selection
criterion such as binding to a molecule
target. The functional molecules can be
separated from the inactive ones by a

One round of
in vitro selection

e

RNA folding
protocol

foldamers

®

Selection assay

(Native PAGE, Affinity
Chromatography, etc )

Selected
functional foldamers

selection assay such as a gel shift or affinity
column assay (step 3). The selected
molecules are then amplified by reverse
transcription (RT) (step 4) and PCR (step 5)
and eventually resubmitted to an additional
round of selection. Mutations can eventually
be introduced during this amplification steps
to improve the activity of the pool of
functional molecules.



10.5 DNA Architectonics

double-strand DNA copies. A library typically contains molecules with two invari-
able sequence regions at the 5’ and 3’ ends (for amplification purposes) bracket-
ing a random region including up to 200 nucleotides. Initial DNA libraries can
contain up to 10 individual molecules [75]. For DNA selection, the double-
stranded DNA library is first denatured so that only one DNA strand enters into
the selection process. For RNA selection, the DNA library is first transcribed into
RNA. The population of single-stranded molecules is then challenged to perform
a specific task that can be recognition of a molecular target or catalysis of a spe-
cific chemical reaction. This selection step is the most critical of the whole SELEX
process and requires efficient physical separation of the functional molecules
from the nonfunctional ones. Once separated, the selected molecules are
amplified by PCR or RT-PCR and subjected to additional rounds of selection-
amplification until the functional activity of the population can be detected
through biochemical assay in the pool of selected molecules. The selected mole-
cules can then be cloned, sequenced and tested individually for function and
eventually further optimized after introduction of mutations by partial random-
ization or mutagenic PCR [132-134].

This powerful and very versatile technique has recently been automated so that
selection can be performed in a matter of days instead of weeks [135-141]. An-
other interesting method called continuous in vitro evolution offers the possibility
of evolving self-modifying ribozymes over several hundreds of generations [132].
The applicability of this system is limited, however.

SELEX strategies can also be applied to nucleic acids analogs synthesized by
enzymatic incorporation of modified nucleotides and amplifiable by polymerases
variants (see previous section). Alternatively, when nucleic acid analogs might not
be amplifiable by PCR or RT-PCR, new methods such as non-SELEX selection
can potentially be used to isolate aptamers in only one round of selection [142].
This latter technique developed by analytical chemists is derived from capillary
electrophoresis SELEX (CE-SELEX). Because of the higher partition coefficient of
CE over more traditional chromatographic techniques, this method allows identi-
fication of aptamers with extremely well defined affinity profiles in a limited
number of rounds of selection [143, 144]. Another technique of selection, initially
developed for protein selection and evolution, has recently been adapted to the
isolation of transacting ribozymes through in vitro compartmentalization [145—
147]. It is worth mentioning that aptamers can also be selected against heteroge-
neous mixtures of targets such as whole cells offering the possibility of discrimi-
nating against different cell types, even when specific biomarkers are not known
in advance. This type of approach has been also reviewed recently [148].

10.5
DNA Architectonics

Nucleic acid architectonics is the scientific study of the principles underlying the
construction of nucleic acid architectures [31]. This area of research pioneered by
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Nadrian Seeman in the mid 1980s, is usually called nucleic acid nanotechnology.
For almost 20 years, it has been essentially devoted to the study of DNA nano-
structures.

10.5.1
Rational Design of DNA Tiles

Several reviews that describe the rational design and approach used in DNA
nanoconstruction have recently been published [41, 149-151]. Readers are partic-
ularly encouraged to look at the excellent review by Feldkamp and Niemeyer
[151], which presents the best collection of available DNA-based nano-
architectures generated by rational design and the most comprehensive list of ci-
tations published on the subject over the past 20 years.

Because of the lack of stable natural 3° structure motifs, much effort has been
devoted to designing robust and rigid DNA self-assembling building blocks,
called tiles [25]. The majority of engineered DNA “tiles” are essentially formed
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Fig. 10.9 Examples of self-assembling DNA (j) triple-crossover tile (TDX) (4 strands)

tiles and tectoRNAs. (Left panel) DNA tiles [162]; (k) and (I) 4HB (8 or 9 strands) [163,
are in dark grey: (a) rhombus (4 strands) 164]; (m) 8HB (18 strands) [164, 165]; (n)
[153]; (b) single cross-over triangle (4 3HB (9 strands) [166]; (o) 6HB (16 strands)
strands) [154, 155]; (c) 4 x 4 cross (9 [167]). (Right panel) TectoRNAs are in light
strands) [193]; (d) 3-point-star (7 strands) grey: (p, q) loop-receptor tectoRNA dimeric
[156-158]; (e—i) double-crossover (DX) tiles: particle [103, 176, 179]; (r, s) H-shaped

(e) DAE (5 strands) [159]; (f) DAO (4 tectoRNA particle and filament [104, 176];

strands) [159]; (g) DAE with protruding helix (t, u) small and large “right angle” tecto-
(4 strands) [159]; (h) DX tile with protruding squares [35]; (v, w) pRNA dimeric and
triangle (4 strands) [160]; (i) DX triangle (10 trimeric particles [182, 183].

strands) [161]); (j—o) Helix-Bundle (HB) tiles:
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using a small number of structural rules derived from crossover (Holliday) junc-
tion motifs [152]. They are typically assembled from multiple oligonucleotide
strands that interact through selective complementary Watson—Crick pairing and
intertwine through crossover motifs [153-167] (Fig. 10.1). In particular, the de-
sign of robust helix bundles tiles [163-167] offers an attractive frame work for
generating 1-D, 2-D or 3-D nanostructures through fine tuning of the positioning
of crossover motifs that join parallel helical stacks [168] (Fig. 10.9). As multimo-
lecular assemblies, DNA tiles can readily be considered 4° structures but from
structural and thermodynamic stand points, no clear distinction can be estab-
lished between their 2°, 3° and 4° structures because their formation is essentially
based on 2° structure constraints (Figures 10.1 and 10.4). As DNA architectures
essentially rely on Watson—Crick base pairing, they are less hierarchical than
those of RNA. They assemble by strand invasion processes similar to those that
take place during homologous recombination events in cells.

10.5.2
Principle of Tensegrity and Mode of Assembly

A subtle balance of flexibility and stress is required to build good self-assembling
tiles [158] but stable rigid 3° structural motifs are not an absolute requirement.
The vertices of triangulated architectures can be flexible as triangulated structures

should be able to resist deformation through tensegrity, a geometrical construc-
tion principle that combines stiff helical struts that push outward and flexible
junctions that push inward (Fig. 10.10). By taking advantage of this principle, sta-

Fig. 10.10 Principle of tensegrity in DNA tile [154]; (b) (bottom): 3-D model and AFM
architectonics. The principle of tensegrity is image of a DNA tetrahedron (adapted with
illustrated in the construction of rigid objects ~ permission from reference [169]); (c)

like (a) a DNA triangle [154]; (b) a DNA (bottom): low resolution 3-D structure model

tetrahedron [169] and (c) a DNA octahedron of a DNA octahedron obtained by cryo-EM
[102]. (a) (bottom): schematic representation  and single image reconstruction (adapted
of a DNA triangle that protrudes from a DNA  with permission from Ref. [102]).
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ble triangular DNA tiles able to assemble into extensive Kagome-like lattices [154,
155], a replicable octahedron cage [102] and rigid tetrahedron building blocks
[169] have recently been constructed.

The structure of most DNA tiles imposes strong geometrical constraints over
the positioning of their cohesive interfaces (Fig. 10.4). Typically, only a reduced
number of different 4° supramolecular architectures can be generated from a par-
ticular design of tile. DNA cohesive interfaces are typically formed through com-
plementary Watson—Crick base pairing between collinear tail connectors of adja-
cent tiles [159]. They can also occur through formation of paranemic crossovers
between internal loops that are wrapped around one another and do not interpen-
etrate topologically [170] (Fig. 10.3). Variation in the number of tail connectors
and their thermodynamic stability can be used to modulate the assembly process
as a function of temperature, DNA molecules and salt concentration.

In the future, the use of triple helices [26], G-tetrads [27] and non Watson—
Crick parallel strands [171] will probably expand the modes of assembly of DNA
tiles. In fact, it has already been demonstrated that frayed 2-D and 3-D networks
can potentially be generated with guanine-rich DNA oligonucleotides expected
to form G quartets [172, 173]. Moreover, a continuous 3-D hexagonal lattice gen-
erated from a 13mer DNA oligonucleotide self-assembling through parallel-
stranded base pairing was subsequently engineered to produce crystals with en-
larged solvent channels [171].

Considering that DNA can fold into stable 3° aptamers and DNAzymes, it is
clear that the full potential of DNA 3° structure for nanoconstruction has not
been exploited yet. However, the real potential of DNA may lie more in the
optimal use of its simple rules of assembly, based on the unique selectivity of
Watson—Crick base pairing, rather than its 3° structure diversity, as exemplified
by the recent development of scaffolded DNA origami [174] discussed in Section
10.7.1.4.

10.6
RNA Architectonics

The concept of RNA tectonics was initially defined as referring to the modular
character of RNA structures that can be decomposed and reassembled to create
new modular RNA units, called tectoRNAs, which are able to self-assemble into
nanoscale and mesoscale architectures of any desired size and shape [30, 31].
RNA architectonics is the science behind this concept [31].

10.6.1
General Approach

The methodological approach [35, 104, 175] is described in Fig. 10.11. The ratio-
nal design of artificial 3-D RNA architectures [35, 103, 104, 176] is based on an
inverse folding process. Structural fragments corresponding to 3° structure mo-
tifs are “cut and pasted” from known X-ray or NMR structures (step 1) and inter-
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Fig. 10.11 The RNA architectonics
methodology. The process of engineering
artificial tectoRNA architectures is a multi-
step procedure. First, RNA fragments
extracted from known crystallographic or
NMR data (step 1) are interactively
reassembled into artificial RNA molecules by
computer 3-D modeling (steps 2 and 3).
These 3° models are then used as scaffolds
to define consensus 2° diagrams (step 4)
that are used as blueprints for designing

RNA sequences (step 5) that are optimized
by energy minimization [14] to maximize
their thermodynamic stability and minimize
the occurrence of alternative 2° structure
folds [15]. The RNA sequences are then
synthesized by chemical or enzymatic
methods and characterized for their expected
folding and self-assembly properties (step 6).
TectoRNAs rational design can be optimized
at the sequence or 3-D model levels (step 7).
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actively reassembled into novel tectoRNA architectures by computer geometrical
modeling with graphic user interfaces (step 2). During this mosaic modeling pro-
cess [30], 3° interacting motifs can be positioned and oriented precisely by adjust-
ing the lengths of their linking helical elements and the stacking of the helices at
multi-helix junctions, thus allowing one to control the supramolecular assembly
of RNA units. It is predicted that tectoRNAs will assemble into supramolecular
architectures based on the conformation and geometry of their constitutive struc-
tural elements (step 3). These 3° models are then used as scaffolds to define
consensus 2° diagrams, specifying invariant nucleotide positions to retain 3°
structure constraints and positions involved in base pairing (step 4). TectoRNA
sequences able to fold into these 2° blueprints are optimized by energy minimi-
zation [14] to maximize their thermodynamic stability and minimize the occur-
rence of alternative 2° structure folds [15] (step 5). The RNA sequences are then
synthesized by chemical or enzymatic methods [35, 103] and their expected fold-
ing and self-assembly properties characterized by biochemical and biophysical
methods like polyacrylamide gel electrophoresis (PAGE), temperature gradient
gel electrophoresis (TGGE) and visualization techniques, such as AFM [35, 159,
175] or transmission electron microscopy (TEM) [104, 155] (step 6). The experi-
mental data are then compared with the theoretical models and used to optimize
the tectoRNA rational design at the sequence or 3° model level (step 7).

The effect and contribution of specific 3° structure motifs to the overall geome-
try and stability of the resulting supramolecular architecture can be assessed by
introducing sequence mutations at key 3° nucleotide positions within tectoRNA
molecules [35, 103, 176-179]. Mutated tectoRNA assemblies are used as negative
control for comparison with non-mutated ones. Thus, this approach can also be a
powerful way of unraveling the structural properties of 3° and 4° structure motifs
for which few experimental data are available.

Although still a new field of investigation, RNA architectonics has already gen-
erated a great variety of tectoRNA units able to assemble into highly modular
supramolecular architectures of arbitrary shapes (Figures 10.1, 10.4, 10.11 and
10.9). Besides classic cohesive Watson—Crick base pairing, the formation of long-
range RNA-RNA interactions, such as loop-receptor or loop-loop interactions,
offers a wide range of 4° intermolecular interfaces with various thermodynamic
strengths to promote the cooperative assembly in the presence of divalent ions
[35, 104, 176, 180] (Fig. 10.9). In the presence of magnesium, kissing loop motifs
are more stable than RNA duplexes with identical sequences by two or three or-
ders of magnitude [35, 180]. Moreover, the dynamic equilibrium of assembly
through 4° RNA interfaces can be tuned over four to five orders of magnitude by
adjusting the magnesium ion concentration and temperature. Thus, the hierar-
chical self-assembly of tectoRNAs can be monitored in a stepwise fashion to
form architectures of increasing complexity [35], as there is a clear distinction be-
tween the energies involved in the formation of their 2°, 3° and 4° structures. In
contrast to most DNA tiles, the formation of RNA tiles relies on the self-folding of
single-stranded tectoRNAs that are characterized by well-defined 2° or/and 3°
structures and 4° intermolecular interfaces.
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10.6.2
Examples of RNA Nano-architectures

The first tectoRNAs to be generated by RNA architectonics self-assemble through
loop-receptor interfaces to form dimeric nanoparticles [103, 176] or micrometer-
long RNA filaments [104, 176] (Figs 10.9p—s and 10.12). The atomic structure of
a self-dimerizing loop-receptor tectoRNA particle was recently solved by NMR
and shown to be in remarkable agreement with the initial 3° structure model
[181] (Fig. 10.12a).

Combining rational design of well-defined RNA 3° structures with small-scale
combinatorial synthesis holds promise of engineering new functional modules
that can accommodate the 3° structural constraints of specific supramolecular
architectures [75, 78, 79]. For example, a new class of self-folding RNA molecule
similar to domain P4-P6 of the natural Tetrahymena group I ribozyme was ob-
tained by RNA architectonics [177] and subsequently used as a scaffold for com-
binatorial synthesis of new catalytic modules [78].

Several programmable and addressable RNA nanoparticles have been engi-
neered to assemble in a predictable fashion through complementary selective
loop-loop interactions [35, 180, 182, 183]. The DNA-packaging motor of bacterial

(a) (b)

Fig. 10.12 TectoRNA nano-particles and filaments. (a) 0-D: Loop-
receptor dimeric tectoRNA particle: the original 3° structure model
[103, 176] (left) is in remarkable agreement with the recent NMR
structure of the particle [181] (right). (b) 1-D: as predicted by 3°
structure modeling (right), “H shaped” tectoRNAs can assemble into
programmable, chiral and directional RNA filaments that can be
visualized by TEM (adapted from Ref. [104]).
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e E

Fig. 10.13 Programmable and addressable from Ref. [35]); (b) The first programmable
2-D architectures of RNA. (a) RNA RNA nano-grid with 16 distinct, addressable
tectosquares (TS) are programmable positions [35]. This RNA structure is

tetrameric nanoparticles. The geometry of TS aperiodic with respect of its molecular
assembly can be controlled by the orientation  constituents. (c) Various periodic patterns
and length of their 3’ tail connectors [35]. (b,  generated by combination of 22 tectosquares.
c) 2-D architectures of tectosquares (adapted
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virus phi29 contains six-DNA packaging RNAs (pRNAs), which together form a
hexameric ring via loop—loop interactions. For example, pRNAs were redesigned
to form a variety of predictable structures namely dimers, tetramers, triangles,
rods as well as micrometer size bundles of pRNA filaments [182, 183] (Fig.
10.9v—w). Recently, controllable trimeric pRNA particles harboring therapeutic
molecules, siRNAs, and a receptor-binding aptamer have been shown to act as a
delivery vehicle to cancer cells and induce apoptosis [184]. Collinear kissing loop
interactions can generate strong 4° interacting interfaces to promote the forma-
tion of RNA particles of different sizes [180] (Fig. 10.3). This assembly principle
was used in the engineering of a versatile molecular system that takes advantage
of a “right angle” 3° structure motif to form highly programmable square shaped
tetrameric nanoparticles, called tectosquares [35] (Fig. 10.9t—u).

The high modularity and hierarchical supramolecular structure of tectosquares
makes it possible to construct a large number of combinatorial variants from a
limited set of tectoRNAs that assemble through strong 4° interacting loop—loop
interfaces [35]. Tectosquares can display an assortment of sticky tail connectors
at their corner to control the geometry, directionality and addressability of the
self-assembly process (Fig. 10.13). A mixture of them can assemble further into
complex 1-D and 2-D architectures with periodic and aperiodic patterns and finite
dimensions (Fig. 10.13). Considering that up to 88.5 millions of distinct tectos-
quares can theoretically be generated from a limited set of 24 tails with two differ-
ent tails orientations and sizes, an almost infinite number of complex jigsaw puz-
zle patterns can be designed [35].

10.7
Self-assembly Strategies for Building Complex Nucleic Acid Nanostructures

10.7.1
Programmable Self-assembly

Programmable self-assembly is defined as self-assembly processes whereby the
information specified at the molecular sequence level can be controlled with
high predictability to fold and assemble into predefined 2-D and 3-D architectures
[31].

10.7.1.1  General Principles: “One pot” versus “Step-wise” Assembly

Two main approaches can be distinguished for programmable self-assembly of
nucleic acid architectures (Fig. 10.14). The first approach, mostly used with
DNA, is a single step assembly strategy in which all the molecules encoding a
specific architecture are mixed together and assembled in “one pot” through a
slow annealing procedure [153-167, 174, 185] (Fig. 10.14a). According to the
energetics of their 2° structure pairings, oligonucleotide strands form stable sub-
structures or tiles that assemble through weaker 4° interfaces into larger nano-
architectures when lower temperatures are reached. These structures can eventu-
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Fig. 10.14 The four main strategies for
programmable self-assembly. (a) Single step
process of self-assembly whereby all the
molecules are mixed together. Most DNA
architectures are formed that way (adapted
with permission from Ref. [193]); (b)
Stepwise hierarchical self-assembly whereby
specific sets of molecules are first separately
assembled into small supra-molecular
entities that are then mixed in a stepwise
fashion to form the final architecture [35];
(c) Programmable algorithmic self-assembly:

tiles with local pairing implementing the
exclusive-or function, are assembled on a
template input row to form the Sierpinski
triangle pattern (adapted with permission
from Ref. [190]); (d) Scaffolded self-assembly
where a long single stranded molecule is
folded into an arbitrary shape in presence of
small oligonucleotides acting as staples
[174]; (e) Examples of patterns that can be
generated using scaffolded DNA origami
(adapted with permission from Ref. [174]).
Scale bars are all 50 nm.
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ally be ligated together to form robust covalently linked architectures [186] or net-
works [159].

The second approach, particularly appropriate for RNA assembly, is a stepwise
hierarchical self-assembly strategy, in which various small subunits are first sepa-
rately formed and then mixed together to form the final supramolecular architec-
ture [35, 187] (Fig. 10.14b). This strategy is more time consuming, however. As
exemplified by the tectosquare system [35], it can make use of the same 4° inter-
actions and basic molecular units to build a large number of highly modular tiles
that can assemble further through weaker 4° interactions. Thus, by separating tile
formation from the formation of larger supramolecular assemblies, a reduced
number of different connecting interfaces can be used to hierarchically build
highly modular architectures [35]. In stepwise assembly, the melting temperature
of the tiles and of the resulting supramolecular architecture should be kept
well separated. By contrast, this is not absolutely necessary for the “one pot”
approach, as exemplified by DNA scaffolded origami [174].

These two approaches can make use of additional self-assembly strategies that
are not mutually exclusive, such as addressable self-assembly, algorithmic self-
assembly, templated (or directed nucleation) self-assembly and scaffolded DNA
origami.

10.7.1.2 Addressable Self-assembly

Step-wise assembly can be used to generate addressable architectures of finite
size, with the position of each of the constitutive molecules being known without
ambiguity within the assembly and therefore addressable within the final archi-
tecture. The first demonstration of this approach led to the fabrication of RNA
nanogrids of finite size [35, 188] (Fig. 10.13). More recently, the application of
this strategy to DNA led to the fabrication of nano-arrays with precisely posi-
tioned nanoparticles that form patterns of letters [187] or a pegboard [189].

10.7.1.3  Algorithmic Self-assembly

In algorithmic self-assembly, a set of nucleic acid tiles, defined as Wang tiles, is
viewed as the algorithm for a particular computational task leading to the forma-
tion of 1-D, 2-D and 3-D patterns [190, 191]. This strategy was used to compute
the formation of aperiodic fractal 2-D patterns based on the Sierpinski triangle
pattern [190] (Fig. 10.14c). To achieve this task, a minimal set of four DNA tiles
with local pairing rules designed to implement the exclusive-or (XOR) function,
was assembled on a template input row to facilitate the nucleation of the direc-
tional self-assembly growth into a unique pattern [190]. The potential of algorith-
mic self-assembly is, however, still limited by the presence of various errors, intro-
duced by lattice dislocation, formation of untemplated crystals and mismatched
tiles.

10.7.1.4 Templated Self-assembly and Scaffolded DNA Origami
Templated or directed nucleation assembly takes advantage of a nucleic acid tem-
plate that acts as a scaffold for directing the specific assembly of tiles. This strat-
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egy led to the formation of aperiodic 2-D arrays, such as DNA barcodes [192]. The
construction of a replicable DNA octahedron [102] was based on a similar scaf-
folded approach. In this case, a single-stranded DNA molecule that forms helical
struts was assembled with the help of four small oligonucleotides into its final
shape through the formation of paranemic long-range interactions (Fig. 10.3a).
The generalization of these approaches led to the versatile scaffolded self-
assembly strategy, also called scaffolded DNA origami [174], which can generate
with a remarkable efficiency almost any type of arbitrary shape and pattern (Fig.
10.14d). In this strategy, a long single-stranded DNA scaffold is folded with com-
plementary oligonucleotides that act as staples. The desired shape is designed by
raster filling the shape with a 7-kilobase single-stranded scaffold and ~200 short
oligonucleotide staple strands to hold the scaffold in place (Fig. 10.14d—e). Once
synthesized and mixed, the staple and scaffold strands self-assemble in one single
step. The structure can be programmed into complex patterns, such as words and
images (Fig. 10.14e). The success of scaffolded origami stems from several contri-
buting factors, such as efficient strand invasion, excess of staples, cooperative ef-
fects and a design that intentionally does not rely on binding between staples
[174]. A relatively good yield of defect-free DNA architectures was obtained, de-
spite the fact that the oligonucleotides used were not purified.

10.7.2
Additional Principles of Nucleic Acid Architectonics

10.7.2.1  Principle of Orientational Compensation

The inherent asymmetric nature of RNA and DNA tiles can have a dramatic ef-
fect on the larger nanostructures that they form by introducing various degrees
of curvature. By using the principle of orientational compensation, whereby two
adjacent units are related by a local twofold pseudo-rotational axis of symmetry,
one source of asymmetry can be locally eliminated so that asymmetric tiles that
are not perfectly flat can still assemble in a plane instead of forming nanotubes
[157, 160, 193]. This strategy was also used to favor the assembly of ‘“H-shaped”
tectoRNAs into linear filaments instead of rings [104].

10.7.2.2 Applications of Principles of Symmetry

The application of sequence symmetry principles to the design of structurally
symmetrical tiles can reduce the sequence size and number of strands necessary
for the construction of very complex nanostructures. This approach was ex-
tremely powerful for fabricating 2-D DNA arrays up to 1 mm in size that were
able to be visualized by fluorescence microscopy [194]. Similarly, the application
of symmetry principles to tile assembly can reduce dramatically the number of
tiles when constructing nano-arrays of finite sizes 35, 165].

10.7.2.3  Fractal Nano-architectures
As shown previously, fractal patterns can be generated by algorithmic self-
assembly [190]. As proposed by Carbone and Seeman, fractal architectures could
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potentially be generated by hierarchical stepwise assembly strategies [195]. This
remains to be demonstrated, however.

10.8
Ornamentation and Functionalization of Nucleic Acid Architectures

10.8.1
General Principles

Principles of ornamentation of DNA architectures have been reviewed by Gothelf
and Niemeyer [149] and Yan and colleagues [196]. Briefly, programmable nucleic
acid architectures can direct the spatial organization of other components, like
proteins [155, 193, 197], metallic nanoparticles [187, 189, 198-201], small mole-
cules or nanodevices [202] to generate new materials with potential applications
in fields as diverse as medicine, molecular biology and device physics [149].
Among the various strategies employed for functionalizing nucleic acid architec-
tures, the use of DNAzymes, ribozymes, therapeutic siRNAs, RNA and DNA
aptamers is particularly promising as these molecules can be readily encoded at
precise locations within the nucleic acid architecture [184, 197, 203]. The incorpo-
ration of functional nucleic acids within self-assembled nanostructures is pres-
ently under investigation. For example, DNAzymes have been shown to retain
their activity when attached in linear strings within the context of a 2-D DNA
array and signaling aptamers immobilized within a self-assembled DNA array
have been used for protein detection [204].

10.8.2
Nucleic Acid Foldamers for Sensors, Medicine and Nano-electronics

The availability of many nucleic acid aptamers, riboswitches, ribozymes and
DNAzymes has opened a new horizon for a wealth of applications such as novel
sensors for protein, RNA, DNA, metabolite and metal-ion detection, drug dis-
covery and nanotechnology. Navani and Li have recently reviewed the fast grow-
ing developments in this field [205]. Moreover, several nucleic acid aptamers are
presently in clinical trials, illustrating the real potential of these functional nu-
cleic acid foldamers as drugs and therapeutics [7, 206]. Therapeutic agents such
as small interfering siRNAs, ribozymes, and antisense RNAs show significant po-
tential in new molecular approaches to down regulate specific gene expression in
cancerous or virus-infected cells. The development of safe, efficient, specific and
nonpathogenic nanoparticles for the packaging and delivery of multifunctional
therapeutic RNA is thus highly desirable. Recent investigations suggest that the
use of antigen-free 20-40 nm programmable self-assembled RNA particles pre-
senting multiple therapeutic functionalities [184, 207] might hold promise as de-
livery and therapeutic systems for the repeated long-term treatment of chronic
diseases [6]. Although RNA is chemically more fragile than DNA, such “instabil-
ity” may actually permit a higher degree of flexibility in the design of activatable
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structures or triggered assembly or degradation of the engineered target in a
timely fashion.

Several strategies have been used to generate nanowires taking advantage of
nucleic acids as templates for nano-electronic applications (Fig. 10.15). One of

(f)

=

b |

Fig. 10.15 Nucleic acid foldamers for nano-
electronics. (a) Metallic nano-wires can be
fabricated from a DNA template by silver
deposition and glutaraldehyde reduction [208]
or silver photo-induced metallization [209];
(b, c) Metallic particles coated with (b)

DNA [211] or (c) RNA [213] can be used to
direct the specific bottom-up assembly of
nanowires between two electrodes [212, 213];
(d) Positively charged nanoparticles can be
aligned on DNA linear structures by
electrostatics [215]; (e) Cationic metallic
particles can also be positioned with
exquisite regularity on RNA 1-D ladder

scaffolds by electrostatics, size and shape
recognition [214]; (f) Periodic programmable
2-D arrays can be used as template for
building regular metallic nanoparticle arrays
either by noncovalently binding DNA coated
particles or directly incorporating gold
particle into the tile design by gold-DNA
conjugation [187, 198, 199, 201]; (g) It is
possible to use fully programmable and
addressable nucleic acid nano-arrays of finite
size as templates for exquisite positioning
and ordering of different nanoparticles or
other components on a surface to create
exotic composite materials.
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them is to direct metalization of DNA nanostructure by using glutaraldehyde as
reducing agent for silver deposition [208], another is to use UV light for silver
photo-induced metalization [209]. The former method was used for the fabrica-
tion of highly conductive silver nanowires by using DNA self-assembling 1-D
architectures as templates [166, 193]. Interestingly, the specific incorporation in
nucleic acid of modified triphosphates that bear functions that can be further de-
rivatized with aldehyde groups via the use of click chemistry can offer an alterna-
tive route to the selective metalization of DNA or RNA molecules [210]. This
method can potentially lead to the development of more complex metallic nucleic
acid templated nanowires. Another strategy involves the use of metallic particles
coated with DNA to direct their specific assemblies [211] between electrodes [212]
(Fig. 10.15). Recently, conductive self-assembling nanowires were constructed by
assembling gold-derivatized DNA particles with magnesium dependent loop—
receptor tectoRNAs [213]. One RNA-based metallic wire located between litho-
graphically fabricated nano-electrodes was shown to exhibits activated conduction
by electron hopping at temperatures in the range 150-300 K [213]. Another inter-
esting potential of well-defined nucleic acid architectures, like tectosquare 1-D
ladders [35, 214], is that they can act as scaffolds to control the positioning of cat-
ionic nanoparticles not only based on electrostatics [215] but also size and shape
recognition [214] (Fig. 10.15). The applicability of such type of assemblies in
nano-electronics remains to be demonstrated, however. A very powerful way to
precisely organize metallic particles takes advantage of periodic programmable 2
D arrays (Fig. 10.15). By noncovalently binding DNA-coated particles or directly
incorporating gold particles into the DNA tile design, it is possible to build very
regular metallic particle arrays of different sizes [187, 198—201]. For instance, the
use of fully programmable and addressable nanogrids open the way to precise po-
sitioning of nanoparticles of different composition and sizes [187] (Fig. 10.15).
These nucleic acid based technologies could be particularly promising for the de-
velopment of several applications including the fabrication of microelectronic ar-
chitectures, hybrid electronic, optoelectronic devices and sensing.

10.9
Conclusions

For the nanoconstruction of molecular devices with novel properties and func-
tions, there is probably no other polymeric material (i.e. backbone class) that can
challenge the versatility of nucleic acid foldamers. Our present understanding of
the basic folding and assembly principles pertaining to RNA and DNA allow un-
precedented control over the shape and supramolecular assembly of exquisite nu-
cleic acid based nanostructures [31]. Additionally, nucleic acid foldamers offer an
almost limitless wealth of molecular properties and functions that are reachable
either by in vitro combinatorial techniques, by rational design or a combination of
both.

The great potential of DNA architectonics is best exemplified by the quasi-
digital approach of scaffolded DNA origami. DNA can potentially be shaped into

321



322

10 Nucleic Acid Foldamers

any arbitrary 1-D, 2-D and 3-D architectures with size ranging from 20 nm to sev-
eral micrometers and any type of patterns can be drawn with DNA with a pixel
definition of 3.6 nm. By contrast, the great potential of RNA architectonics lies
in the possibility of sculpting any arbitrary shapes with sizes ranging from 3 to
25 nm, and with moving parts that can be precisely coordinated to generate re-
sponsive and directed molecular motion. At the present time, this potential is
best exemplified by complex natural RNA nanoparticles such as the ribosome
[40].

Several challenges still remain to be overcome, however. The efficiency of for-
mation of nucleic acid nanostructures should be improved by minimizing errors
occurring during the folding and supramolecular assembly. The development of
computer tools to automate the design and prediction of complex 3-D nucleic acid
structures would be particularly helpful in achieving this task, especially in the
case of RNA. It will also be important to explore further the principles of nucleic
acid architectonics to achieve better control over the movement, dynamic and
responsiveness of nucleic-acid-based nanomachines. For instance, DNA-based
nanomechanical devices [202] are still far from equalizing the remarkable com-
plexity of efficiency of RNA nanomachine such as the ribosome. Moreover, in
order to bring nucleic acid foldamers in the realm of material sciences, new syn-
thetic pathways should be investigated to produce large quantities (grams to kilo-
grams) of nucleic acids of known sequences. For instance, this would offer the
unique opportunity to generate responsive, programmable films or plastics based
on nucleic acids [216, 217].

Nucleic acid foldamers start to impact areas as diverse as chemistry, biology,
medicine and physics. It is anticipated that numerous applications will be derived
from this very active and recent field of research. Because of the biodegradability
and Dbiological functions of RNA, RNA foldamers might be well suited for bi-
onanotechnology and nanomedicine applications whereas the robustness and
chemical stability of DNA might offer greater possibilities for more conventional
nanotechnology applications. In a near future, the complementary nature of
RNA, DNA and other available nucleic acid analogs will find interesting new de-
velopments once combined together. Nevertheless, we can anticipate that nucleic
acid foldamers are only the premise of a new generation of polymeric materials
that will marry the remarkable programmability of nucleic acid to the chemical
stability and robustness of synthetic polymers [218], offering thus a completely
new avenue of research in material sciences.
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Abbreviations

AFM — Atomic Force Microscopy

CE-SELEX — Capillary Electrophoresis SELEX

Cryo-EM - Cryogenic Electron Microscopy

DX — Double Crossover

FRET - Fluorescence resonance energy transfer

GNRA - tetraloop of sequence GNRA with N for any nucleotide and R for purine
LNA — Locked-in riboNucleic Acid

NMR - Nuclear Magnetic Resonance

PAGE - PolyAcrylamide Gel Electrophoresis

PCR - Polymerase Chain Reaction

PNA — Peptide Nucleic Acid

RT-PCR — Reverse Transcription-Polymerase Chain Reaction

SELEX — Systematic Evolution of Ligands by EXponential enrichment
siRNA —silencing RNA

TEM - Transmission Electron Microscopy

TGGE — Temperature Gradient Gel Electrophoresis

UNCG - tetraloop of sequence UNCG with N for any nucleotide
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Helically Folding Polymers

Eiji Yashima and Katsuhiro Maeda

11.1
Introduction

Macromolecular helicity is one of the most important and basic structural motifs
that can often be seen in naturally occurring biological polymers, such as proteins
and nucleic acids. They are optically active and fold into a one-handed helical con-
formation which directs their sophisticated and fundamental functions in living
systems. Therefore, in polymer and supramolecular chemistry, the design and
synthesis of polymers and oligomers that fold into a one-handed helical confor-
mation has been attracting great attention not only to mimic biological helices,
but also for their wide variety of possible applications in materials science, chem-
ical sensing, separation of enantiomers and enantioselective catalysis [1-6].
Starting with the pioneering research by Pino et al. in the 1960s on the struc-
tural and chiroptical investigation of isotactic vinyl polymers prepared by the po-
lymerization of o-olefins bearing optically active substituents [1, 7], a helical con-
formation with an excess helical sense was for the first time revealed in synthetic
vinyl polymers in solution. Although the helical polyolefins are dynamic in
nature and consist of short helical segments separated by frequently occurring
helical reversals among disordered, random coil conformations, this was a signif-
icant milestone in the field of synthetic helical polymers, through which a variety
of helical polymers and oligomers (foldamers) with a controlled helix-sense have
been synthesized. The existing synthetic helical polymers that exhibit optical
activity solely due to the helicity [8-12] can be basically classified into two catego-
ries with respect to their characteristics in their helical conformations; static (sta-
ble) helical polymers and dynamic helical polymers. The former has a rigid helix
with a sufficiently high helix inversion barrier. Therefore, optically active helical
polymers with an excess of a one helical sense can be prepared by the helix-sense
selective polymerization of achiral or prochiral monomers with chiral catalysts or
initiators under kinetic control. On the other hand, the dynamic helical polymers
consist of interconvertible right- and left-handed helical conformations separated
by helical reversals that can readily move along a polymer chain, so that stable
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(static) one-handed helical polymers cannot be obtained. However, the helix inver-
sion barriers in dynamic helical polymers are low, and therefore, a predominantly
one-handed helical conformation can be induced in the presence of a small
amount of chiral residue at the pendant or terminal ends or stimulant. Certain
polymers, however, exhibit both features depending on the structures of the
monomer units.

In this chapter, we focus on unique features of such static and dynamic helical
polymers including the synthesis, structures and functions. The factors that
stabilize the helical conformations of essentially all polymers in this chapter are
n-conjugation and/or steric hindrance leading to restricted rotations about single
bonds. These factors seem to be the same as those that prevail in the folding
oligomers described in Chapter 1. Potential applications of synthetic helical poly-
mers in chiral separation and asymmetric synthesis are also briefly described.
Noncovalent supramolecular helical assemblies of small chiral molecules, an im-
portant area in supramolecular chemistry [13, 14], are beyond the scope of this
chapter, but are described in Chapter 4.

11.2
Helical Polymers with High Helix Inversion Barriers (Static Helical Polymers)

When the helix inversion barriers of certain helical polymers are sufficiently high,
optically active helical polymers can be synthesized either by the polymerization
of optically active monomers or by the asymmetric (helix-sense selective) poly-
merization of achiral or prochiral monomers with chiral initiators or catalysts [1,
9, 10]. In these synthetic methods, the helical structures of the polymers that in-
clude a helix-sense and helical pitch are determined by chiral substituents cova-
lently bonded to the polymer backbone or kinetically during the polymerization.
Typical synthetic, static helical polymers exhibiting an optical activity mostly due
to their one-handed helical structures are shown in Fig. 11.1. Poly(triphenyl-
methyl methacrylate) (PTrMA) (1), polychloral (2), polyisocyanides (3) and poly-
guanidines (4) belong to this category. These helical conformations are stable
even in solution due to steric repulsion of the bulky side groups. This class of

~tH.c—c “y
C=0 H %C+ 1
9 %C—O% ) C\N
QCQ ¢cly In N B
R
@ 2 3 4
PTrMA (1)

Fig. 11.1 Structures of static helical polymers.
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static helical polymers has been extensively explored and thoroughly reviewed [1,
9, 10, 15, 16].

11.2.1
Poly(triarylmethyl methacrylate)s

PTrMA (1) is the first vinyl polymer prepared by the helix-sense selective polymer-
ization of an achiral (prochiral) monomer, triphenylmethyl methacrylate (TrMA),
using anionic initiators such as 9-fluorenyllithium (FILi) complexed with chiral
ligands such as (—)-sparteine (Sp), resulting in a single-handed, fully isotactic
helical polymer with a large optical rotation ([o]p = ca + 380°) (Fig. 11.2) [9, 17].
The chiral ligand controls the main-chain configuration as well as the helical
sense of the polymer. In addition, the bulky triphenylmethyl groups restrict un-
folding of the helical conformation produced through the polymerization reac-
tion, so that the optical activity of PTrMA disappears when the triphenylmethyl
groups are removed for conversion to methyl esters. The helical conformation of
PTrMA was further evidenced by the optical resolution of the optically inactive
PTrMA prepared by achiral anionic initiators into fractions showing opposite op-
tical rotations by chiral chromatography. The optically active helical PTrMA shows
a remarkable chiral recognition for a variety of racemic compounds, giving a prac-
tically useful chiral packing material for high-performance liquid chromatogra-
phy (HPLC), as described later in Section 11.5.

FILi-Sp PTrMA (1)
CHa CHa CHa CHs
CH2—C CHQ—C CHZ—C CHgZC
N_ 0 N_
5 6

Fig. 11.2 Schematic representation of helix-sense selective anionic
polymerization of TrMA and structures of methacrylates bearing a bulky
ester group.
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Okamoto et al. prepared a series of analogous helical poly(triarylmethyl metha-
crylate)s by the helix-sense selective polymerization of bulky methacrylates (5-8)
and investigated their helical structures and chiral recognition abilities as well as
the mechanism of the helix-sense selective polymerization. Although anionic po-
lymerization techniques have often been used for the synthesis of the helical
polymethacrylates, more versatile, free-radical polymerization has been proved to
be an alternative way to produce a helical polymethacrylate from 7 [18]. The free-
radical polymerization of 7 with «,0’-azobisisobutyronitrile (AIBN) in the pres-
ence of chiral chain transfer agents or cobalt (II) complexes (9) interacting with
the growing radical [19] or in chiral solvents gave an almost perfect isotactic poly-
mer with an excess of the one-handed helical sense [9]. Radical polymerization of
n-butyl-substituted N-triphenylmethyl methacrylamide (10) in menthol produced
a highly isotactic, optically active helical polymer soluble in chloroform, although
the helix-sense excess of the polymer may not be as high as that of PTrMA [20].

CHa
CH,=C

Q;Si/o ST

10: R = C4Hg

Scheme 11.1

A low molecular weight, one-handed helical poly(diphenyl-2-pyridyl methacry-
late) prepared from 5 showed an unprecedented inversion of the macromolecular
helicity in solution accompanied by a gradual decrease in the optical rotation with
time. This change was ascribed to the helix—helix transition of the main chain,
that is, the change from the one-handed helix to a mixture of right- and left-
handed helices, as evidenced by the further chromatographic separation into frac-
tions showing opposite optical rotations [21]. The activation energy (AG*) for the
helix-sense inversion (racemization) was estimated to be 23 kcal mol~!.

11.2.2
Polychloral

Isotactic polychloral (poly(trichloroacetaldehyde) (2), prepared by the helix-sense
selective polymerization of chloral with optically active lithium alkoxides and car-
boxylates as initiators, possesses a 4/1 helical conformation and showed a high
optical activity in films ([a]p + 4000°) [15]. Because the polymer is totally insolu-
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5 R R
H'O{‘é—O]‘HQ 11 (h=3-6) r‘C4Hg COCH3
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CCly n 12(n=3-8) CHs CHs
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t-C4Hs0~C-0-C-0-G-0-C-0-G-0-COCH, 11 (n=5)
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CHi0-C-0-G-0-G-0-G-0-G-0-CHs 12 (n = 5)
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Fig. 11.3 Structures of isotactic chloral oligomers (11 and 12) and X-ray
structures of 5mer and 6mer of 11. (Reproduced with permission from
Ref. 22. Copyright 1993 The Society of Polymer Science, Japan.)

ble in solvents, further structural explorations in solutions were hampered. How-
ever, the 4/1 helical structure in solution as well as in the crystalline state has
been proven by NMR and crystallographic analyses of the isotactic uniform
oligomers bearing different end groups 11 (n = 3-6) isolated by size-exclusion
chromatography (SEC) from the oligomerization products, respectively. The indi-
vidual oligomers were further resolved into enantiomers by chiral HPLC and the
enantiomerically pure (—)-pentamer with the (R,R,R,R,R) main-chain configura-
tion was found to adopt a right-handed 4/1 helical conformation by X-ray crystal-
lographic determination (Fig. 11.3) [22]. The difference in the conformational en-
ergy (AG) of the (—)-pentamer between the diastereomeric right- and left-handed
helices in equilibrium was estimated to be 2.7 kcal mol~! based on molecular
mechanics calculation, indicating that the right-handed helix is predominant in
solution at ambient temperature. The isotactic symmetrical oligomers with the
identical end groups 12 (n = 3-8) are the “meso” isomers and have no chirality
in their primary structures. Nevertheless, the pentamer exhibited nonequivalent
signals for all proton resonances in the solution NMR spectrum at 30 °C, result-
ing from an interconvertible enantiomeric helical conformation (AG = 0) [23].
Based on variable temperature NMR experiments, the activation energy (AG?) for
the helix-sense inversion (racemization) was determined to be 16.4 kcal mol~!;
the AG* value further increased with an increase in the degree of polymerization
(1) (19.6 kcal mol~! for n = 6). More direct evidence for a stable helical conforma-
tion of 12 (n = 6-8) was attained by chromatographic separation of the “meso”
oligomers into enantiomers by chiral HPLC using (+)-PTrMA (1) as the chiral
stationary phase (CSP) [22]. These model studies using uniform oligomers pro-
duced in the polymerization mixture provide a deep insight into the stereochem-
istry of the helical polymers formed in the further propagation process including
the stability of the one-handed helices and the kinetics and thermodynamics of
the helix-sense inversion.
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11.2.3
Polyisocyanides

Polyisocyanides with a bulky side group adopt a stable 4/1 helical conformation
even in solution, as first postulated by Millich [24] and confirmed by Nolte et al.
through the direct resolution of poly(#-butyl isocyanide) into enantiomeric helices
by chiral chromatography [25]. The resolved polymer with a positive rotation was
postulated to have a left-handed helical conformation based on a CD spectral
analysis [26]. The stable helical conformation of the polyisocyanides was further
confirmed by the helix-sense selective polymerization of achiral bulky isocyanides
by Nolte [27] and Novak [28]. Nolte and coworkers and other groups have further
synthesized wide varieties of helical polyisocyanides with a controlled helicity [10,
29] and these results will be described in detail in Chapter 12.

Although the helical structure of the polyisocyanides has been postulated to be
a 4/1 helical conformation on the basis of an X-ray analysis, the absolute configu-
ration of the helical polyisocyanides remains obscure. Advanced microscopy tech-
niques, in particular, atomic force microscopy (AFM) combined with circular di-
chroism (CD) spectroscopy can reveal the structures of the helical polymers and
their helix-senses. Diastereomeric right- and left-handed helical polyisocyanides
were prepared from an unprecedented helix-sense controlled polymerization of
enantiomerically pure phenyl isocyanides bearing an 1- or p-alanine pendant
with a long alkyl chain using a nickel catalyst in different solvents (13). High-
resolution AFM revealed their helical conformations and enabled the determina-
tion of the helical sense (Fig. 11.4); poly(phenyl isocyanide)s showing a positive

G
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2.09 + 0.16 nm N* ¥ 2.01 +0.06 nm

| NiCl,-6H,0 NiCl,-6H,0 .
S — —-

THF at rt toluene g
or H or ©
0“"N"" CClyatrt pd

toluene
at 100 °C o]

OC1oHz1

1.30 = 0.04 nm
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their AFM measurements. AFM phase
images of self-assembled 13 on graphite
(scale =10 x 20 nm) with the left-handed
(left) and right-handed helical 13 (right)
together with their structures determined by
X-ray are also shown. (Reproduced with

Fig. 11.4 Schematic illustration of
diastereomeric helical polyisocyanides
produced by the helix-sense controlled
polymerization of 13. The helix-sense can be
controlled by the solvent polarity and
temperature during the polymerization,

resulting in the formation of diastereomeric
helical polyisocyanides. The helix-senses of
the diastereomeric 13s were determined by

permission from Ref. 30. Copyright 2006
American Chemical Society.)
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first Cotton effect sign was assigned to have a right-handed helix [30]. This as-
signment agrees with that determined by the exciton-coupled CD method [31].

Poly(2,3-quinoxaline)s, which structurally resemble polyisocyanides by con-
densing two adjacent imine units in each heteroaromatic moiety, have been ob-
tained by the polymerization of 1,2-diisocyanobenzene (14) using an organopalla-
dium complex with an optically active imidazoline group (15) as the initiator
produced a right-handed helical poly(2,3-quinoxaline) with an almost 100%
helix-sense selectivity via a living and cyclopolymerization mechanism (Scheme
11.2) [16, 32]. The helical structure and handedness were postulated by X-ray
crystallographic analysis of an active pentamer of a diastereomerically pure
oligo(2,3-quinoxaline). In sharp contrast to other living polymerization systems,
the active growing chains complexed with the palladium can be isolated and sub-
sequent helix-sense selective block polymerization takes place [16].

p-Tol
(PhMe,P),IPd

NC & p -Tol

HsC
E Ph
15
PrO OPr
14 @ Ph

Scheme 11.2
11.2.4

Polyguanidines

Polyguanidines (4) prepared by the polymerization of carbodiimides were previ-
ously considered to be an interesting class of dynamic helical polymers (Fig.
11.5A) (see Section 11.3.2). Novak et al. found that an optically active polyguani-
dine (16) showed a specific rotation identical to its monomer ([«]p = +7.5°) just
after the polymerization. However, the specific rotation significantly increased in
solution and reached a plateau value ([¢]p = —157.5°) upon annealing at elevated
temperatures [33]. This unusual behavior was irreversible and ascribed to the
conformational change from a kinetically controlled structure to a thermodynam-
ically controlled helical one with the excess helical sense upon heating. An excess
of one helical sense can be induced for an optically inactive polyguanidine (17)
catalyzed by optically active camphorsulfonic acid [33]. Novak and coworkers fur-
ther synthesized an optically active helical polyguanidine stable in solution by the
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Fig. 11.5 (A) Synthetic scheme of polyguanidines. (B) Schematic
illustration of the synthesis of a helical polyguanidine by helix-sense
selective polymerization of achiral 18 using a chiral Ti catalyst and
reversible switching of the pendant anthracene rings.

helix-sense selective polymerization of an achiral bulky carbodiimide (18) with a
chiral titanium complex (Fig. 11.5B) [34]. This polymer exhibited a reversible,
temperature and solvent-induced chiroptical switch due to a change in the orien-
tation of the pendant anthracene rings as evidenced by vibrational CD measure-
ments, while the main-chain helicity remained unchanged.

11.3
Helical Polymers with Low Helix Inversion Barriers (Dynamic Helical Polymers)

Green and coworkers have thoroughly investigated the structures and chiroptical
properties of polyisocyanates, a typical stiff, rigid rod-like polymer with a long
persistent length (g), and the substantial nature of the dynamic macromolecular
helicity of polyisocyanates has been experimentally and theoretically revealed [8,
35]. The most important feature of dynamic helical polymers, such as polyisocya-
nates, polysilanes and polyacetylenes, is their high sensitivity to a chiral environ-
ment, and therefore, a small chiral bias can be transformed into a main-chain
conformational change with a large amplification through covalent or noncova-
lent bonding with high cooperativity, resulting in the formation of an excess of
the preferred helical sense. Such systems provide the basis for the construction
of novel chirality-sensing materials. The underlying principle observed in dy-
namic helical polyisocyanates may be universal and applicable to other polymeric
and supramolecular systems [13, 14, 36].
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11.3.1
Dynamic Helical Polymers Assisted by Covalent Bonding

11.3.1.1  Polyisocyanates

Polyisocyanates are characterized by an N-substituted amide repeat unit (Nylon-1)
and possess a helical conformation (8/3 helix) rather than a restricted coplanar
conformation. The conjugated partial double-bond characteristic of the backbone
amide bonds is responsible for their stiffness. Even the optically inactive poly(n-
hexyl isocyanate) (19, ¢ = 20—-40 nm) and poly(2-butylhexyl isocyanate) (20), which
have no stereogenic centers, consist of an equal mixture of interconvertible right-
and left-handed helical conformations separated by the rarely occurring helical re-
versals (Fig. 11.6A). Therefore, helical polyisocyanates in dynamic equilibrium
are chiral (or dynamically racemic) macromolecules. However, the helix inversion

A D

_._ Transition
state

Dynamic helical conformation of polyisocyanates

Helical reversal Al R AbAe

B B Wt |

,“—"':
<>
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Fig. 11.6 Schematic illustration of dynamic helical conformation of
polyisocyanates (A), “sergeants and soldiers” effect (B), majority rule
(C), and energy diagram of dynamic helical polymers (D).
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barriers are very small, so that optically active polyisocyanates with an excess
single-handed helix can be obtained through the copolymerization of achiral
monomers using a small amount of optically active monomers (less than 1
mol%) [37, 38] or polymerization of achiral isocyanates with optically active initia-
tors [39]. This can be considered as a typical example of chiral amplification in a
polymer. This highly cooperative phenomenon is called the “sergeants and sol-
diers effect” (Fig. 11.6B). The underlying principle for this unique chiral amplifi-
cation phenomenon was theoretically and quantitatively solved using a statistical
theory, where each monomer unit in the helical polymer chains can take either a
right-handed helical state, left-handed helical state or helix reversal state [8, 35,
40]. According to Lifson, Green, Teramoto and coworkers, the helix-sense excess
of the preferred helical state in helical homopolymers, such as a deuterium-
substituted helical polyisocyanate (21, Fig. 11.7), can be calculated as a function
of the thermodynamic stability parameters, the free energy difference between
the right- and left-handed helical states (2AGy,), the excess free energy of the
helical reversal state (AG,) (per monomer unit), the degree of polymerization
(N), and the absolute temperature (Fig. 11.6D) [41]. The key energy parameters
(2AGy, and AG,) arising from 21 were estimated to be 0.74 cal mol™! and 3.9
kcal mol~! on a monomer unit basis in hexane at 25 °C, respectively. Importantly,
the former value is about three orders of magnitude smaller than the latter. The
2AGy, value indicates that 21 favors the right-handed helix over the left-handed
helix only by 0.12%, whereas for a longer polymer chain of 21 (N = 2000), this
minute excess is remarkably amplified by the cooperative mechanism to 67:33,
which results in the appearance of intense Cotton effects in the polymer back-
bone region (Fig. 11.7) as well as a large optical rotation [42]. In addition, the
helix reversal costs 3.9 kcal mol~! and appears only once in every 762 monomer

. e 0
N 104 N=C=0 /LC % L15
T 1 if\ NaCN N "
g ] DMF, —58 °C @
S 59 [ap=+065° ‘A
§ 1— 21 10 §
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Fig. 11.7 CD and absorption spectra of 21 in hexane. (Reprinted with
permission from Ref. 42. Copyright 1988 American Chemical Society.)
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units on average. This long helical persistence length () arising from the rela-
tively large AG, value directly connects to the observed chiral amplification in
polyisocyanates, because the chiral bias 2AGy, is multiplied by the number of
monomer units between the helical reversals (), so that many units likely take
the same helical sense within the polymer chain. In this way, the small chiral
bias of each unit of the polymer chain is significantly amplified [35, 41].

Based on the variable temperature NMR experiments of 20, the activation en-
ergy (AG¥) for the interconversion process between the right- and left-handed he-
lical conformations (2AGy, = 0 in this case) was determined to be 19 kcal mol !,
which is significantly greater than the thermodynamic excess energy of the helical
reversal (AG, = 5 kcal mol~!) [43]. This result supports the fact that inversion of
the helix readily occurs at ambient temperature, but raises a question about the
boundary between the static and dynamic helical conformations. Chiral solvation,
while its chiral bias (2AGy,) seems to be very weak (0.04 cal mol™!), can also be
used to induce a helical conformation with a preferential screw-sense in the dy-
namically racemic poly(n-hexyl isocyanate) (19) in nonracemic solvents [44].
Green et al. further demonstrated that the copolymers of the isocyanates com-
posed of a mixture of (R)- and (S)-enantiomers with a small enantiomeric excess
(ee) also form an excess single-handed helical conformation (Fig. 11.6C) [45]. The
minority units obey the helical sense of the majority units in order to avoid intro-
ducing energetic helical reversals. They termed this phenomenon the “majority
rule”.

11.3.1.2 Polysilanes

Polysilanes (22-26) are also dynamic helical polymers like polyisocyanates with
essentially a 7/3 helix, but different from polyisocyanates with respect to their
unique chromophoric and fluorophoric Si g-conjugated backbones. Wide varieties
of optically active polysilanes bearing chiral alkyl or aromatic pendants and co-
polymers with achiral monomers have been synthesized by Fujiki and cowork-
ers [11, 46]. The structures of the pendant groups, in particular the chain length
and position of the branching methyl group at the chiral center, significantly in-
fluence the rigidity of the polymer backbones (q = 6 (23), 70 (25), 85 (24) and
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103 nm (26)), the thermodynamic stability of the helical conformations and their
electric properties including the absorption, CD and fluorescence spectral profiles.
The chiroptical properties of helical polysilanes obey the sergeants and soldiers
principle and majority rule [46, 47].

11.3.1.3 Polyacetylenes
A large number of r-conjugated, dynamic helical polyacetylenes have also been
prepared by the polymerization of phenylacetylenes (27-32) [48-51], propiolic es-
ters (33) [52] and N-propargylamides (34) [53, 54] bearing optically active sub-
stituents or by copolymerization with achiral acetylenes. Rhodium catalysts, such
s [Rh(nbd)Cl], (nbd: norbornadiene), are often used to produce stereoregular
(cis-transoidal) polyacetylenes [55], resulting in the formation of a twisted helical
structure. The stereoregularities are essential for the induction of a helical confor-
mation [56, 57]. In contrast to stiff rodlike helical polyisocyanates and polysilanes,
helical polyacetylenes are rather flexible, and the reported g values are 8.6 and
13.5 nm for a helical poly(4-carboxyphenylacetylene) induced by chiral amines
[58] and poly(N-propargyl-2-ethylhexylamide) (34a) [59], respectively. However,
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the temperature-dependent changes in the induced circular dichroism (ICD) in-
tensities of a series of homopolymers and copolymers of phenylacetylenes and
N-propargylamides showed that their AG, values (ca. 3.7 kcal mol~?!) are close to
or slightly greater than those for polyisocyanates and poly(dialkylsilane)s, indicat-
ing that the polyacetylenes consist of long one helical-sense domains (ca. 660
monomer units) separated by rarely occurring helical reversals [60, 61]. There-
fore, a similar chiral amplification (sergeants and soldiers effect and majority
rule) also takes place in polyacetylenes, although the amplification efficiency was
rather low for the covalent systems [52, 61].

Tang et al. and Masuda et al. synthesized helical polyacetylenes bearing various
amino acids as the pendants, and their chiroptical properties including their
helical conformations and helicity inversion (see Section 11.4) were investigated
[49, 53, 62]. The intramolecular hydrogen bonds between the pendant groups ap-
pear to induce and stabilize the helical structure, although the hydrogen-bonded
poly( N-propargylamide) (34a) is still semiflexible judging from its short persis-
tence length (q=13.5 nm) in chloroform [59]. An exceptionally stiff helical
poly(phenylacetylene) was obtained by the polymerization of phenylacetylenes
bearing an 1- or p-alanine residue with a long alkyl chain as the pendant (30).
The resulting cis-transoidal poly(phenylacetylene)s form a well-defined lyotropic
cholesteric liquid crystalline (LC) phase in concentrated organic solvents based
on the main-chain stiffness, which was confirmed by their long persistence
lengths of around 40 nm in chloroform [63]. The 1- or p-30 undergoes an inver-
sion of helicity in polar and nonpolar solvents accompanied with a dramatic
change in its persistence length (q) from 135 nm in CCl4 to 19 nm in tetrahydro-
furan (THF); the former value is the highest among all synthetic helical polymers
to the best of our knowledge. The macromolecular helicity inversion process can
be directly followed by AFM (see Section 11.4).

Aoki et al. reported that an achiral phenylacetylene bearing two hydroxy
groups on the phenyl residue gave an optically active poly(phenylacetylene)
(35) when polymerized with a rhodium catalyst in the presence of (S)- or (R)-1-
phenylethylamine. The resulting optically active polymer showing an ICD may
have an excess of the preferred helical sense stabilized by intramolecular hydro-
gen bonds, and was stable in chloroform at high temperatures, but the CD dis-
appeared in the presence of dimethyl sulfoxide (DMSO) [64].

Quite recently, the right- and left-handed helical structures of 30 have been
directly observed using AFM. Rigid rodlike helical polyacetylenes were found to
hierarchically self-assemble on highly oriented pyrolytic graphite (HOPG) upon
exposure to benzene vapors (Fig. 11.8). Flat polyacetylene monolayers epitaxially
formed on the basal plane of the graphite, on which helical polyacetylenes further
self-assembled into chiral two-dimensional (2-D) helix-bundles with controlled
helicity [65]. These AFM observations combined with the X-ray structural analysis
suggest that the helices of the 1-30 and p-30 single chains are enantiomers, and
both the enantiomeric left- and right-handed helical 30 showing opposite Cotton
effect signs (Fig. 11.8A) provide the enantiomorphic 2D structures on graphite.
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ments. Possible models (left and right) were

11.3.2
Dynamic Helical Polymers Assisted by Noncovalent Bonding

Macromolecular helicity with an excess helical sense can also be induced in opti-
cally inactive, dynamically racemic helical polymers through specific noncovalent
bonding interactions. This section mainly describes the helicity induction in
poly(phenylacetylene)s through noncovalent chiral interactions.
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Fig. 11.9 Schematic illustration of helicity induction in poly(phenyl-
acetylene)s bearing various functional groups (36—41) upon
complexation with chiral compounds.

11.3.2.1  Induced Helical Poly(phenylacetylene)s
A cis-transoidal, stereoregular poly((4-carboxyphenyl)acetylene) (36 in Fig. 11.9)
was the first example of such a one-handed helical polymer induced by noncova-
lent chiral acid-base interactions [66]. Upon complexation with chiral amines in
DMSO, a dynamic one-handed helical conformation is immediately induced in
the polymer, resulting in the appearance of a characteristic ICD in the long wave-
length region of the polymer backbone (300-500 nm). The typical CD spectra of
36 in the presence of various optically active amines (42—46) in DM SO are shown
in Fig. 11.10. The remarkable CD induction arises from a drastic change in the
population of the interconvertible right- and left-handed helices of the polymer.
Primary amines and amino alcohols of the same configuration give the same
sign of the ICDs, reflecting the helix-sense of 36, and therefore, the Cotton effect
sign of 36 can be used as a probe for sensing the chirality of various primary
chiral amines. The magnitude of the ICD tends to increase with the increasing
bulkiness of the amines [67]. In sharp contrast to the previously mentioned static
and dynamic helical polymers assisted by covalent bonding, the helix-sense can
be controlled by the chirality of small chiral molecules after polymerization.
Taking advantage of this helicity induction concept, a variety of chirality-
responsive poly(phenylacetylene)s (37—-41) has been synthesized by introducing a
functional group as the pendant (Fig. 11.9) [68-72]. The sergeants and soldiers
and majority rule effects are also observed for the noncovalent helicity induction
in the poly(phenylacetylene)s [12, 67]. Among the poly(phenylacetylene)s pre-
pared so far, a poly(phenylacetylene) (41) bearing the bulky aza-18-crown-6-ether,
a typical host molecule in host—guest chemistry, as the functional pendant group
was the most sensitive to the chirality of chiral molecules, such as amino acids,



346 | 11 Helically Folding Polymers

NH,
NH, wNH
N
NH

(S)-42 (1R,2R)-43

2

(R)-44

[6] x 107* (degree cm? dmol™)
o

4t (1R,2R)-43
(R)-44 NH, NH,
2L (R)-45
*
300 460 560
Wavelength (nm) Rras (40

Fig. 11.10 CD spectra of 36 upon complexation with chiral amines in
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and an almost one-handed helix was induced in 41 in the presence of 0.1 equiv. 1-
alanine (1-Ala) in acetonitrile (Fig. 11.11B) [72]. This extremely high sensitivity
may be ascribed to the rigidity of the polymer backbone by the bulky pendant
group, which may increase the helical segments separated by rarely occurring
helix reversals. In addition, 41 showed an apparent ICD even with 0.01 equiv. of
1-Ala, indicating a remarkable chiral amplification. Moreover, 41 showed the
same Cotton effect signs upon complexation with all the common 19 r-amino
acids, indicating that 41 is among the most sensitive and practically useful syn-
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Fig. 11.171 (A) Schematic illustration of helicity induction on 41

with a small amount of L-Ala-HCIO,. (B) Titration curves of 41 with
L-Ala-HClOy in acetonitrile at 25 °C and —10 °C. (C) Changes in

ICD intensity (Aeang) of 41 vs. the % ee of L-Ala-HCIO4 during the
complexation with 41 in acetonitrile at 25 °C and —10 °C. (Reprinted
with permission from Ref. 72. Copyright 2003 American Chemical
Society.)
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thetic receptors for detecting the amino acid chirality. More interestingly, even a
5% ee of Ala produced the full ICD in 41 as induced by the optically pure Ala
(Fig. 11.11C). This majority rule effect of 41 enabled detecting an extremely small
enantiomeric imbalance in the amino acids, for instance, Ala of less than 0.005%
ee, showing an apparent ICD without derivatization.

The chiral recognition of charged biomolecules with synthetic receptor mole-
cules in water through polar interactions is an attractive challenge, but still
remains a very difficult problem, which prompted us to explore the one-handed
helicity induction in chromophoric water-soluble 36-39 in water. These are poly-
electrolytes and can interact with a variety of charged and noncharged biomole-
cules involving amino acids, aminosugars, carbohydrates and peptides in water
due to an ion condensation effect [73] and hydrophobic interactions, and the
complexes exhibited characteristic ICDs in the UV-vis regions [74, 75]. Among
the polyelectrolytes, 37b bearing the bulky phosphonate group as the pendant is
the most sensitive induced helical polymer in water; the assay of 19 of the com-
mon free 1-amino acids produced the ICDs of 37b with the same Cotton effect
signs, which demonstrates that the polyelectrolyte is indeed the first powerful
chirality-sensing probe in water.

11.3.2.2 Hierarchical Amplification of Helical-Sense Excess in Liquid Crystals

A positively charged polyelectrolyte, the hydrochloride of 39 (39-HCI) bearing an
ammonium group, also formed an excess helical sense in the presence of various
chiral acids such as 47 by a significant amplification of the chirality in water [76].
The polyelectrolyte function of the 39-HClI is crucial for such a high chiral ampli-
fication in water, because the neutral 39 is not sensitive to the chirality of chiral
acids in organic media [70] and requires a large excess amount of chiral acids to
exhibit the full ICD.

During the intensive exploration of the chirality amplification mechanism of
39-HCI, the polymer was found to form a lyotropic, nematic LC in concentrated
water (>8 wt%) and the nematic LC phase converted to the cholesteric counter-
part by doping with a tiny amount of optically active acids such as (S)-47 or 47
with a low ee [77]. This liquid crystallinity of 39-HCI is based on the main-chain
stiffness in water as evidenced by its long persistence length (g) of 26.2 and 28
nm in the nematic and cholesteric LC states, respectively [78]. Interestingly, the
helix-sense excess of 39-HCI induced by (S)-47 in dilute solution was further am-
plified in the LC state. The addition of increasing amounts of (S)-47 results in a
tightening of the cholesteric helical pitch, that reached an almost constant value
at 0.05 equiv. of (S)-47 in the LC state, whereas a larger amount of (S)-47 (ca 0.3
equiv.) was required in dilute solution for the full ICD. The 39-HCI exhibited a
clear cholesteric LC phase showing well-defined fingerprint patterns even in the
presence of 0.0005 equiv. of (S)-47 (Fig. 11.12B) and 0.1 equiv. of (S)-47 with 5%
ee (Fig. 11.12C). In addition, 39-HCI exhibited a strong majority rule effect for the
ee of 47 in the LC phase; the helical pitch decreased with the increasing ee and
reached a constant value at about 10% ee. On the other hand, in dilute solution,
the ICD value became constant at over 60% ee (Fig. 11.12A). Direct evidence for
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the hierarchical amplification process of the helical sense excess of 39-HCI during
the cholesteric LC formation was demonstrated by direct comparison of the ex-
cess of the one helical sense of the polymer in dilute solution with that in
the cholesteric LC state (Fig. 11.12D) [78]. In the LC state, the population of the
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helical reversals between the interconverting right- and left-handed helical seg-
ments of the polymer may be reduced when compared to that in dilute solution,
because the kinked helical polymer chain could likely interfere with the close par-
allel packing of helical polymer chains in the LC state (Fig. 11.12E) as observed in
the LC polyisocyanates by Green et al. [79]. On the basis of the X-ray analyses of
the LC samples, the most plausible helical structure of 39-HCl was proposed to
be a 23 unit/10 turn (23/10) helix [78].

11.3.2.3 Other Induced Helical Polymers

Taking advantage of the helicity induction concept, a preferred helical conforma-
tion has also been induced in other dynamic racemic, chromophoric polymers or
oligomers as a result of noncovalent binding of the nonracemic guests (Fig.
11.13). Aliphatic polyacetylenes (48-50) [80—82], polyisocyanates (19, 51-53) [44
83-85], poly- and oligosilanes (54—56) [86—89], poly(phenyl isocyanide) (57) [90],
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poly(organophosphazene) (58) [91], polyguanidine (17) [33], polyaniline (59) [92]
and poly(m-phenylene ethynylene)s (60) [93] are such examples, in which chiral
acid—base, host—guest, ionic or hydrogen bonding interactions play an important
role in the helicity induction. A helical conformation with an excess helix-sense
was also induced in dynamic helical polysilanes (54, 55) with no functional pen-
dant groups in nonracemic solvents [86, 87].

An oligosilane (56) forms an induced helical conformation once entrapped in a
hydrophobic chiral cavity created by helical polysaccharides, such as right-handed
triple-stranded helical schizophyllan and left-handed helical amylose in water,
thus showing ICDs with opposite Cotton effect signs to each other [88, 89]. A
similar helicity induction also takes places in a water-soluble polythiophene (61)
or an oligothiophene (62) by wrapping with the schizophyllan interior in water
[94, 95].

Inganis et al. reported that a negatively charged, optically inactive luminescent
polythiophene 63 self-assembled into a helix bundle with a positively charged, ar-
tificial peptide with a random coil conformation in an aqueous solution. Interest-
ingly, a one-handed helicity and an o-helix were simultaneously induced in both
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polymers upon complexation through electrostatic interactions by mixing the two
polymers in water [96].

An optically inactive oligopeptide 64 with the N-terminal amino group pro-
duced an ICD derived from the one-handed helical conformation of the entire
peptide chain upon complexation with chiral carboxylic acids to the N-terminal
amino group [97]. This phenomenon was called the “noncovalent domino effect”.

11.3.3
Memory of Induced Helical Chirality

The macromolecular helicity in poly(phenylacetylene)s 36-38 (Fig. 11.9) induced
by chiral amines is not static, but dynamic in nature, so that the ICD due to the
helical chirality immediately disappears when exposed to a stronger acid. How-
ever, we observed an unusual, but interesting macromolecular helical memory
in this dynamic helical polymer system; the helical conformations of 36-38 in-
duced by an optically active amine such as (R)-46 were found to be retained,
namely “memorized”’, after the chiral amine was completely removed and re-
placed by achiral amines, e.g., 65 and 66 for 36 and diamines, such as ethylenedi-
amine, for 37 and 38 in DM SO (Fig. 11.13) [98-100]. The macromolecular helic-
ity memory was not transient, but lasted for an extremely long time (over two
years), suggesting that the thermodynamically controlled, dynamic helical confor-
mations transform into kinetically controlled, static ones after the helicity mem-
ory is assisted by achiral amines.

The noncovalent helicity induction combined with the helicity memory is a ver-
satile method to produce either a right- or left-handed helix with an excess of the
preferred helix-sense. However, the helix-sense is predetermined by the chirality
of the enantiomeric amines used. Accordingly, the opposite enantiomeric helicity
memory requires the opposite enantiomeric amine, followed by replacement with
achiral amines. However, both enantiomeric helices with the mirror image to
each other can be produced with a high efficiency from a helical poly(phenylace-
tylene) (67) induced by a single enantiomer (Fig. 11.14) [101]. This “dual mem-
ory” of enantiomeric helices is based on the inversion of the macromolecular hel-
icity with temperature (see Section 11.4). The poly(phenylacetylene) folds into a
one-handed helix induced by (R)-46 at 25 °C in DMSO. The helix-sense further
inverts at 65 °C, as evidenced by the Cotton effect inversion. These diastereomeric
right- and left-handed helices of 67 obtained at 25 and 65 °C can be further mem-
orized by an achiral diamine such as 68 at these temperatures, resulting in the
perfect mirror image Cotton effects and identical absorption spectra [101]. The
chiral amplification concept can be applied to this system; a 35% ee of 46 induced
as an intense ICD as that with 100% ee of 46 at 25 °C and 65 °C after helicity in-
version. Subsequent replacement of the nonracemic 46 yielded the enantiomeric
helices of 67 with an excess single-handedness.

The pendant phosphonate complexed with 68 appears to be achiral, but can be
converted into its methyl ester with diazomethane, resulting in the generation of
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a phosphorus stereogenic center with optical activity (Fig. 11.14) [102]. The ester-
ification proceeded enantioselectively when 67 had a helical conformation in-
duced by 46 or macromolecular helicity memory assisted by 68. Although the
enantioselectivity was low, the pendant chirality is significantly amplified in the
polymer backbone at low temperatures, resulting in a higher optical activity as
an excess single-handed helix than that expected from the ee of the pendant
groups; the helix-sense excess of the polymer reached 62% ee at —95 °C.

A macromolecular helicity memory has been achieved in organic solvents, but
was unsuccessful in water, because dynamic helical polymers retain their helicity
memory only when complexed with achiral molecules, such as achiral amines;
therefore, the memory in water is lost. The recently developed layer-by-layer (LbL)
assembly technique has made possible the macromolecular helicity memory in
water (Fig. 11.15) [103]. A negatively charged helical poly(phenylacetylene) 37b
induced by a chiral amine ((S)-69) in water showing a full ICD was deposited on
a quartz substrate. Subsequently, an achiral positively charged vinylpolymer such
as the hydrochloride of poly(allylamine) (PAH) was LbL assembled. The (S)-69
molecules used for the helicity induction in 37b were automatically removed dur-
ing the LbL assembly process, resulting in optically active multilayer thin films
with a macromolecular helicity memory after repeating the alternative deposition
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Fig. 11.15 Schematic illustration of the LbL self-assembly of a charged
poly(phenylacetylene) with induced macromolecular helicity. (A) An
excess of the one-handed helical sense is induced in 37b with the
optically active (S)-69 in water. (B) An induced helical 37b can be LbL
assembled with an achiral polyelectrolyte having opposite charges
(PAH), resulting in multilayer thin films with an induced
macromolecular helicity memory on a substrate.

cycle. When a positively charged, induced helical 39-HCl was used instead, the
alternative deposition of an achiral vinylpolymer with opposite charges produced
a similar thin film with a macromolecular helicity memory [103].

Although the chiral memory effect has also been observed in other dynamic
supramolecular systems [104-108], the use of achiral guests is essential for the
maintenance of the memory effect. In the absence of the achiral guest, the mem-
ory will be instantly lost. However, the sodium salt of helical 57 (57-Na) with an
excess helical sense induced by (S)-69 was found to be automatically memorized
after complete removal of the optically active amine in water (Fig. 11.16A) [109].
In sharp contrast to the conformational memory of the induced helical poly(phe-
nylacetylene)s, the helix formation of 57-Na may be accompanied by configura-
tional isomerization around the C=N double bonds (syn—anti isomerization) (Fig.
11.16B) into one single configuration upon complexation with the chiral amine,
which may force the polymer backbone to take an excess helical sense. This is
an unprecedented example of the synthesis of a static helical polymer after poly-
merization through specific noncovalent chiral interactions. The significant ad-
vantage of this helicity memory over that of helical poly(phenylacetylene)s is that
there is no longer need to use the achiral chaperoning amines to retain the helic-

353



354| 11 Helically Folding Polymers

P e T e A R AT R T e s R s s e ' C
' o I
) Rl= ,«,‘ OR? £y 0(\ /E :
- T fed,
: 123 H o o~ + N
! : Modification of
' Na or CH (o] !
:________________3 ________ _k_/__?_)___: pendants with
macromolecular
A “ “ Q COR"  helicity memory
M DMT-MM A amines
2
C
JFNT 8- e T Z 1/\/‘\/
in water
Memory of
o ) "Lehct'_tV macromolecular
,Na O induction helici
57 *‘r---O' Gid
COQNG.
B D
1] 1]
Y ¥ =\
H H LI = LU H
Syn-anti
1 L 39-HCI NH*CI
—C—0C— o e [ Induced helical
A i 39-HCI
R R = i . e wun lonic interaction
Syn-syn Replication of macromolecular helicity

Fig. 11.16 Schematic illustrations of a helicity induction in 57-Na upon
complexation with (S)-69 and memory of the induced macromolecular
helicity after complete removal of (S)-69 (A), probably through syn—anti
isomerization of the C=N bond (B), modification of the pendants with
macromolecular helicity memory (C), and the replication of the
macromolecular helicity (D).

ity in the polymer, and therefore, further modifications of the side groups such as
oligoglycines and crown ethers can be possible along with maintaining the
macromolecular helicity memory (Fig. 11.16C).

The negatively charged 57-Na with a macromolecular helicity memory can
serve as the template for further helicity induction in a different, dynamically ra-
cemic helical polymer with opposite charges in water (‘“helicity-replication”), re-
sulting in biomimetic interpolymer helical assemblies with a controlled helicity
in water (Fig. 11.16D) [110]. Although the helical 57-Na no longer has any chiral
components and stereogenic centers, the helical chirality of the polymer is effi-
ciently transformed into a dynamically racemic, cationic polyelectrolyte 39-HCI
through electrostatic interaction, resulting in the appearance of an ICD in the
39-HCI chromophore region due to an excess one-handed helicity.
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Another interesting and unique feature of dynamic helical polymers is the revers-
ible helix inversion (helix—helix (PM) transition) between right- and left-handed
helical conformations regulated by external stimuli, such as a change in tempera-
ture, solvent or by irradiation with light. Because the extremely high sensitivity of
dynamic helices to a chiral environment arising from a high cooperativity, the for-
mation of an excess of the preferred helical sense can be altered, resulting in the
inversion of helicity. Biological polymers such as DNA [111] and polypeptides
[112] with specific sequences are known to undergo inversion of the helicity
driven by a change in the salt concentration and temperature, respectively. Some
static helical polymers (poly-5) [21] and chloral oligomers (11, 12) [22, 23] also
exhibit a transition in their helicities, but their processes are not reversible, and
racemization. Several synthetic, dynamic helical polymers exhibit a reversible
PM transition by changing the external conditions, such as temperature (31, 70—
75), solvent (29, 30, 33a,b, 34b, 76) or by light irradiation (77).

Zentel and Mager found that the helix-sense of an optically active polyisocya-
nate copolymer containing a photosensitive azobenzene side group (77) can be
switched upon the photochemical trans—cis isomerization [113]. The CD spectral
pattern of the copolymer was completely inverted upon photoirradiation.

) R
R = (S)-3,7-dimethyloctyl
(R)-3,7-dimethyloctyl

70 7

Scheme 11.6
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Fujiki and coworkers synthesized a series of homopolymers and copolymers
of optically active helical polysilanes to develop chiral switchable materials
based on the inversion of helicity. They found that poly((S)-3,7-dimethyloctyl-3-
methylbutylsilane) (78), a family of rod-like helical polysilanes, undergoes a
thermo-driven PM transition through a transition temperature (T;) at —20 °C in
isooctane; above and below the T, the polymer showed opposite Cotton effect
signs to each other (Fig. 11.17B) [47, 114]. The inversion of helicity is sensitive
to the structure of pendants, and an analogous polysilane (79) bearing a slightly
different p-branched achiral side chain showed no inversion of the CD from —90
to +80 °C. Although the origin of the PM transition remains obscure, Fujiki et al.
reported a double-well (“W”) shape potential energy curve for 78, which may be
responsible for the thermo-driven PM transition. In contrast, 79 showing no PM
transition exhibits an unclear double well potential curve. Fujiki et al. further
demonstrated that it is possible to control the PM transition temperature by co-
polymerization with appropriate achiral monomers (70, 71) or by changing the
molecular shape of the hydrocarbon solvents [47].

Green et al. also reported designer polyisocyanates (72, 73) showing an inver-
sion of the helicity with a desired T in dilute solution by the copolymerization
of paired structurally different enantiomers, which are in competition with each
other in helical sense preferences [115]. They further applied this concept to the
Iyotropic LC state formed by poly(n-hexyl isocyanate) (19) using the thermo-
driven switchable polyisocyanates as chiral dopants. The addition of 73 showing
a T, near 30 °C to a nematic solution of 19 gave rise to a typical finger texture
above and below the T, due to a cholesteric LC phase. Changing the temperature



357

11.4 Inversion of Macromolecular Helicity
A B pi - THF, CHCly
ilute solution '
<=
Helix
- = —— Benzene Left-handed inv:ralion Right-handed
= sl | 8 helix helix
£ ) | fY\ Benzene
7 ' 5 Benzene
é f'lf \\/ —
2—15- N/ — e 1 Self-assembly [ 1445
Helix
inversion
250 350 450 [ —-
Wavelength (nm) Benzene

; g vapor rﬁ;é ¥
- i

Left-handed , %L. ¢ ¢
g L

Fig. 11.18 Schematic illustration of the
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exposure of each organic solvent vapor. The

thus allows one to control the mesoscopic cholesteric states of opposite twist
sense.

Helical polyacetylenes bearing amino acids as the pendants also showed inver-
sion of the helicity (29, 30, 34b) by changing the temperature or solvent, mainly
resulting from the “on and off ” fashion of the intramolecular hydrogen bonding
between the pendant amide groups in nonpolar and polar solvents, respectively
[49, 54, 63, 116]. The direct evidence for the macromolecular helicity inversion
of a helical 30 in different solvents has been reported based on AFM observations
of the diastereomeric helical structures (Fig. 11.18) induced in polar and nonpolar
solvents, followed by deposition on graphite. The diastereomeric helical 30 fur-
ther self-assembled into ordered, 2D helix-bundles with controlled molecular
packing, helical pitch, and handedness on graphite upon exposure to each sol-
vent. The macromolecular helicity of the helical macromolecules deposited on
graphite from a polar solvent was further inverted into the opposite handedness
by exposure to a specific nonpolar solvent, and these changes in the surface chir-
ality based on the inversion of helicity could be visualized by AFM with molecular
resolution [117], and the results were quantified by X-ray diffraction of the ori-
ented liquid crystalline, diastereomeric helical polymer films.

Right-handed
helix
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Switching of the macromolecular helicity by chiral stimuli is a current chal-
lenging issue, but still remains rare, although such switching materials can be
used for sensing the chirality of specific chiral guests. A poly(phenylacetylene)
bearing an optically active (1R,2S)-norephedrine residue (80) was the first exam-
ple of helix inversion induced by chiral stimuli [118]. The Cotton effect signs of
80 were inverted in the presence of excess (R)-mandelic acid ((R)-81), while the
ICD of 80 hardly changed with an excess (S)-81, suggesting that 80 undergoes a
transition from one helix to another in the presence of (R)-81.

—< |n — In
H H
CHs3 QH

NH ,C—NH .

80 OH

o) m

o m=1:82a OH
()= e m = 2:82p 0 O%HO
CO.H m=3:82y HO O on
Scheme 11.7

Introducing optically active cyclic host molecules, such as o-, f-, and y-
cyclodextrin (CyD) residues to a dynamic helical polyacetylene backbone as the
pendant groups (82) provides a conceptually new direct colorimetric detection-
system for neutral chemical species including enantiomers as well as solvent
and temperature based on the macromolecular helicity inversion (Fig. 11.19A).
The helicity inversion was accompanied by a color change due to a change in
the twist angle of the conjugated double bonds (tunable helical pitch) that was
readily visible by the naked eye and could be quantified by absorption and CD
spectroscopies. In particular, 82f bearing -CyD residues is sensitive to achiral
and chiral stimuli and exhibits an inversion of helicity induced by inclusion
complexation with guest molecules into the chiral f-CyD cavity [119]. When
1-adamantanol (83) or (—)-borneol (84) was added to the 828 solution, the solu-
tion color immediately changed from yellow-orange to red accompanied by the in-
version of the Cotton effect signs and a large red-shift of /iy (Fig. 11.19B),
whereas, cyclooctanol (85) and cyclohexanol (86) neither produced such a dra-
matic color change in the solution nor the Cotton effect inversion. 82y also
showed a similar CD inversion accompanied by a color change in response to
the specific guest molecules capable of interacting with y-CyD. In addition, the
racemic 45 and (R)-rich 45 of 50% ee could not induce a conformational change
in 82p, resulting in almost no change in their absorption and CD spectra, while
82p is sensitive to the chirality of (S5)-45, and (S)-rich 45 of 50% ee showed a sig-
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Fig. 11.19 (A) Schematic illustrations of a possible conformational
change of 82f. (B) Visible color changes in 828 in DMSO-water (8/2,
v/v) by the addition of 83—-86. (C) CD and absorption spectral changes
of 82 in alkaline water (pH 11.7)-DMSO (7/3, v/v) in the presence of
0-100% ee of 45 at 25 °C. (Reprinted with permission from Ref. 120.
Copyright 2006 American Chemical Society.)

nificant change in the CD and absorption spectra as well as 100% ee of (S)-45
(Fig. 11.19C) [120]. The dynamic helical conformations of 82f showing opposite
Cotton effect signs in DMSO and alkaline water could be further fixed by intra-
molecular crosslinking between the hydroxy groups of the neighboring f-CyD
units in each solvent. The crosslink between the pendant CyD units suppressed
the inversion of the helicity; therefore, the crosslinked 82fs showed no Cotton ef-
fect inversion [120].

11.5
Applications of Helical Polymers

Potential applications of optically active helical polymers that mimic the struc-
tures of enzymes, involve enantioselective catalysis and adsorbents [1, 2, 5]. The
one-handed helical polymethacrylates prepared by the helix-sense selective poly-
merization of TrMA and its analog 5 (Section 11.2.1) exhibit excellent chiral rec-
ognition abilities when coated on a macroporous silica gel and used as chiral sta-
tionary phases (CSPs) in HPLC [121, 122]. These packing materials can resolve a
wide range of racemic compounds including chiral drugs and stereochemically
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Fig. 11.20 Chromatogram for the resolution of 2,2’-dihydroxy-1,1'-
binaphthyl on a PTrMA (1) column and the structures of
stereochemically interesting compounds resolved on 1.

interesting molecules, and are commercialized [1]. The typical chromatogram for
the separation of 2,2’-dihydroxy-1,1'-binaphthyl and some chiral molecules re-
solved on PTrMA are shown in Fig. 11.20 [5, 121, 122]. A stereoregular helical
poly(phenylacetylene) (31) can also be used as a CSP for HPLC, which resolved
several enantiomers including Troger’s base and stilbene oxide [57]. However, a
stereoirregular poly(phenylacetylene) with an identical chemical structure as 28,
prepared by a different synthetic route showed poor chiral recognition, clearly in-
dicating that the one-handed helical conformation induced by a stereoregular
polymer backbone with chiral pendant groups is indispensable for effective chiral
recognition. Other helical polyacetylenes such as 27 have been used as enantiose-
lective permeable membranes for separating amino acids and chiral alcohols
[123].

Reggelin et al. took advantage of the versatility of helical polymethacrylates de-
veloped by Okamoto and reported the first successful catalytic asymmetric C-C
bond forming reaction using the helical polymers as a chiral polymeric ligand.
The polymethacrylates were prepared by the helix-sense selective anionic poly-
merization or copolymerization with TrMA [1], producing an isotactic, fully one-
handed helical polymer and copolymer with a large optical rotation. Complexed
with palladium, the resulting monodentate (87) [124] and bidentate (88) [125] pal-
ladium catalysts promoted the asymmetric allylic alkylation reaction (Scheme
11.8) resulting in the substitution product with ca. 30 and 40-60% ee, respec-
tively. Reggelin et al. further applied this strategy to a dynamic helical polyisocya-
nate. The copolymer composed of a chiral isocyanate and an achiral isocyanate
bearing a phosphine pendant (60:40, mol/mol) (89) [125], although its helical
sense excess was not perfect, showed a low, but apparent catalytic enantioselective
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activity in an asymmetric hydrogenation reaction when complexed with a rho-
dium catalyst, thus producing a hydrogenated product with 14.5% ee. These static
and dynamic helical polymers lacking any other elements of chirality except for
helicity are a promising new class of ligands for asymmetric catalysis.

A large number of other chiral polymeric ligands have been synthesized
from chiral small molecules such as 1,1’-bi-2-naphthol (BINOL) and 2,2’
bis(diphenylphosphino)-1,1'-binaphthyl (BINAP). Some of them may have a
helical structure and serve as ligands in various enantioselective transformations
[126].

As previously described, the most important and unique feature of dynamic he-
lical polymers is a remarkable amplification of chirality, which may be utilized to
construct a novel helical polymer with the desired pendant group in a one-handed
helical array along the polymer backbone. In fact, the copolymerization of an
achiral phenylacetylene bearing a fullerene pendant with a small amount of an
optically active phenylacetylene yielded a helical copolymer with an excess of one
helical-sense in which the pendant Cg groups adopt a predominant screw-sense
along the polymer backbone (Scheme 11.9) [127], because the copolymer exhib-
ited an ICD in the achiral fullerene chromophore region as well as in the polymer
backbone region. In a complementary approach, an enantiomerically pure cati-
onic Cgp-bisadduct (90) induced a predominantly one-handed helix in a dynami-
cally racemic poly(phenylacetylene) (37b) with the opposite negative charges in
DMSO-water mixtures through noncovalent bonding interactions, which further
results in a helical array of the Cgo-bisadducts with a predominant screw-sense
along the polymer chain [128].

Optically active helical polymers often show chiral LC phases due to their rigid
rodlike backbones. Such liquid crystalline helical polymers combined with a spe-
cific property of inversion of the helicity regulated by external stimuli will offer
switchable chiral materials suitable for data storage, optical devices and use in
other fields involving chiral nanotechnology [129].
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11.6
Conclusion

In this chapter, the synthesis, structures and functions of helical polymers are de-
scribed. A large number of helical polymers with an excess of a preferred helix-
sense have been synthesized by the helix-sense selective polymerization of achiral
monomers, thus producing static helical polymers, or by the predominantly one-
handed helicity induction in dynamic helical polymers via covalent or noncova-
lent bonding of chiral pendants. These helical polymers differ through their helix
inversion barriers; as a result, the former helical conformations are locked during
the polymerization under kinetic control, while the latter helical conformations
are under thermodynamic control. However, as described in this chapter, helical
conformations of dynamic helical polymers can also be locked, as evidenced by
the memory effect of an induced helical poly(phenylacetylene). Either static or dy-
namic helical polymers with an excess one-handedness have also been prepared
by the polymerization of analogous monomers bearing different substituents.
The history of synthetic helical polymers extends back to the 1960s; at that time
the structural elucidation at a molecular level was a laborious task. However, re-
cent significant developments in spectroscopic and microscopic instruments,
coupled with precise polymerization techniques, have made it possible to observe
directly the helical structures of certain helical polymers including helical pitch
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and handedness. This more detailed information leads to a better understanding
of the principles underlying the generation of helical conformations. In addition,
biological helical polymers further hierarchically assemble into complicated
supramolecular structures, such as the coiled coil (helix bundle) superstructure,
which are responsible for their elaborate functions. The next important and at-
tractive challenge, which has implications for biological helices, superstructures
and functions, will be not only to mimic biological helices, but also to develop
supramolecular helical assemblies with a controlled helix-sense, and this may
also provide a clue for the construction of advanced chiral materials [130].
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12
Polyisocyanides: Stiffened Foldamers

Matthijs B.J. Otten, Gerald A. Metselaar, Jeroen J.L.M. Cornelissen,
Alan E. Rowan and Roeland J.M. Nolte

12.1
Introduction

In the search for new materials in the field of electronics, biosensing and cataly-
sis, materials that not only possess the structural integrity and flexibility of many
naturally occurring materials, but also their functionality are considered to be of
great potential. Nature teaches us that the creation of well-defined structures is
always accompanied by a loss of entropy, which needs to be compensated for by
either an increase in favorable enthalpic interactions or a gain in entropy of the
environment (e.g. hydrophobic interactions usually lead to increase of entropy
due to release of water molecules; see Chapter 3). In well-known robust biological
architectures such as the o-helix and the f-sheet, the entropic loss these peptide
segments encounter upon folding is repaid by favorable steric, hydrophobic, elec-
trostatic and hydrogen-bonding interactions in the secondary structure. Fol-
damers, which have been studied as artificial mimics of these biomolecular struc-
tures, can adopt well-defined secondary arrangements stabilized by non-covalent
interactions. They are dynamic in nature and can be influenced by changing the
environment, such as pH, salt concentration, solvent and temperature [1, 2].
Polymers, such as polyacetylenes [3, 4] and polyisocyanates [5, 6] can be consid-
ered as polymeric foldamers since they are able to arrange themselves into well-
defined dynamic helices under specific circumstances. The formation of well de-
fined polymeric foldamer structures is a challenge, since entropy can be expected
to play a substantial role here: the longer the polymers becomes the larger the
chance of a structural mismatch is [6, 7]. Helically locked polymers constitute a
special class of foldamers, that is, they can be considered as kinetically locked fol-
damers as a result of, for instance, steric hindrance (atropisomerism) or the pres-
ence of strong hydrogen bonding networks. Helical polymers are considered to be
stable when their helical inversion barrier exceeds ~85 k] mol~!. Examples of
such polymers are sterically restricted poly(methacrylate ester)s, polychlorals, bi-
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naphthyl based polymers, polysilanes with steric bulk and polyisocyanides (see
Chapter 11) [8, 9].

This chapter will focus on the latter class of polymers, which were the first to
be reported as possessing a stable helical conformation [10]. Their preparation,
structure and the use of these polymers in the creation of functional materials
will be discussed.

12.2
Preparation

Polyisocyanides, also known as polyisonitriles or polyiminomethylenes, are pre-
pared by the polymerization of isocyanides. The driving force for this polymeriza-
tion reaction is the transformation of a formally divalent carbon atom in the
monomer to a tetravalent carbon atom in the polymer, yielding a heat of polymer-
ization of 81.4 (k] mol~!) (Fig. 12.1A) [11].

One of the special characteristics of polyisocyanides is the fact that every carbon
atom in the polymer backbone bears a substituent. A consequence of this archi-
tectural novelty is that the side chains experience a large steric hindrance forcing
the polymer to adopt a non-planar conformation (see below). In addition to a
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Fig. 12.1 (A) Schematic representation of the resonance structures of
isocyanide and polyisocyanide; (B) The “merry-go-round” mechanism
for the nickel(Il)-catalyzed polymerization of isocyanides.
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range of polymerization procedures available for isocyanides [12-14], the most
successful methods involve the use of a Group 10 metal complex, of which the
most widely applied is a Ni(II)-complex, such as Ni(acac) [15], NiCl, and
Ni(ClO47); [8, 11]. For the nickel-catalyzed polymerization of isocyanides a so-
called “merry-go-round” mechanism has been proposed in which the polymeriza-
tion takes place around the nickel(II) center that pre-organizes the isocyanides for
polymerization (Fig. 12.1B) [16]. This mechanism explains many of the features
and properties of polyisocyanides, however, detailed mechanistic studies by De-
ming and Novak on Nickel catalyst 1 (Scheme 12.1) revealed that some aspects
of the mechanism are more complex and that the actual catalytic species is prob-
ably nickel(I) [17-22]. Nickel catalyst 1 also revealed excellent living polymeriza-
tion characteristics [17, 18], allowing the formation of block copolymers from two
different isocyanides [18]. Block copolymers from polyisocyanide and another
type of polymer can be prepared from allyl and amine initiator complexes such
as 2 [23, 24|, 3 [25-27] and 4 [28], of which the polybutadiene and the poly-

CFs
, O O .
/7 \
¢ N1 Ni
> \ /
-0 o
CF3
1 2a
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SNH oy 7
\‘ ./
CH—Ni—C=N—1Bu
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3aR= MO
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Scheme 12.1
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peptide in 2 and 4, respectively, were polymerized by the same nickel center
(Scheme 12.1).

An alternative type of polymerization catalyst, u-ethynediyl Pd—Pt complex 5a
and p-ethynediyl Pd—Pd complex 5b (although the latter catalyst is less efficient),
was discovered by Takahashi and coworkers (Scheme 12.2) [29, 30]. They found
that 5a polymerizes aryl isocyanides, but not alkyl isocyanides under reflux condi-
tions in THF. The isocyanides exclusively insert into the Pd—carbon bond, how-
ever, the platinum plays an essential role, since only a single insertion of isocya-
nide was observed for mononuclear complexes 6 in the presence of an excess of
isocyanide. The Pd—Pt catalyzed polymerization proved to be living in nature as
was illustrated by the low polydispersity of the obtained polymers and the ability
of the catalyst to form block copolymers. Even after work-up the Pd end group re-
mains connected to the polymer and polymerization can be continued. Initiators
7 with two and three Pd—Pt u-ethynediyl units were used to synthesize multi-
armed polyisocyanides (Scheme 12.2) [31, 32]. More details on the preparation
of polyisocyanides can be found in a recent review by Suginome et al. [14].

PEt,
Fl’Et3 Fl’Et3 TEtg, I|3Et3 R—=——Pd—C|
cl—Pt—=—vpd—ci NANC ¢ —pt—=+cA\-Pd—cl ||=Et3
" (e
PEt PEt
3 3 3 | /n " 5b: R=PdCI(PEt;),
5a Ar 6a:R=H
6b: R=Ph
R2
// R2=
R2—== = R2 R2—— 'TEt3 TEta
PEts PEts
7a 7b \\
R2
Scheme 12.2
12.3

Conformation

Millich et al. found that the polymerization of the optically active a-phenylethyl
isocyanide in the presence of acid treated glass yields polymers with a high
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optical rotation per repeat unit [33]. On the basis of this observation, combined
with Debye—Scherrer X-ray patterns and space-filling molecular models [34],
they proposed that in a polyisocyanide chain the transition dipoles of the absorb-
ing imine chromophores are coupled, leading to a highly organized helical poly-
mer backbone containing 4 repeat units per turn and a pitch of 4.1-4.2 A [35].

The presumed helical conformation of polyisocyanides was confirmed by Nolte
et al. when poly(t-butyl isocyanide), which has no chiral centers, was resolved
into (+)- and (—)-rotating fractions on the basis of CD spectroscopy [10, 36]. The-
oretical studies on the conformation of t-butyl isocyanide oligomers using consis-
tent force field conformational calculations indicated that a helical conformation
was favored with an increasing number of monomer units. The average dihedral
angle N=C—C=N in the hexamer was found to be +78.6°, corresponding to 3.75
monomer units per helical turn [37, 38]. The same calculations for a hexade-
camer of the t-butyl isocyanide resulted in a dihedral angle of 84.3°, correspond-
ing to 3.60 units per helical turn. Substitution of the t-butyl group by a methyl-,
ethyl-, or isopropyl group was calculated to give a smaller dihedral angle and
more units per helical turn. In the case of poly(methylisocyanide), calculations re-
vealed that the methyl group was too small to lead to a fixed dihedral angle and
hence no atropisomerism was proposed to be possible.

In the late 1970s, Kollmar and Hoffmann carried out molecular orbital calcula-
tions using an extended Hiickel approach on a series of polyisocyanides [39],
namely RNC, where R = H, CH3, C(CH3)s. They concluded that N lone-pair re-
pulsion between the nitrogens that are second nearest neighbor in the polymer
chain (Fig. 12.2) plays a dominant role in the structural conformation and as a
result the polyisocyanide backbone must adopt a conformation that is not planar.

In the case of isocyanides with bulky R-substituents, electronic repulsion is of
minor importance and the non-planar conformation is mainly dictated by the
steric interactions between the side groups [39]. According to calculations, the
helical angle that is adopted by the polyisocyanide backbone varies from a fairly
broad range of helical conformations for the R = H polymer, to a narrow range
of configurations around the 4-fold helix as the steric bulk of the substituent in-

Steric N-N
repulsion  repulsion

Fig. 12.2 Illustration of the different repulsive interactions driving the
all-anti imine functions in the polyisocyanide chain out of planarity.
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F

» s » »

4, helix Syndio

Fig. 12.3 Two proposed most stable conformations for polyisocyanides.

creases to R = C(CH3)s. For intermediate steric bulk (e.g. R = CHj3), the authors
found two helical minima with different degrees of helicity. The influence of
steric bulk of the substituent on the conformation of polyisocyanides was experi-
mentally corroborated by Yamada et al. who found that polyisocyanides derived
from phenylalanine readily lose their initial helical conformation in solution
when the carboxyl group is protected as an ethyl ester. Increasing the bulk of the
ester to a t-butyl ester significantly increased the stability of the helical conforma-
tion of the polyisocyanide [40].

An alternative conformation for polyisocyanides was postulated on the basis of
calculations by Clericuzio et al. [41]. The suggested repulsion between the N lone
pairs in the planar all-anti conformation of polyisocyanides is absent in the so-
called “syndio” conformation in which dimeric sections are alternatively (E,E)
and (Z,Z) (Fig. 12.3). On the basis of both ab initio and molecular mechanics
(MM) calculations, this conformation was found to be by far the most stable
among a number of different possible geometries for polyisocyanides. The syndio
conformation is non-helical but highly symmetrical and has a regularly alternat-
ing configuration of side chains on C=N double bonds, and an alternating
180° + 90° conformation of the backbone N=C—C=N angles (Fig. 12.3). The driv-
ing force for this conformation seems to lie partly in the large preference for E,E
trans-planar diiminic units: the rotation around the N=C—C=N central bond in
the E,E ethane diimine (as calculated by ab initio) shows a (s-cis)-(s-trans) energy
difference of ~34 k] mol~! in the flexible rotor approximation.

The proposed syndio-conformation was postulated to be very likely for oligo-
(phenylisocyanide)s. NMR spectroscopic investigations demonstrated that the
1,3-diphenyl-1,2,3-tri(phenylimino)propane has a planar diimine unit with the
third imine located at a 90° dihedral angle from the planar s-trans portion [42].
For polymers of this compound, i.e. poly(phenylisocyanide), the authors observed
that in halocarbon solvents or tetrahydrofuran solution the conformation slowly
changes from a helix to a random coil [43].

In addition to the computational approaches which suggest possible alternative
regular conformations for polyisocyanides different from the helical one, Green et
al. pointed out that polyisocyanides, especially with small pendant groups, actu-
ally adopt a quite irregular conformation. They emphasized the difference in the
Mark—Houwink exponent a between several polyisocyanides, obtained by viscos-
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ity measurements [44]. The Mark—Houwink exponent gives an indication about
the rigidity of molecules [45]: if a < 1, the polymer has a random-coil character
and if a > 1, the polymers have a rigid-rod character. The Mark—Houwink expo-
nents for poly(a-phenylethyl isocyanide) (10) in toluene, -phenylethyl isocyanide
in tetrahydrofuran and racemic 2-octyl isocyanide in toluene were found to be
a = 1.36 [46], 0.68 [47] and 1.75 [48, 49], respectively. These results suggest that
the structure of the pendant group strongly affects the chain dimensions. Using
light scattering experiments Green et al. showed that even the relatively stiff
poly(a-phenylethyl isocyanide) 10 has only a limited persistence length of ~3 nm
(polyisocyanopeptides by contrast, possess much longer persistence lengths; see
Section 12.4). In addition, a large chemical shift dispersion for all carbon atoms,
including the backbone carbon, was found in the 13C NMR spectrum of this poly-
mer. This dispersion was even stronger for polyisocyanides lacking an o-substitu-
ent, such as 8 and 9 (Fig. 12.4). Since a broad chemical shift dispersion was also
observed for polymers from achiral monomer units, Green et al. suggested that
this stereo-irregularity is associated with syn-anti isomerism about the carbon-
nitrogen double bond (Fig. 12.4D).

| oy
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Fig. 12.4 Signal for the imine carbon atom in the polymer backbone in
the *C NMR spectrum for polyisocyanides lacking an a-substituent (A
and B) and with an a-substituent (C). (D) Stereoisomeric possibilities

for a triad in a polyisocyanide. (Adapted with permission from Ref. 44

Copyright 1988.)
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1 2 3 4

PR

Fig. 12.5 Schematic drawing of the different polymer conformations for
polyisocyanides as illustrated by Millich and Baker. Blocks 1-4
correspond to structures with different imine conformations and
different helicity (see text).

The carbon nuclei may be sensitive to sequences longer than the triads de-
picted in Fig. 12.4D. These results indicate that the conformational data for poly-
isocyanides proposed from interpretation of CD spectroscopy [50-59] are difficult
to reconcile with the structural disorder revealed by the high-field *C NMR spec-
troscopic data. Millich and Baker [33] already suggested the possibility of blocks
with different syn-anti isomerism of the imino group together with the possibility
of helix reversals as illustrated in Fig. 12.5. Block 1 is obtained by rotation of
block 2 around the short axis (similar for 3 and 4), which corresponds to syn-anti
isomerism of the imino group, while blocks 1 and 3 and blocks 2 and 4 have op-
posite helix senses. In the case of achiral monomers, 1 and 4, and 2 and 3, are
mirror images, whereas for chiral monomer units they are diastereomers.

Takahashi et al. showed that polymerization conditions can have an influence
on the stereoregularity of the resulting polymer [60]. Polyisocyanide 12 pre-
pared by polymerizing 11 with NiCl, in methanol at room temperature revealed
a lower specific rotation ([a]f)o = +354) and CD (Aée3es = +3.9) than polymer 13
([4]2 = +1070 and A3 = +13.0), which was prepared by Pd—Pt catalyst 5a in re-
fluxing THF (Fig. 12.6). By annealing polymer 12 in refluxing THF for 15 h the

PEts PEt;

c | |
I Il Cl—Pd—C+C=C—Pt—ClI
N|p N+ R I
PEt3| N |, PEt;

NiCl, 6H,O Pd-Pt cat 7
B — - e
THF, reflux

12 11 13

Fig. 12.6 Reaction scheme for the polymerization of 11 by NiCl,-6H,0O and Pd—Pt catalyst 5a.
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specific rotation and CD intensity increased to values of [o]% = 41038 and
Ae3eq = +11.6, whereas no increase was observed for polymer 13. More informa-
tion on the conformational changes was obtained by *C-NMR spectroscopy; a
rather broad signal for the imino carbons of the backbone (width at half height:
Wi1/2n = 208 Hz) was observed for polymer 12 in contrast to the much sharper
signal for polymer 13 (W, = 133 Hz). After annealing polymer 12 in deuter-
ated toluene at 80 °C for 15 h, a similar sharp signal as for 13 was found. Com-
parable results were obtained for other polymers, including achiral polymers,
thus the 13C NMR signal distribution for the imino backbone carbon cannot be
explained by stereochemical means. The authors therefore proposed, in line with
the work of Green et al., that the initial stereo-irregularity in the polymers formed
by the nickel-catalyzed polymerization is associated with the existence of both syn-
and anti-isomers of the imino groups in the backbone. The irregular conforma-
tion can be transformed into the thermodynamically stable stereoregular form
by syn-anti isomerization of the imino group at high temperatures. The poly-
merization at high temperature with Pd—Pt catalyst 5a immediately leads to the
stereoregular conformation.

Yashima et al. further observed that polyisocyanides are not necessarily always
present in a stable locked structure, but that some of them can have more dy-
namic conformations. They provided evidence for a reversible transition between
two conformational states of poly(4-carboxyphenylisocyanide) 14 under influence
of optically active amines and amino alcohols such as 15 and 16 (Scheme 12.3)
[61, 62].

14 15 16

Scheme 12.3

Based on their observations they suggested, that apart from the aforementioned
imino syn-anti isomerism, these changes are caused by backbone (s-trans)-(s-cis)
isomerism (Fig. 12.7). Initially a 44-helix is formed that rapidly looses its regular
helix structure to form a irregular structure with s-trans, s-cis and (s-cis)-(s-trans)
domains (step 1). This structure will slowly transform into the stable all s-trans
structure at 30 °C resulting in sharper peaks in the THNMR spectrum (step 2).
It is proposed that the latter structure can give a helical arrangement upon bind-
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Fig. 12.7 Proposed conformational changes and helix induction in 14.
(Adapted with permission from Ref. 61, Copyright 2002, American
Chemical Society.)

ing chiral amines by directing the random twist around the C—C bonds in a sin-
gle direction (step 3). In water a helix could also be induced, which after removal
of the optically active amines maintained its helical conformation at ambient tem-
peratures, but at elevated temperatures the helix unfolded readily. It was postu-
lated that a combination of hydrophobic and chiral ionic interactions in water
is responsible for the helix formation and the memory effect because induced he-
lices in DM SO were unable to maintain their helical structure (see also Chapter
11 and Fig. 11.16) [62, 63].

Summarizing, we may conclude that two important structures for polyisocya-
nides have been proposed: (i) a helix structure that is close to the 4;-helix initially
suggested by Millich et al., which is most likely for polymers with bulky sidearms
and (ii) the syndio structure as was calculated by Salvadori et al., which seems to
be most favorable for polyisocyanides with small side-groups. In addition to these
two distinct structures, Yashima et al. calculated a 12s-helix for their induced he-
lices [61] and Young et al. both a 4;-helix and a 3;-helix [64].

Irregularities that have been observed in polyisocyanides are mainly explained
by syn-anti isomerism of the imino side-groups and by (s-cis)-(s-trans) isomerism
of the carbon backbone. This latter isomerism leads to structures which are in-
termediates between a 4;-helix and the syndio structure. Other possible explana-
tions for observed irregularities are helix inversions as discussed by Millich and
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the existence of two types of helical pitches coexisting within one polymer as
was calculated by Kollmar and Hoffmann for polyisocyanides with intermediate
bulk.

124
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In principle, stable, regular polyisocyanides can be formed by polymerization re-
actions that are under (i) thermodynamic control (driving force = AGag) or (ii) ki-
netic control (driving force = AGg* — AGa*) (Fig. 12.8). The different possibilities
are depicted in Fig. 12.8, for a polymerization of monomer M to a polymer with
monomer units in conformations P-M, and P—Mp, which might correspond to
structures that differ in helicity, backbone (s-cis)-(s-trans) isomerism or imine syn-
anti isomerism (only two distinct conformations are considered for simplicity). If
the barrier between two conformations AGup* is sufficiently small (at a certain
temperature), the different conformations are kinetically accessible and the poly-
mer structure is under thermodynamic control. The thermodynamically formed
conformations are situated on the left side of Fig. 12.8c. Polymerization reactions
under thermodynamic control can yield well-defined polymers when the free en-
ergy of the most stable conformation is sufficiently lower than that of competing
conformations (high AGag); in the case of cooperativity, only small energy differ-
ences are sufficient [7].

Only recently has the literature provided some clear examples of regular well-
defined polyisocyanides formed under thermodynamic control at elevated temper-
atures.

Polymerization of aryl isocyanides using the Pd—Pt catalyst as reported by Taka-
hashi et al. is typically done in refluxing THF [29, 30, 65, 66]. Several observa-
tions indicate that this type of polymerization is under thermodynamic control.
Firstly, as previously mentioned, polymers formed by NiCl, at room temperature
can be converted into a better defined regular conformation at higher temper-
ature, while polymerization of the monomer in refluxing THF with the Pd-Pt
catalyst at ~66 °C already directly leads to this thermodynamic, regular structure
[60]. Secondly, from a detailed study on the helix-sense-selective polymerization
using chiral oligomer complexes derived from isocyanide 11 [65], it appeared
that the rate constants for propagation are virtually identical, independent of
whether the monomer that is incorporated has the same or the opposite chirality
as the one constituting the initiating oligomer. This observation rules out the pos-
sibility of kinetic control. Finally, a nonlinear relation was observed between the
amount of chiral monomer excess and the induced helical sense in the polymer-
ization [67]. This is indicative of a thermodynamically driven “majority rules”
mechanism, of the type observed in the polymerization of polyisocyanates [68,
69]. However, it appeared that only achiral isocyanides with substantial steric
bulk could be polymerized with an ongoing helix sense from a chiral oligomer
complex, whereas less bulky achiral isocyanides only showed little preference for
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a single screw sense [65]. In this case it remains the question whether for the
bulky isocyanides, the kinetics rather than the thermodynamics play a role in
the helix-sense-selective polymerization.

Yashima showed that the polymerization of phenyl isocyanide 17 (Scheme 12.4)
bearing an 1-alanine residue can be performed under both kinetic and thermody-
namic control [70]. Whereas the polymerization with NiCl, in toluene and CCl4
yielded the kinetic product with a positive Cotton effect, the polymerization in
THF and even more so in toluene at 100 °C yielded the thermodynamic product,
which gave a negative Cotton effect. Under kinetic control, in apolar solvents, hy-
drogen bonding is thought to play a role in the transition state. In contrast, in
polar solvents or at high temperature, hydrogen bonding is suppressed and the
thermodynamic product is formed. The role of hydrogen bonding was confirmed
by the fact that for the polymer of phenyl isocyanide 18, which is incapable of hy-
drogen bonding, a negative cotton effect was observed independent of the poly-
merization conditions. Remarkably, apart from being manifested by CD spectros-
copy, the helix sense of the polymers in self-assembled layers on highly ordered
pyrolytic graphite, could be visualized by AFM (See Chapter 11, Fig. 11.4).

0!

N N
+ +
(e} (e}
/1, NH e
CyoH210 e} CyoH210 e}
17 18
Scheme 12.4

A special case of a thermodynamically formed helix is the previously discussed
poly(4-carboxy phenylisocyanide) 14. The polymer does not form a regular struc-
ture by itself, but only upon complexation with an optically active amine, allowing
one helix sense to become thermodynamically more favorable than the other. In-
terestingly, in water the helix structure was retained even without chiral amines
present, meaning that the thermodynamically formed structure was kinetically
trapped [63].

Polymerization is under kinetic control when the transition state energy AGu*
for the incorporation of a monomer into the desired configuration P-M, is suffi-
ciently smaller than that for other configurations P-Mp, that is (AGAi - AGBi) is
large. When the formed structure is thermodynamically stable, that is AGap
is large, with P-M, being the lower energy conformation (in this case the poly-
mer could also be formed under thermodynamic control) or when the structure
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is kinetically trapped, that is AGag' is large, stable well-defined polymers are
formed (Fig. 12.8).

Polymerizations catalyzed by nickel at room temperature with bulky monomers
are believed to be under kinetic control although in many cases it is not very clear
to what extent regular polymers are formed as has been discussed in Section 12.3.

One of the most striking examples of kinetic control is the earlier mentioned
polymerization of t-butyl isocyanide, which yielded a mixture of M- and P-helices
but no mixed M-P-polymers, as was shown by isolating the two polymers by col-
umn chromatography using a chiral support [10, 36]. The bulkiness of the t-butyl
group steers the kinetic control and provides kinetic stability to the formed poly-
mers. Phenyl isocyanide was reported to kinetically give a 4;-helix during poly-
merization, however, because of the lack of steric bulk in the side-chain this helix
structure is not stable and subsequently unfolds into a random coil polymer [43].
The initial formation of a helix illustrates the important role of the nickel catalyst
in providing kinetic control over the reaction, presumably via the merry-go-round
mechanism. Deming and Novak also showed that in the polymerization of
less bulky isocyanides no complete stereo control is obtained; for a racemic mix-
ture of methylbenzylisocyanide, R and S isomers were mixed in the same helix
[71].

For bulky monomers, the occurrence of kinetic control in the nickel(II) medi-
ated polymerization of isocyanides was nicely illustrated by an inhibition experi-
ment [52, 72]. Achiral monomers, which rapidly polymerize, were copolymerized
with a slowly polymerizing bulky chiral isocyanide. Instead of imposing its own
helix sense (say P) on the achiral monomer, it was found that the chiral isocya-
nide promoted the formation of a polymer with the opposite screw sense (M).
This intriguing result was explained by kinetic inhibition of the formation of
one helix type by the bulky monomer. Whereas the achiral isocyanides will nor-
mally form both M and P helices, one of the two helices is inhibited in the copoly-
merization (say P) because of the incorporation of the slowly polymerizing chiral
monomer. A variation on this experiment was performed by Amabilino et al. [73],
who showed that diastereomers of polymers 19 and 20 could be formed by kinetic
inhibition of the growth of the normally occurring helix using the slow polymer-
izing isocyanide 22 of the same chirality as co-monomer.

Work of the same authors also revealed that apart from steric bulk, other inter-
actions between the monomers can influence the polymerization in a well de-
fined way [74, 75]. Polyisocyanides 19-21 are derived from promesogenic mono-
mers (Scheme 12.5), which are able to induce cholesteric and chiral smectic C
phases in nematic and smectic C liquid crystals, respectively [74, 75]. Upon poly-
merization, in most cases the handedness of the polymers turned out to be the
same as that of the monomer induced LC phases. The long range chiral induc-
tion by the stereogenic center in the tail was explained by stereoselective interac-
tion of the incoming monomer with the growing polymer in a similar fashion as
observed in the LC-phase. It is the rigid nature of the phenyl benzoate group
that allows the transfer of chirality from the side chain to the isocyanide func-
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tionality. The CD signal related to the imine backbone was shown to diminish
rapidly and invert in sign when the chiral center in the alkyl tail was placed
further away from the promesogenic group. More evidence for the role of non-
covalent interactions on the stereoselectivity was obtained by performing poly-
merizations at various concentrations and in different solvents [75]. Variable tem-
perature CD measurements revealed that polymer 19 has a stable conformation
up to at least 55 °C. When, however, a nitro group was introduced in the phenyl
ring close to the stereogenic center, the polymer was found to adopt a less stable
conformation, as was demonstrated by the dramatic and irrecoverable loss of op-
tical activity at 55 °C. This observation confirms that the formed polyisocyanide is
a kinetically-determined product [76].

In a more recent publication, the influence of the length and the rigidity of the
rod-like spacer located between the isocyanide and the chiral center of 23 were
studied (see Scheme 12.6). The chiral induction through spacers A-G was inves-
tigated in detail and it was concluded that a semi-rigid twisted conformation must
be adopted by the spacer in order to be able to effectively transfer the chiral infor-
mation to a helical polymer backbone. The phenyl benzoate spacer A proved to do
this most efficiently while no chiral induction is observed for flexible spacer C. A
21-A long teleinduction was observed for spacer G [77, 78].

Cornelissen et al. showed the potency of peptide substituents in the formation
of stable polyisocyanide helices (Fig. 12.9) [79]. It was found that the helical con-
formation of a polyisocyanide can be effectively stabilized if a well-defined hydro-
gen bonding network is present between the peptide side chains at positions n
and (n+4), which are stacked above each other at a distance of ~4.6A (Fig.
12.9B). Although polyisocyanides derived from peptides had been previously de-
scribed by the authors [59, 80, 81], they did not recognize at that time the pres-
ence of the hydrogen bonds between the peptide side chains and did not utilize
this properly to stiffen the helix of polyisocyanides with functional groups (vide
infra). The stepwise addition of 34a to a nickel(II) catalyst revealed the kinetic
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nature of the polymerization, which involves a helical templating effect of the
growing polymer on the incoming monomers. After eight monomers were added
to the catalyst, a steep increase in the CD signal was observed. At the same time
hydrogen bonding interactions between the amide protons started to become vis-
ible by "THNMR spectroscopy [82].

Polyisocyanide 33, derived from trialanine, contains two amide groups per side
chain and is able to fold into a f-sheet-like architecture, mimicking the interac-
tions present in naturally occurring f-helices [83]. Detailed infrared and 'H
NMR spectroscopic investigations showed that nearly all amide groups present
in polymers 24-33 participated in hydrogen bonding, in a similar way as ob-
served in the crystal structure of 34a (e.g. see Fig. 12.10A, B). Ordered arrays of
hydrogen bonds along the polymeric backbone, however, were not observed for
polyisocyanide 27, which is derived from alanine glycine [79, 84]. It is remarkable
that in contrast to 27, polyisocyanide 26 derived from glycine-alanine did give a
well-defined helical structure, suggesting that the steric bulk in the second
amino-acid is of great importance, probably because it stabilizes and directs the
hydrogen bonding network. Analogous to the denaturation of proteins, the hydro-
gen bonds in these polymers can be disrupted leading to unfolding of the helix.
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Fig. 12.9 (A) Various polyisocyanides derived from peptides;
(B) Schematic representation of a helical polyisocyanide stabilized
by a hydrogen bonding network between the peptide side-chains.

This unfolding is, however, only possible with strong acids such as trifluoroacetic
acid (TFA) and not with hydrogen bonding solvents (e.g. methanol, DMSO),
thereby demonstrating the robust character of the hydrogen bonding arrays [79,
81]. Powder X-ray diffraction (PXRD) experiments showed that in the solid state
the rigid polyisocyanopeptides are organized in a pseudo-hexagonal arrange-
ment. The acidified samples, which were studied for comparison, in contrast,
only gave broad signals pointing to a decreased level of organization in the poly-
mer structure.

The peptide-derived polyisocyanides are stable in solution at room temperature,
and as a result of their rigidity, it is possible to visualize the individual macro-
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Fig. 12.10 (A) Crystal structure of 34a; (B) Schematic representation of
the proposed orientation of the peptide side chains in 24a; (C) AFM-
micrograph of 24a prepared with 1/30%" equivalent of Ni(ClOy),-6H,0;
(D) AFM-micrograph of 25a prepared with 1/32" equivalent of TFA.

molecules by atomic force microscopy (AFM) (Fig. 12.10C) [79, 84, 85]. By mea-
suring the contour lengths and by a careful analysis of the curvatures it was pos-
sible to determine the molecular weight, the polydispersity, and the persistence
length of the polymers. The latter was found to amount to 76 nm, highlighting
that these polymers are more rigid than double-stranded DNA [85]. An accurate
value of 1.6 nm for the height of the fibers was obtained by AFM measurements
under chloroform vapor [86], which corresponds well with the polymer chain as
derived from molecular modeling and PXRD measurements [79].

The assignment of the helix sense of peptide-derived polyisocyanides by CD
spectroscopy is hampered by the overlap of signals arising from the polymer
backbone and the side chains. For an r1-alanine based polyisocyanide containing
a spectator group (i.e. a diazo chromophore) in the side chains, a right-handed
(P) helical geometry was found [87]. Since the helix sense in polyisocyanides is
kinetically controlled, this handedness was tentatively assigned to all 1-alanine de-
rived polyisocyanides. Selected properties of polyisocyanodipeptides (24-33) are
presented in Table 12.1 [88]. When hydrogen bonds are present (e.g. 24, 25 and
30), a positive optical rotation and a strong positive Cotton effect around A = 315
nm indicate the presence of a right-handed (P) helix. When this is not the case
(e.g. 27), the Cotton effect appears at lower wavelength and has an opposite sign
and a lower intensity (Table 12.1). From IR and NMR spectroscopic studies it
was concluded that, polyisocyanides 24, 25 and 33 retain their hydrogen bonded
helical conformation for significant periods of time [89], even when they are dis-
solved in water after removal of the methyl ester functions. The thermal denatu-
ration of these water-soluble polymers was also studied in water. It was demon-
strated using VI-CD spectroscopy that the denaturation process proceeds in a
cooperative fashion [79].
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Table 12.1
Compound [o] (°-dl/g-dm) Ag(2) (I/mol-cm) Screw sense H-bonds
Monomer Polymer

24a 33 338 5.6 (313) P Yes

25a —5.6 487 5.8 (307) P Yes

26 19.2 196 5.1(321) P Yes

27 5.7 -32 —1.5 (290) P No

28 164 580 6.5 (304) P Yes
—0.45 (345)

29 75 —700 1.22 (270) M No

30 —58.1 205 8.6 (310) P Yes

0.17 (355)

31 —-12.0 —33 —1.3(263) P No

32 14 —610 —5.5(300) M unclear

33 2.4 188 2.5(321) P Yes

Previously, Millich had found that acid-coated glass can act as a catalyst for the
polymerization of isocyanides, although not very efficiently [33, 46]. Metselaar
et al. recently reported that the acid (TFA)-initiated polymerization of isocya-
nopeptides leads to extremely long polymers with lengths up to 14 pm (Fig.
12.10D) [85, 90]. For the polymerization of 35a at a TFA concentration of 1 mM,
kinetic studies revealed a large entropy of activation (=170 ] mol~! K=1), which
indicates a very high degree of organization in the transition state [82]. At higher
acid concentrations instead of polymerization, conversion of the monomer to the
corresponding formamide was observed. Based on this result a polymerization
mechanism was proposed in which first a helical oligomer is formed acting as a
template for the incorporation of subsequent monomer units through a supramo-
lecular complex (Fig. 12.11). In the case of high acid concentrations the template
is disrupted and destroyed. The reaction is highly stereospecific since the addition
of the enantiomeric monomer 35b completely blocked propagation of the poly-
merization of 35a even when present in only 1%. The diastereomer 34a, but not
34b, could be incorporated into the growing polymer, although 34a itself without
35a present could not be polymerized with TFA. These subtle differences demon-
strate the critical effect of the configuration of the first chiral center of the
monomer on the polymerization reaction and the high stereospecificity of the
transition state. The fact that 34a itself cannot be polymerized with TFA was at-
tributed to the inability of 34a to form a helical template due to larger steric repul-
sion between the monomeric units in the helix. When a nickel catalyst was used
all monomer combinations could be readily polymerized.

Wezenberg et al. showed that polyisocyanides 36 and 37 derived from f-amino
acids also form well defined rod-like polymers (Scheme 12.7) [91]. The kinetically



386 | 12 Polyisocyanides: Stiffened Foldamers

Route B

1 H O
- \Hﬁé,NT)\G/
= FAA
0 l\( T)\
\/f{ NR c
i N-~-...fhl
NR= /l )
e ._\_.':=N’HJN‘H\0
H NR
\C.C bond formation
o
H H*
> NJ\",N\H\O/ - \
o | i i
Ac‘lhrated Isocyanide . ,"N/ N._ o~
IER P ﬁ(’jl’ T
""M\ o NR )N.R oo
o9 N Syt
e N o NesTaNe g
z\ H NR
':; m_‘\\N‘; Supramolecular complex
o NH o IAA
[+]
O;INH )“‘? \ AR /
.0 Folding CNH
o NR=:r< /1 H 2
NR -"'::N’Hg \l)\o
H NR
Helical Template
Route A
Fig. 12.11 Mechanism of the acid initiated polymerization of 35a,
showing the helical template formation and the subsequent
polymerization (Route A). The side reaction to the corresponding
formamide, which occurs at high TFA concentrations is shown in Route
B.
J\/i\ I /L/i\ k/fk/C])\
N N OMe N N OMe
H H
n
36 37

Scheme 12.7



12.5 Functionalized Polyisocyanides

formed polymer, however, turned out to be unstable and transformed into a more
stable structure, which possessed a better defined hydrogen bonding pattern as
was concluded from IR and temperature-dependent CD studies. The precise
structure of the transformed polymer remained unclear.

12.5
Functionalized Polyisocyanides

As was discussed in the previous sections, polyisocyanides possess a unique poly-
mer backbone that can adopt a very stable rigid conformation when bulky side
chains or additional stabilizing interactions between the repeat units, like 7—n
stacking and hydrogen bonding are present. Polyisocyanides, therefore, are very
attractive scaffolds to arrange functional groups in well defined arrays, thus creat-
ing new materials with special properties. Many of the functionalized polyisocya-
nides already have been described in excellent reviews, for example by Cornelis-
sen et al. and very recently by Suginome et al. [8, 9, 11, 14|, and will not be
discussed here.

Bioinspired sugar (38-40) [51, 92, 93] and cholesterol (41) [94] derived polyiso-
cyanides and polymers from isocyanides functionalized with ionic side groups
(42-45) [54, 95-97] have all been reported (Scheme 12.8). Amphiphilic isocya-
nide 42 forms vesicles in water and the isocyanide functions could be polymer-
ized leading to cross-linking of the bilayer [96]. Iyoda et al. have shown that it is
also possible to polymerize isocyanides with extremely bulky groups using Pd—Pt
complex 5a as the catalyst. The dendronized polyisocyanides 46 were synthesized
with a polymerization degree exceeding 100 [98]. Using such an approach, poly-
isocyanides bearing even polystyrene side-groups (47) could be synthesized with a
polymerization degree of ca. 50 [99].

Polyisocyanides also have been used as well-defined templates in catalysis, crys-
tal growth and for the transfer of chirality (Scheme 12.9). Polymeric catalysts have
been prepared from polyisocyanide 48, after coordination of Rh-catalysts to the
phosphor ligands in the side chains [100-102]. The stability and catalytic activity
of the rhodium complex of 48 towards the hydrogenation of cyclohexene was
found to be better than that of the monomeric rhodium complex. The catalytic
activity was also better than the activity of analogous polymers with a flexible
polystyrene backbone. The latter result was ascribed to the rigidity of the polyiso-
cyanide, which makes the catalytic centers more accessible.

The water-stable peptide-derived polyisocyanide 49a was used as a supramolec-
ular template for the crystallization of CaCO3. The formation of unusually shaped
calcite was found to be controlled by nucleation and adsorption processes involv-
ing 49a 89, 103]. The fact that less control over the crystallization process was
obtained when polymer 49b was used, demonstrated the specificity of the interac-
tion between 49a and the growing crystal. Single polymer chains of 49a could be
visualized by AFM by complexing the polymer to amino alkanes [104]. By varying
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the length of the aminoalkanes, the apparent stiffness of the polymers on the sur-
face could be influenced.

Polyisocyanide 50 with a stable induced helix in water (see Section 12.3, Chap-
ter 11 and Fig. 11.16) [62, 63], was found to be able to induce helicity in another
oppositely charged polyelectrolyte based on a polyacetylene [105]. The inter poly-
mer complexation proved to be dependent on both the pH and the salt concentra-
tion. This helix replication strategy opens numerous possibilities for the growth
of ordered helical assemblies.

Much research has been focused on the use of polyisocyanides as scaffolds for
the creation of well defined molecular wires with special magnetic, optical or elec-
tronic properties.

Polyisocyanides 51 functionalized with crown ethers of different sizes were re-
ported to yield architectures containing 4 arrays of cofacially stacked rings con-
nected to the polymer backbone (Scheme 12.10) [56, 106]. The polymers appeared
to be able to function as ion channels when incorporated within bilayer mem-
branes.

Persoons and coworkers studied polyisocyanide 52 and related compounds,
which are functionalized with non-linear optically active (NLO) side groups
[107-111]. In solution a first hyperpolarizability exceeding 5000 x 1073° electro-
static units was measured. Electric field-induced second-harmonic generation
measurements revealed a larger non-linear response for the polymer than for
the monomer. The second order non-linear response might be further optimized
in structures with a smaller angle (60° for this structure) between the polymer
backbone and the chromophores [107]. Langmuir—Blodgett films of polymer 52,
showed stable second harmonic generation without the need of poling [110]. This
observed NLO effect is thought to originate from the highly defined orientation of
the side chains obtained at the air-water interface.

Polyisocyanides 53 and 54 were designed as macromolecular ferromagnets
[112], however, no evidence for ferromagnetism or any other short-range ordering
among the unpaired spins was observed.

A chiral redox responsive polyisocyanide bearing ferrocenyl groups (55) has
been reported by Takahashi and coworkers (Scheme 12.10) [113]. Redox cycles of
this polymer proved to be completely reversible. CD measurements revealed that
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upon oxidation at 1V, as well as at 1.5 V, the intensity of the positive Cotton effect
at 360 nm decreased to 40% of the initial value and that the negative Cotton effect
at 250 nm disappeared. The CD signal could be restored by reduction at 0.2 V.
The same behavior was observed by chemical oxidation and reduction of the fer-
rocenyl groups. Upon oxidation, the helical backbone is believed to be trans-
formed into a disordered structure by the electrostatic repulsion of the ferroce-
nium ions.

In the group of Amabilino, polymer 56 containing tetrathiafulvalene (TTF)
units has been designed and synthesized with the objective of constructing a
chiral redox polymer [114]. The polymer has three univalent and two wide
mixed-valence redox states, which are fully interconvertible (Fig. 12.12). The dif-
ferent redox states of the polymer, in contrast to the monomer, exhibited clearly
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Fig. 12.12 Schematic representation of the three univalent and the two
mixed valence redox states of polymer 56 and the colors of the
corresponding polymer solutions. (Adapted with permission from Ref.
114 Copyright 2005, Wiley-VCH.)

distinguishable chiroptical properties as was shown by CD spectroscopy measure-
ments and therefore can act as a multistate redox-switchable organic system.
One of the early examples of polyisocyanides bearing electron acceptor and
donor groups was reported by Oostveen and Drenth [115, 116]. They synthesized
polyisocyanides bearing pyridinium iodide in their side chains. In these polymers
the pyridinium functions act as electron acceptors and the iodide ions as electron
donors (Fig. 12.13). A large bathochromic shift was observed in the charge trans-
fer spectra of copolymer 57, which was attributed to intercalation of the iodide
ions in the cavities created by the co-monomers leading to strong CT interactions.
Similarly, copolymer 58 with short and long side-chains could effectively bind
donor molecule 59 leading to electron transfer from the donor to acceptor as was
confirmed by EPR measurements. The electron transfer, however, was not ob-
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Fig. 12.13 Schematic representation of polyisocyanides bearing
acceptor and donor groups, showing the intercalation of the iodide ion
and compound 59 in the cavities of the copolymers 57 and 58. In
polymer 60 the acceptor and donor functions are covalently attached to
each other.

served between the monomeric, that is, nonpolymerized species. In an attempt to
create a polymeric photoconductor, polymer 60 having side groups capable of in-
ternal charge transfer, was synthesized [117]. Unfortunately, the polymer was
barely soluble and no conductivity measurements could be performed.

A polyisocyanide-based light harvesting system has been constructed by Hong
and Fox [118, 119]. Using the nickel catalyst 1, developed by Deming and Novak,
a living polymerization reaction allowed the formation of homo, di- and triblock
copolymers incorporating acceptor and donor blocks (Scheme 12.11). From fluo-
rescence spectroscopic studies it was concluded that the stiff polyisocyanide back-
bone was able to spatially define the chromophores, thereby preventing excimer
formation as often observed in more flexible polymers functionalized with chro-
mophores. This is remarkable since the chromophores are connected to the back-
bone by a relatively flexible ethyl spacer.

Directional singlet energy migration to the acceptor-donor interface was ob-
served in the block copolymers 61 and 62, resulting in electron transfer at the
block interface in the case of 62 and exciplex formation in the case of 61. Energy
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wasting exciplex formation was suppressed in triblock copolymer 63, which con-
tains an intervening pentamethylphenyl block between the two blocks present in
61. For block copolymer 62, transient absorption spectroscopy revealed the forma-
tion of a radical ion pair with a lifetime of 1.1 ps.
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Extending the field of chromophore functionalized polyisocyanides, the group
of Takahashi reported on porphyrin functionalized polyisocyanides 64—67 and re-
lated compounds, prepared by using Pd—Pt catalyst 5a [120-123]. The degree of
polymerization was varied between 2 and 200 and block copolymers of type 66
with various block length and low polydispersities, mostly below 1.1, were pre-
pared. Photophysical studies revealed that the porphyrins in the stacks are exci-
tonically coupled in a face-to-face manner. It was found that exciton—exciton
annihilation rate constants were independent of the length of the polymer indi-
cating a fast exciton migration through the stacks. In the di- and tri-block copoly-
mers 66 and 67, energy transfer from the zinc to the free-base porphyrins was
observed. The rate constants for the excitation energy transfer process appeared
to be the same for different block lengths of the free base and zinc porphyrins,
again pointing to a fast exciton migration [122].

The achiral porphyrin moieties were also incorporated in different ratios as
the middle block in a triblock copolymer, namely between two blocks of chiral iso-
cyanide 11, functionalized with a (1)-menthyl group. The included porphyrins
were used as spectator functions to determine the helical sense of the poly(aryl
isocyanide)s [124].

Using the well-defined polyisocyanopeptide, as a scaffold, De Witte et al. syn-
thesized helical porphyrin functionalized polyisocyanides 68 and 69 [125]. AFM-
measurements revealed that the polymers had an average length of 87 nm,
corresponding to an average degree of polymerization of 830. Resonance light
scattering measurements demonstrated that at least 25 porphyrins in a stack
were interacting with each other and that the slip angle between the porphyrins
in a stack was 30°. The presence of a chiral interaction between monomer n and
(n+4) in this slipped conformation and between the neighboring porphyrins in
the helix (n and (n + 1)) could be observed by CD spectroscopy (Fig. 12.14). Upon
addition of the bifunctional ligand dabco, polymer 69, which has zinc porphyrin
side groups, could be switched to a conformation in which the porphyrin stacks

A B 300
@ 200

100+
0+
-100-
=200

-300
350 400 450 500

ninm

CO/ mdeg

Fig. 12.14 (A) lllustration of the slip angle between porphyrin n and
(n+4) in polymer 68 and (B) the CD spectrum of 68 in CHCl;.
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possess an opposite helicity, while the helicity of the polymer backbone remains
the same [126].

Based on the same polyisocyanopeptide backbone, the groups of Nolte and
Rowan prepared thiophene functionalized polyisocyanides 70-72 and perylene
functionalized polymers 73 (Scheme 12.12). Thiophene polyisocyanide 70 with
only one alanine unit appeared to be less soluble than polymer 71 which contains
two alanine units in the backbone [127]. For 70, only short polymers were ob-
served while longer ones, with lengths up to 300 nm were found for 71, as re-
vealed by AFM measurements. IR, fluorescence and CD spectroscopic studies
showed that the latter polymer contained a better defined backbone structure sta-
bilized by hydrogen bonds, than the former of which the CD spectrum resembled
that of the less well-defined polymer 27 derived from alanine-glycine [81]. The
prepared polymers might be interesting compounds for the preparation of elec-
tron conducting nanowires, for instance, by applying a second topochemical poly-
merization of the thiophene side groups [128]. In a different approach the mono-
mer from which 70 was prepared, was polymerized using the polystyrene nickel
initiator complex 3a to yield block copolymer 72 [117]. Both in water and organic

72

C=N H\)CJ)\N/\/[S)

73a: R=C2H5
b: R:C6H13

Scheme 12.12
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solvents this block copolymer formed polymersomes, which are vesicles derived
from amphiphilic polymers. In water, chemical oxidation resulted in cross-linking
of the thiophene groups giving rise to electron conducting polymersomes. Cata-
Iytically active nanoreactors could be prepared in water by inclusion of enzymes
in the interior of the polymersome. The polymersome bilayer proved to be perme-
able to substrate molecules and the building up of fluorescent product formed by
the enzymes in the polymersome interior could be observed by fluorescence mi-
croscopy. Giant vesicles with sizes up to 100 um were prepared from 72, namely
by electroformation [129].

The perylene functionalized polyisocyanides 73 were synthesized as synthetic
antenna systems, with possible applications as n-type materials in organic photo-
voltaics [130, 131]. During polymerization a color change from yellow to red was
observed due to the intramolecular stacking of the perylenes, which occurs as a
result of the reaction. The polymer fibers were up to 1 um in length, incorporat-
ing ca. 10000 monomer units, as was concluded from AFM measurements (Fig.
12.15). A Cotton effect in the absorption region of the perylene chromophores re-
vealed the helical organization of the perylenes around the helical polymer back-
bone.

Fluorescence and UV-vis spectroscopic studies on 73a proved the occurrence of
excimer-like species in the close packed perylene arrays. Using a setup combining
single-molecule confocal fluorescence and AFM, two species resulting from the
polymerization reaction could be distinguished: (i) Ill-defined oligomer species
displaying monomer-like fluorescence (green spots Fig. 12.16B) which were too
small to be observed by AFM (Fig. 12.16A). The oligomeric character of the
species was revealed by their step-wise blinking and bleaching (Fig. 12.16C) and
the fact that their fluorescence spectrum was monomer-like (Fig. 12.16E). (ii)

polymerization

Fig. 12.15 Color change during polymerization of 73b (left) and AFM
picture of the polymer molecules on mica.
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intensity trajectory for the green and (D) the

Well-defined polymers that could be observed by AFM, showing emission arising
from multiple and independent excimer-like sites (red spots Fig. 12.16B). A con-
tinuous intensity decrease and an excimer-like emission spectrum, typical for a
polymer, were observed for these species (Fig. 12.16D and F). Unfortunately,
since polymer 73a turned out to be only poorly soluble in solvents like toluene
and chloroform, application in a device was impossible.

Therefore, polymer 73b exhibiting similar photophysical properties, but with
improved solubility in the aforementioned solvents was synthesized [132]. A pho-
tovoltaic cell with an active layer of 73b as electron acceptor and regioregular poly-
thiophene (P3HT) as electron donor was prepared, displaying a 20-fold improved
power output as compared to a cell with an active layer of a perylene monomer
homolog and P3HT.



398

12 Polyisocyanides: Stiffened Foldamers

12.6
Conclusions

It is clear that the field of polyisocyanide chemistry that originated more than 30
years ago is still thriving, primarily due to the unique nature of the polymers,
which is only now becoming fully appreciated. It is of interest to note that the ini-
tial polymerization catalyst, namely acidic glass discovered by Millich, which was
followed by the development of the nickel and then the Pd—Pt catalysts, has now
been rediscovered and improved, closing as it were the circle, resulting in poly-
mers with lengths ~ 15-20 um long and molecular weights in excess of
20000000 Dalton. The helical architecture of the polymers in combination with
the functional side-arms, which are precisely positioned along the polymer back-
bone, results in unique molecules stiffer than DNA, which can act as, for in-
stance, nanowires along which excitons can migrate with ease. It can be fore-
seen that these polymeric foldamers will continue to raise the interest of chemists
and physicists eventually leading to applications as functional materials in opto-
electronic and other devices.
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13
Foldamers at Interfaces

Jan van Esch, Hennie Valkenier, Sebastian Hartwig,
and Stefan Hecht

13.1
Introduction

A foldamer [1] can be defined as a (macro)molecular strand that is capable of
adopting a well-defined, thermodynamically favored conformation in solution
[2]. In order to provide a broader description that can be extended to interfaces
as well, we view the foldamer’s conformational preference as being the result of
the action of internal and external boundary conditions, which involve various
types of interactions (Fig. 13.1).

In solution in the isolated single foldamer molecule, only internal boundary
conditions in the form of intramolecular interactions are involved in stabilizing
a specific folded chain conformation. Both covalent internal constraints, such as
linkage geometry, rotational preferences etc. (see Chapter 1), and noncovalent
intramolecular interactions, such as H-bonding, metal-ligand coordination, =,z-
stacking, coulombic, dipolar, and van der Waals interactions, etc. (see Chapter 2),
govern the overall conformational preference. In addition, the foldamer’s interac-
tion with its surrounding has to be considered giving rise to external boundary
conditions. Obviously, solvation that involves solvophilic and solvophobic interac-
tions, such as the hydrophobic effect, as well as intramolecular nanophase sepa-
ration (see Chapter 3) play an additional important role. Furthermore, endo- or
exo-complexation of guest molecules (see Chapter 7) as well as dimerization and
further aggregation (see Chapter 4) can give rise to folding. No further detailed
discussion of the conformational preference in solution is needed here and the
reader is referred to Part 1 of this book.

At interfaces, however, external boundary conditions in the form of interfacial
interactions become crucial and often dictate molecular conformation. Several
enthalpic and entropic parameters lead to certain conformational preferences
that are often mingled with self-assembly processes, i.e. the external boundary
conditions favor certain adsorption conformations and concurrently direct self-
assembly (Fig. 13.1). This interplay leads to formation of hierarchically organized
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Fig. 13.1 Overview of internal and external boundary conditions
influencing the conformational preferences of foldamers and their
assemblies.

materials that not only mimic structural evolution in Nature, for example biomi-
neralization, but also hold exciting prospects for various new applications, involv-
ing for instance supramolecular electronics.

Here, we want to focus on foldamers at interfaces due to the high scientific in-
terest and technological relevance of this field of research. While the question of
how additional interactions at the interface interfere with the folding process and
formation of the final secondary structure or higher order assemblies is of funda-
mental interest, the implication for technology including interfacial processes in
recognition, sensors, patterning, catalysis among others is most significant. In ad-
dition, a profound knowledge of the underlying principles is key to understand-
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ing biological phenomena, such as protein denaturation at interfaces and bio-
mineralization. In the first part of this review we will propose a general descrip-
tion of folding at interfaces while in the second part we will highlight and discuss
important examples from the literature that have been arranged with respect
to the involved secondary structure motifs with particular focus on solid-liquid
interfaces.

13.2
Folding in Solution and at Interfaces

In solution, foldamers adopt preferred secondary structures that almost exclu-
sively consist of various helix or sheet types. In biomacromolecules, such as
proteins, these secondary structural motifs can further be organized into higher
order structures using covalent loops, i.e. tertiary structures, and even further
using noncovalent interactions between subunits, i.e. quaternary structures. At
interfaces, however, both the conformational preference of the foldamer and the
intermolecular interactions between individual foldamer strands might be largely
altered (Fig. 13.2). Several examples from the literature (see below) show such
behavior.

Solution

405

B3 b —»

Interface

Fig. 13.2 Overview of the most abundant foldamer conformations in
solution and at interfaces and their relationships.
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13.2.1
Types of Interactions

In solution, mostly intramolecular interactions as listed in Fig. 13.1 dominate
folding. Among the most important conformational equilibria is the coil-helix
transition (Fig. 13.2), where intrachain contacts stabilize the helical conformation.
Above a critical concentration, intermolecular interactions become important and
aggregation can also affect secondary structure formation (see Chapter 4), as illus-
trated in the formation of f-sheets held together by interchain contacts (Fig. 13.2).

At the interface, we consider that additional molecule-surface interactions,
which contribute to the overall conformational preference, become extremely im-
portant. The strength of the interaction with the surface determines whether the
adsorption conformation is fixed in a local minimum or if it is equilibrating to
adopt the global minimum structure, in analogy to the concept of kinetic and
thermodynamic control, respectively. If the magnitude of the interaction is rather
large and the molecule is strongly bound to the surface, the system is referred to
as being chemisorbed, while in the case of a weak interaction, the system is con-
sidered as being physisorbed. The interfacial interactions can be specific, involv-
ing directional contacts between functional groups, as well as nonspecific, arising
from surface free energy minimization. In addition, it is important to note that
the intermolecular interactions are likely to become more dominant due to the
much higher local concentration within the confinement of the interface.

13.2.2
Thermodynamics

When confining a foldamer strand to a specific conformation, in general the en-
thalpy gain due to attractive noncovalent interactions has to compensate for the
entropy loss associated with the molecules’ reduced conformational freedom. In
solution, the most important contributions arise from the gain in enthalpy of
the intramolecular contacts (AHgp) and the loss of conformational entropy
(ASconf(r)) as shown in eq. 1:

AG ~ AHg — TASonf (1)

We anticipate that the situation at the interface is seemingly more complex in-
volving several enthalpic and entropic terms (eqgs. 2 and 3):

AH = AHg + AHggr + AHr@r + AHgegoly(r) + AHdesolv(n) (2)

AS = ASconf(F) + AS'crans(F) + ASrot(F) + ASdesolv(F) + ASclesolv(l) (3)

Important additional enthalpic components (eq. 2) are associated with intermo-
lecular association (AHggr), interfacial foldamer—surface interactions (AHpgr) as
well as desolvation of both the foldamer molecule (AHgego1v(r)) and the interface
(AHgesoly(1))- Furthermore, additional entropic factors (eq. 3) include the transla-
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tional and rotational entropy of the foldamer chain (ASiransr) and AS,qr)) as well
as the entropy associated with desolvation of the foldamer (ASgesoly(r)) and the in-
terface (ASgesolv(r)), respectively. To simplify the thermodynamic treatment, we as-
sume the interfacial foldamer—surface interactions (AHpg;) to be the dominating
additional factor. The consequence is illustrated with the aid of a simplified
model [3], comparing the folding of a homosequence foldamer with isoenergetic
interactions between repeat units into either helix or sheet conformation in solu-
tion and at the interface (Fig. 13.3).

407
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Fig. 13.3 Thermodynamics of folding into important energetic contributions (bottom)
helix vs. sheet conformations in solution and  arise from enthalpy gain due to intramolecu-
at interfaces. Dominant intramolecular (black  lar (AHg shown in black) and intermolecular
dotted) and interfacial (red solid) enthalpic (AHe@i shown in red) interactions and
interactions give rise to different thermo- entropy loss due to conformational

dynamic behavior (bottom), where the most confinement (AScone(r) shown in blue).
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In solution, folding into the helix conformation is associated with a nucleation
event, which leads to preorganization of the first attractive intrastrand interaction
between non-neighboring repeat units and therefore helix folding is cooperative.
Folding into a sheet at the single molecule level is however not cooperative since
the intrastrand interactions involve neighboring repeat units. It is important to
realize that the folding into individual sheets is barely observed due to concurrent
aggregation that is mediated Dby attractive interchain contacts and proceeds in a
cooperative fashion due to preorganization.

It is expected that at the interface, the interfacial interactions dominate and as a
consequence both helix and sheet conformation are stabilized, however, to a dif-
ferent degree. In our simplified model (Fig. 13.3), the helix can only use every
third repeat unit to engage in attractive molecule—surface interactions, while the
sheet is able to utilize every single residue. While this particular model is cer-
tainly largely simplistic, it illustrates some important differences when compar-
ing folding at the interface to folding in solution, most importantly:

1. The nucleation barrier is lowered.

2. The critical chain length is decreased.

3. A smaller number of helix repeat units is favored.

4. Usually sheet formation is more favored due to the
adsorption geometry since usually fewer residues can interact
with the surface in the case of the helix as compared to the
sheet, i.e. flat vs. curved adsorbate.

Another important aspect is related to the reversibility of the molecule-surface
interactions, which is a necessary prerequisite for equilibration and hence defect
healing and fidelity of pattern recognition. The “entropic distraction” involved in
the recognition of a patterned surface by an oligomer/polymer strand displaying
interacting groups complementary to the surface pattern has nicely been illus-
trated by Muthukumar (Fig. 13.4) [4]. Loop entropy is the reason that the path to
the global minimum, i.e. the complex based on correct pattern recognition, does
proceed via intermediate stages, which are not the most stable of their kind and
hence kinetically less accessible. As a result, the foldamer can readily get “dis-
tracted”, i.e. enter the wrong reaction funnel, and therefore it is essential that all
elementary steps are reversible to adopt the lowest energy adsorption conforma-
tion.

13.2.3
Design Considerations

When designing a foldamer sequence to adopt a specific conformation at the in-
terface, “positive” and “negative” design approaches, leading to rational stabiliza-
tion and destabilization of local geometries by introduction of attractive and
repulsive interactions, have to be combined in order to realize the “minimally
frustrated” state [5]. One first important aspect concerns the use of hetero-
sequences to bias conformational preferences in foldamers. For example, from



13.2 Folding in Solution and at Interfaces

o

409

(-2e+f,) (-2e+1/5f) 23c)
l l time

i >< ..........

(-3c+3f)) (-3e+11f)
Fig. 13.4 Pathway selection in pattern recognition, the enthalpy of interaction is ¢
recognition of foldamers on surfaces. The while the loop entropy is f; = 3kgTh2/2m.
Muthukumar Model (adapted from ref. [4]) While the intermediate topological state (c) is
assumes that the foldamer displays three more stable than (b), it does not lead to the
groups, spaced m units apart, which global minimum topological state (d) as
recognize the surface functionalities X, shown on the right.

spaced by distance b. In the case of

Fig. 13.3 it becomes apparent that in order to favor the helical conformation at
the interface, heterosequences are required. A second important strategy avoids
complications or local defects due to chain entropy by reducing the number of
entropically favored loops. Furthermore, the strength of the interactions, both
within and between strands and most importantly between foldamer and surface
has to be balanced to assure for defect healing yet conformational stability.

13.2.4
Scope

Secondary structure formation at interfaces is not limited to a specific class of fol-
damers, any more than their behavior in solution (see Part 1 of this book). The
conformational behavior of peptides at interfaces has extensively been studied
for several decades, especially in monolayers at the air—water interface, and more
recently in self-assembled monolayers (SAMs) of peptides at solid-liquid inter-
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faces [6-11]. Remarkably, only a few studies deal with other types of foldamers.
In this chapter, we will therefore limit ourselves to representative, relevant exam-
ples of peptide-based systems, and focus on secondary structure formation in
monolayers of nonpeptide foldamers.

13.3
Helical Structures

13.3.1
Adsorption of Helical Structures at Interfaces

A very abundant secondary structure that can be found in all types of systems is
the helical structure. DNA consists of a double-stranded helical structure, many
proteins have helical domains, and polymers can form helices too. These specific
secondary structures can show different behavior when adsorbed at interfaces, as
will be presented in this section. The helix can remain as a helix, but other more
or less defined secondary structures can be formed as well in the presence of in-
terfacial forces (see 13.3.2).

An important, early study on the formation of helical structures was performed
by De Grado and Lear [12]. They have synthesized peptides consisting of hydro-
phobic leucine and hydrophilic lysine residues 1-3 (Fig. 13.5). Not surprisingly,
only the 14-residue peptide 2 with a hydrophobic repeat unit periodicity [13] of
3.5 formed o-helical structures in solution as observed by circular dichroism
(CD) spectroscopy. However, the equilibrium between helical and random coil
conformations showed a strong dependence on both peptide and NaCl concentra-
tion in aqueous solution. The same peptides were studied at interfaces. Surface
pressure—area isotherms of the assembly at the air—water interface suggest the
predominance of the o-helical conformation. The monolayer was transferred
from the air-water interface to quartz slides by the Langmuir-Blodgett (LB)
method and the layer was studied by CD and infrared (IR) spectroscopy. The re-
sults of these studies are consistent with the formation of a monolayer of o-helical

Secondary Structure
Primary Structure Periodicity Solution Interface

1
2
3

Not

Fmoc(Leu-Lys-Lys-Leu-Leu-Lys-Leu), 3.5 Random coil determined

Fmoc(Leu-Lys-Lys-Leu-Leu-Lys-Leu), 3.5 a-Helix a-Helix

Fmoc(Leu-Lys-Leu-Lys-Leu-Lys-Leu), 2.0 B-Sheet -Sheet

Fig. 13.5 Peptides 1-3 with different periodicities, i.e. hydrophobic
repeat unit distances, and their conformational preference in solution
and at interfaces [12].



13.3 Helical Structures | 411

Fig. 13.6 Schematic picture of the self-assembly of the pyridine-
pyridazine foldamer 4 into filaments and fibrils (left) suggested by AFM
images of drop-cast films of 4 on mica (right) [14]. (Reproduced in part
from ref. [14] with permission.)

peptides and support the conclusion that folding into the o-helical conformation
at interfaces is supported by the appropriate hydrophobic—hydrophilic periodicity.

The formation of helices at interfaces is not limited to peptides. Helical struc-
tures are also formed by the self-assembly of foldamer 4 consisting of 8 pyridine
and 5 pyridazine units (Fig. 13.6) [14]. This compound folds into crescent disc-
like structures, which stack to form filaments and fibrils. LB films of these com-
pounds have been studied and from the surface pressure—area isotherm it was
concluded that the filaments adsorb at the air-water interface in an edge-on ar-
rangement, i.e. with the heteroaromatic repeat units perpendicular to the inter-
face. Atomic force microscopy (AFM) studies on drop-cast films of these com-
pounds on freshly cleaved mica revealed the presence of worm-like structures
(Fig. 13.6). These studies show that the self-assembled superhelical structure
of these foldamers is well preserved in solution as well as in monolayers at inter-
faces.

In the examples mentioned above, the respective foldamers form helices in so-
lution as well as at the interface, and there is negligible influence of the interac-
tions between the foldamer and the interface on secondary structure formation.
However, this is not always the case. Lu et al. have presented a study on two 15-
residue peptides 5 and 6 (Fig. 13.7), where the three tyrosine residues in peptide
5 have been substituted by three tryptophan residues in peptide 6 [15]. In solu-
tion both peptides form o-helices. The adsorption of these peptides at the hydro-
philic silicon oxide/water interface depends strongly on both pH and concentra-
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Primary Structure

5 Tyr-Val-Asn-Ala-Lys-GIn-Tyr-Tyr-Arg-lle-Leu-Lys-Arg-Arg-Tyr

6 Trp-Val-Asn-Ala-Lys-GIn-Tyr-Trp-Arg-lle-Leu-Lys-Arg-Arg-Trp

Fig. 13.7 Peptides 5 and 6 differing in three repeat units (shown in
bold) show different adsorption conformations on silicon oxide
depending on pH and concentration [15].

tion. In an acidic environment at pH = 5, peptide 5 is highly charged and hydro-
philic and does not adsorb on the slightly negatively charged silicon oxide surface.
Increasing the pH to pH = 7-9 leads to the formation of stable peptide layers at
concentrations as low as 0.01 w/v%. Most interestingly, at these low concentra-
tions the tryptophan-modified peptide 6 forms a loosely packed layer consisting
of the peptide in the f-sheet conformation, but at higher concentrations (0.1 w/
v%) the peptide adopts the a-helical conformation. Most likely, this structural
transition is caused by interchain contacts occurring at higher surface densities.

In addition, the monolayer preparation method and the employed solvent can
have a pronounced effect on interfacial conformation. For instance, the backbone
of a poly(phenylacetylene) derivative carrying r-valine pendant groups (see Chap-
ter 11 for a more detailed account on related work by the Yashima group, i.e. Fig-
ures 11.4, 11.8, and 11.18) was shown by CD and UV-vis spectroscopy to adopt a
helical conformation in solution [16]. Films prepared by slow evaporation of a
methanol solution resulted in the formation of globular micelles at freshly
cleaved mica, whereas slow evaporation of THF solutions resulted in the forma-
tion of helical cables. At the air-water interface, on the other hand, the polymer
self-assembles into extended fibers as concluded from structural investigations on
LB films [17]. This contrasting behavior can be explained by solvent influences.
In polar solvents, the polymer prefers to adopt a helical structure since the hydro-
phobic backbone is directed towards the inside of the helix whereas the more po-
lar valine units are positioned at the outside, thereby increasing the solubility and
stability of the helices. However, at the air—water interface, the polymer can adopt
a nonhelical conformation in which the valine pendants are located in the water
layer and the backbone of the polymer is exposed to the air at the interface.

13.3.2
Loss of Helicity upon Adsorption

The examples provided above show that helical structures can adsorb at inter-
faces, while preserving (or even increasing) their helical content. However, many
foldamers adopt a helical conformation in solution, which is (partially) lost when
adsorbed at interfaces. Burkett and Read have synthesized a series of peptides,
consisting of anionic aspartate, uncharged alanine, and cationic arginine seg-
ments. They investigated the helical conformational behavior in solution and at
anionic and cationic colloidal silica substrates by CD and 'H-NMR spectroscopy
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[18]. It appeared that the peptide helices showed partial unwinding upon adsorp-
tion at both substrates to maximize the number of complementary interactions
between charged side chains of the peptide and the nearby opposite surface
charges. An in-depth study of one of these peptides provided some remarkable
insights [19]. The helices were oriented to the substrate with the complementary
charged block. However, it was not necessarily the block oriented to the substrate
that showed loss of helicity. Adsorption at both anionic and cationic colloids gave
rise to loss of helicity in the arginine segment, while the alanine segment showed
only partial helicity loss and the aspartate segment retained its helical conforma-
tion completely. In addition, heating of the helix-containing solution gave rise to
loss of helicity mainly at the arginine terminus and to a lower extent at the aspar-
tate terminus, whereas no loss of helicity was observed in the alanine segment. It
should be noted that in these peptides, the strong dipolar charge distribution of
the side chains is complementary to the backbone dipole, thereby stabilizing the
helix. Apparently, charge compensation of one of the segments disturbs the inter-
molecular helix-forming interactions in such a way that the transition to the ran-
dom coil structure will start and propagate from the less stable terminus. As in-
dicated by the solution phase temperature study, the arginine segment represents
the less stable terminus potentially due to a high nucleation barrier, which is fur-
ther increased upon adsorption.

Another example of helical peptides that have lost helicity upon adsorption at
interfaces is reported by Vankann, Hocker, and coworkers [20]. These peptides
were built from a leucine-based hydrophobic segment and a hydrophilic head
group composed of polar amino acids, e.g. 7 (Fig. 13.8), or oligo(ethylene oxide).
The conformational preferences of the peptides were studied by CD spectro-
scopy both in solution and embedded in liposome lipid bilayers. In the lipid
bilayer, the longer peptides retained their helicity to ‘fit’ in the layer, whereas
the shorter peptides unfolded to form f-sheet structures. The peptides were also
studied at the air—water interface with a Langmuir balance. The secondary struc-
ture of the adsorbed peptides was governed by the size of the head groups. The

7 Fmoc-Leu,-Lys,-Tyr

il

a-Helix B-Sheet (extended)

Fig. 13.8 Amphiphilic peptide 7 adopts an o-helical conformation (left)
when spread at the air—water interface; however, when the monolayer is
compressed the peptide adopts an extended f-sheet conformation
(right) [20]. (Reproduced in part from ref. [20] with permission.)
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peptides with bulky head groups were assumed to assemble as o-helices perpen-
dicular to the surface, whereas the less dense packing of peptides without bulky
head groups suggests a change of conformation into a f-sheet. Compression of
the monolayers of 7 led to a conformational change from «-helix to f-sheet (Fig.
13.8), which could be inhibited by the use of the bulky oligo(ethylene oxide)
groups. This example shows that the secondary structure of peptides can be gov-
erned by the way in which the folded structure ‘matches’ its surrounding, more
than it is determined by intramolecular interactions.

13.3.3
Helical Structures Formed upon Adsorption

Adsorption of unfolded structures at interfaces can also induce the formation of
helical conformations. Hydrophobins are among the best biosurfactants and

Transition Transition
at air-water-interface on a hydrophobic solid
State
and property
Monomeric state
soluble in water 0 0 =) 0
a2 N o 0 =
Spontaneous transition Reversible:
to intermediate Tween, 25 degrees

a-Helical state

trapped on
hydrophobic solid

|

Detergent, 80 degrees

Spontaneous transition
minutes

p-Sheet-1 state
stable film, amorphous

Spontaneous transition
hours
Hydrophobic phase
B-Sheet-2 state
stable films, rodlets
Water

Fig. 13.9 Self-assembly and conformational equilibria of hydrophobin
SC3 in different environments and at different interfaces (Tween =
detergent poly(ethylene glycol) sorbitan monolaurate with n ~ 20) [22].
(Adapted from ref. [22].)
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show interesting behavior at interfaces. The hydrophobin SC3 is a fungal protein
composed of 136 amino acid residues [21]. In solution, these proteins adopt no
specific secondary structure. However, when adsorbed at a hydrophobic Teflon
surface, an o-helical structure has been observed (Fig. 13.9) [22]. It should be
noted that this a-helical structure is not the most stable global minimum state
but can be transformed into a f-sheet structure by heating at 80 °C in the pres-
ence of a detergent (Tween). These structural transitions of hydrophobins are
also observed at the air-water interface. Adsorption of SC3 first leads to an inter-
mediate o-helical state, which is spontaneously converted into an amorphous
S-sheet state. This state subsequently reorganizes into a ff-sheet state with a rodlet
structure, which could be visualized by AFM after transferring the monolayer
from the air-water interface onto a carbon film. Although it is clear that these
structural transitions of hydrophobins are caused by adsorption at hydrophobic
interfaces, the molecular background of these transitions remains to be uncovered.

In a related context, a recent modeling study suggests that DNA naturation, i.e.
the formation of the double-stranded helix, can also be stimulated by adsorption
at interfaces [23]. This modeling study shows that after adsorption of single
stranded DNA at a surface the entropy loss created by dimerization of these two
strands will be much smaller than in solution, thereby decreasing the free energy
for dimerization. Hence, the dimerization process that leads to helix formation is
stimulated by the interface and the nucleation barrier is lowered.

13.4
Sheet Structures

13.4.1
Adsorbed Sheet Structures at Interfaces

Another important class of secondary structures is the sheet motif. f-Sheet struc-
tures are abundant peptide and protein secondary structures, and similar second-
ary sheet structures are also found in a variety of artificial backbones (see Chapter
4). In most sheet structures, the individual foldamer chains are stretched and in-
termolecular interactions between different strands lead to the formation of two-
dimensional ribbons or sheets via dimerization and further aggregation.

A few examples of peptides that adsorb as fS-sheets at the air—water interface
have been described by Rapaport and coworkers [24-26]. They designed peptides
of alternating hydrophobic and hydrophilic amino acids, which are able to assem-
ble at the air—water interface. It was found that proline residues at the N and C
termini induce two-dimensional order in the monolayer because prolines are
preferentially located at the rim of a ribbon. Other amino acids do not display
this preference (Fig. 13.10) [24].

In another study, peptides 8 and 9, incorporating alternating hydrophobic and
hydrophilic amino acids as well as complementary electrostatic interactions be-
tween lysine and glutamic acid residues, were designed to favor parallel f-sheets
at the air—water interface (Fig. 13.11) [26]. Grazing incidence X-ray diffraction, IR
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a

10 %

Fig. 13.10 Schematic representation of the self-assembly of -sheet
structures at the air—water interface from amphipathic peptides carrying
proline termini (right), resulting in one-dimensional or two-dimensional
order (left) [24]. (Adapted from ref. [24].)

8 9

Ac-Pro-Cys-Phe-Ser-Phe-Lys-Phe-Glu-Pro-NH, | Ac-Pro-Cys-Phe-Ser-Phe-Glu-Phe-Lys-Pro-NH,

air air

Fig. 13.11 Self-assembly of an equimolar mixture of peptides 8 and 9
having complementary electrostatic interactions (residues shown in
bold) to parallel g-sheet structures at the air—water interface [26].
(Reproduced in part from ref. [26] with permission.)

spectroscopy, and mass spectrometry studies on films composed of an equimolar
mixture of both peptides confirmed the formation of parallel S-sheets, whereas
this is not the case in films solely composed of either one of the peptides alone.
This emphasizes the importance of intermolecular electrostatic interactions be-
tween hydrophilic amino acid residues in the formation of f-sheets. Unfortu-
nately, in these studies no comparison has been provided between the secondary
structures of the peptides at the air-water interface and in solution.

Another example of f-sheet structures at interfaces can be found in the work
of Ree, Magonov, and coworkers [27]. They prepared monolayers of short chain
poly(benzyloxycarbonyl lysine) 10 on highly ordered pyrolytic graphite (HOPG)
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\/GN NH;
H n~8

Z range : 50.96 deg.

10

Fig. 13.12 Self-assembled monolayers of short chain polypeptide 10
(left) on HOPG. AFM image of the monolayer formed upon spin-
coating (center) and structural analysis (right) [27]. (Reproduced in part
from ref. [27] with permission.)

by a solution spin-coating process (Fig. 13.12). The monolayers were character-
ized by AFM and IR spectroscopy. From inspection of the amide carbonyl stretch-
ing vibration in films it was concluded that 10 adopts a f-sheet conformation.
However, the analysis of the AFM images suggests that the peptides lie flat on
the HOPG surface to maximize favorable contacts between the aromatic side
chains and the graphite substrate (Fig. 13.12). Intermolecular 7—= interactions be-
tween neighboring aromatic side chains rather than hydrogen bonds between
amide units lead to maximum surface coverage by subsequent formation of rib-
bons, which propagate along the direction perpendicular to the long axis of the
peptide.

13.4.2
Enhanced Sheet Formation upon Adsorption

Other examples of sheet formation are known in which the comparison between
structures in bulk solution and at interfaces is made. In Section 13.3.1 the
landmark study of DeGrado and Lear on o-helix formation of leucine- and lysine-
consisting peptides 1-2, both in solution and at hydrophobic—hydrophilic inter-
faces was discussed [12]. In this paper the authors also describe peptide 3 with a
hydrophobic periodicity of 2, i.e. an alternating sequence of leucine and lysine
residues. It appeared that this peptide adopts a f-sheet conformation upon ad-
sorption at the air—water interface, whereas a-helices were formed from peptides
with a hydrophobic periodicity of 3.5 (Fig. 13.13). As in the case of the «-helices,
in solution there is a dynamic equilibrium between f-sheet and random coil con-
formation. However, at the interface the equilibrium is completely shifted to the
f-sheet conformation. This nicely demonstrates the stabilization of the f-sheet
structure by interfacial interactions.
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Fig. 13.13 Schematic representation of the adsorption of an
amphiphilic peptide with a periodicity of 3.5 into an o-helical structure
(left) and of an amphiphilic peptide with a periodicity of 2.0 into a f-
sheet structure (right) (Adapted from ref. [12]) [12].

Comparable results were found by Tirrell and coworkers for long peptides con-
sisting of three pairs of alternating alanine and glycine units combined with sin-
gle glutamic acid residues as turn elements, i.e. [(Ala-Gly);-Glu-Gly];¢ [28]. The
authors studied the peptides by IR absorption spectroscopy in aqueous solution
and by external IR reflectance spectroscopy at the air—water interface. In solution,
the peptide adopts the random coil conformation over a wide pH range
(5 < pH < 14). However, at the air—water interface the peptide adopts a f-sheet
conformation that could further be attenuated when the pH of the solution was
changed from basic (pH = 10) to acidic (pH = 5). From this study it can be con-
cluded that sheet formation was stimulated by adsorption.

12

Fig. 13.14 Schematic representation of amphiphilic oligo(meta-
phenylene ethynylene) 11 adopting a sheet structure at the air-water
interface (left) [30, 31] and STM image of n-decyl-substituted
hexa(meta-phenylene ethynylene) 12 on HOPG adopting a zig-zag
structure at the solid-liquid interface (right) [32].
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In analogy to the aforementioned amphiphilic peptides, other amphiphilic
oligomers can form sheet structures at interfaces as well. For instance, amphi-
philic oligo(meta-phenylene ethynylene) foldamers pioneered by the Moore group
(see Chapter 3) adopt a helical conformation in solution in order to maximize sol-
vophilic interactions of the side chains with the solvent and due to #,7-stacking
interactions between the aromatic backbone repeat units [29]. Tew and coworkers
found that this foldamer family, if appropriately substituted with alternating hy-
drophobic and hydrophilic groups, i.e. 11, forms sheet-like structures at the air—
water interface when the adsorbed monolayers are compressed (Fig. 13.14 left)
[30, 31]. From surface—pressure isotherms and calculations it was concluded
that polymer 11 adopted a zig-zag-type transoid conformation, with the aromatic
rings perpendicular to the interface, i.e. in an edge-on conformation, thereby
presumably stabilizing the sheets by nn-stacking. In related work at the solid—

monomer tape

concentration

419

fibre

Fig. 13.15 Model for the hierarchical self-assembly of peptide monomer
P11-2, i.e. Ac-GIn-GIn-Arg-Phe-GlIn-Trp-GIn-Phe-Glu-Gln-Gln-NHj, into
tapes, ribbons, fibrils and fibers as a function of concentration and
corresponding electron micrographs (scale bar 100 nm in each image)
[33]- (Reproduced in part from ref. [33] with permission.)
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liquid interface, Hecht, Rabe, and coworkers studied SAMs of alkyl-substituted
hexa(meta-phenylene ethynylene) 12 by scanning tunneling microscopy (STM)
and could show that the foldamers adopt face-on sheet structures on HOPG
(Fig. 13.14 right) [32]. Interestingly, the corresponding ortho-linked hexamers
show a markedly different behavior by preferentially forming lower dimensional
aggregates.

13.43
Change in Sheet Structure upon Adsorption

In the group of Boden, the self-assembly of a peptide called P1;-2, i.e. Ac-Gln-Gln-
Arg-Phe-GIn-Trp-Gln-Phe-Glu-GIn-GIn-NH,, has been studied both in solution
and adsorbed on mica substrates [33-35]. In solution, at very low concentrations
(<0.05 mM) the peptide was present as random coil, as confirmed by CD spec-
troscopy. At slightly higher concentrations (~0.07 mM) f-sheet ribbons start to
emerge and at even higher concentrations (>0.6 mM) rigid fibrils and fibers
have been observed by electron microscopy (Fig. 13.15) [33].

The observed formation of helical structures from p-sheet assemblies of pep-
tides is generally believed to be based on the chirality of the single peptide build-
ing blocks. However, the helical twisting can be overcome by adsorption on mica
substrates when the peptide—surface binding energy outweighs the energy gained
by twisting [35]. At specific conditions (5 uM P11-2 in 10 vol% water in n-propanol
and pH = 5.5) tapes resembling antiparallel cross-f-sheet structures were found
to grow, as observed by AFM on mica (Fig. 13.16). The formed tapes had a height

e, 08
/"\49‘--. rgy 5 o Kacdl
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n "$~ nnmlo\'"‘"
,g % cin11?

: "
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Fig. 13.16 Hierarchical self-assembly of peptide monomer Py;-2, i.e. Ac-
GIn-GIn-Arg-Phe-GlIn-Trp-GIn-Phe-Glu-GIn-GIn-NH,, into tapes as shown
by AFM images on mica (left, inset shows FT and hexagonal symmetry)
and structural model derived from XPS data and modeling (right) [35].
(Reproduced from ref. [35] with permission.)
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corresponding to the height of one molecule and a width corresponding to the
length of one molecule. Therefore, the peptides are most likely bound via the re-
placement of potassium ions of the upper layer of the mica substrate by guanidi-
nium groups of arginine residues while the glutamates’ carboxylate groups are
expected to bind the potassium ions. Obviously, in this example electrostatic inter-
actions are strong enough to drive the adsorption of flat f-sheets on mica sub-
strates. Furthermore, it is important to note that the critical concentration for
the growth of these tapes at a mica surface is more than ten times lower than
the critical concentration required for their self-assembly in solution.

13.5
Turn Elements and Hairpins

The last class of secondary structures that will be discussed here are turn ele-
ments, of which hairpins will receive the major attention. Van Esch, De Feyter,
and coworkers have studied the folding and adsorption of small molecules 13—
15 that mimic turn elements (Fig. 13.16) [36]. These turn mimics consist of a cat-
echol unit and two alkyl chains, both containing an amide group for additional
stabilization of the folded conformation by intramolecular hydrogen bonding.
Molecular modeling predicted that folding depends strongly on the length of the
spacers between the catechol moiety and the amide groups. Indeed, compound
13 with spacers of equal length did not adsorb in the folded conformation as
found by STM analysis since this conformation is rather twisted than flat, render-
ing adsorption of the folded structure unfavorable. On the other hand, com-
pounds 14 and 15 with spacers differing by one methylene group did adsorb in
the folded conformation, and especially 15 yielded highly ordered monolayers at
the solid-liquid interface. This study shows that, in addition to the factors dis-
cussed above, the ‘flatness’ of the folded conformation, encoding for maximum
interaction with the flat substrate surface, can determine whether the compound
adsorbs in the folded or unfolded conformation.

In related peptide work, Kelly, Powers, and coworkers have studied the self-
assembly of p-hairpin peptide 16 at interfaces employing various techniques
(Fig. 13.18) [37-40]. Peptide 16 consists of two strands with alternating hydro-
phobic and hydrophilic residues linked by a D-Pro-Gly f-turn and labeled with a
fluorophore (DMBDY). CD measurements showed that this water-soluble peptide
adopts a random coil conformation in deionized water [37]. However, it spontane-
ously adsorbs at the air-water interface as indicated by fluorescence microscopy.
The surface pressure isotherms of the formed monolayers have been studied and
LB films have been deposited on mica substrates [38]. The observed area per mol-
ecule and the pattern in the monolayer on mica as observed by AFM are in good
agreement with adsorption of the peptide in the folded state, i.e. a hairpin confor-
mation (Fig. 13.18). The derived structural model was further supported by a
neutron reflection study. A later study revealed that the SAMs at the air-water in-
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Fig. 13.17 Structure and concept of turn mimics 13-15 (top left) and
STM images of the adsorbed turn elements on HOPG [36].
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Fig. 13.18 Hierarchical self-assembly of f-hairpin peptide 16 containing
a DMBDY fluorophore (left) in tapes as shown by the AFM image on
mica and the corresponding structural analysis [38]. (Reproduced from
ref. [38] with permission.)

terface are stabilized by the DMBDY fluorophores and the D-Pro-Gly f-turn ele-
ments [39]. This might be due to van der Waals forces between the DMBDY fluo-
rophores and between the hydrophobic turn elements. Moreover, it was found
that at higher pH or higher salt concentration as compared to deionized water,
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the glutamic acid residues could get deprotonated resulting in destabilization of
the monolayer at the air—water interface. While it becomes apparent that the fold-
ing and adsorption of these hairpins is governed by different types of interactions
and that specific conditions are required, clearly folding is facilitated by adsorp-
tion, probably due to lowering of the nucleation barrier.

13.6
Outlook

From this brief survey of the research, which has been carried out in the area of
foldamers at interfaces, it becomes clear that many fundamental aspects of this
field still wait to be uncovered and that consequential applications linger to be ex-
plored. This certainly is good news — much more can be discovered!

Undoubtedly, a more detailed understanding of the mechanism of folding at
the interface including both thermodynamics and kinetics is needed. Important
parameters concerning all three intramolecular, intermolecular, and interfacial in-
teractions need to be evaluated and systematically studied in order to compre-
hend the synergistic interplay of conformation, aggregation, and adsorption. For
this purpose, modular synthetic systems, which allow structure—property rela-
tionships to be deduced, have to be prepared and studied by advanced techniques
for in situ characterization at various types of interfaces under a multitude of
environmental conditions. These experimental studies have to be supported by
high-level theory in the area of molecular dynamic simulations including appro-
priate molecular and surface models. The majority of studies carried out on
natural folding backbones, i.e. peptides and DNA, have to be complemented by
investigations involving non-natural foldamers, which might offer beneficial
properties with regard to applications in materials science.

In addition to fundamental research, chemists will certainly continue to design
increasingly complex systems and implement various functions into foldamers.
This will open opportunities for applications ranging from nano- to biotechnol-
ogy. For example, surface-confined foldamers could be utilized to display various
functional groups at defined surface locations to enable high-resolution chemical
surface patterning, while other foldamers could control growth of certain inor-
ganic materials analogous to biomineralization and designer peptides could facil-
itate cell-adhesion to body transplants. Many more possibilities can be anticipated
and we are only limited by our imagination!

Last but not least, we would like to seize this opportunity to encourage chem-
ists as well as scientists from neighboring disciplines to embrace molecular
science. Molecules and their very intimate relationship to one another are charac-
terized to a large extend by their shape and hence their conformation [41]. While
the interface certainly adds a new complexity to conformational design and mo-
lecular recognition, the essence remains vital since Emil Fischer. There are a lot
more new tricks to learn from old dogs!
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