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Foreword

Cyclic structures have always fascinated artists and
scientists. In chemistry, the restriction of conformational
space by cyclization has stimulated and inspired the
understanding of three-dimensional molecular structure
and the development of new shapes and entities. When
our laboratory started research on conformational anal-
ysis of peptides about 40 years ago, we soon realized that
the high flexibility of linear peptides results in a complex
mixture of conformations. Cyclic peptides are conforma-
tionally more restricted and accordingly topologically
more defined, and when their structures mimic recep-
tor-interacting conformations, they become not only
super-active but also selective for different receptor
subtypes.

Nature has used these principles as well. Many biologi-
cally important peptides are macrocycles, which possess
not only high affinity, but also relatively high stability
against enzymatic degradation, and some are even orally
available. The simultaneous optimization of synthetic
ligands for both activity and bioavailability has become
an exciting goal, which is often reached in a stepwise
procedure where first activity is optimized; then chemi-
cal modifications are introduced to increase oral bioa-
vailability. One successful example of this approach is
the conversion of a cyclic hexapeptide with somatostatin
activity into a derivative with oral availability in vivo via
multiple N-methylations while retaining its biological
activity. To my knowledge, the reverse process—using an
orally permeable scaffold and introducing functionalities
required for biological function—has not been achieved
yet. Many groups in the world are investigating cyclic
scaffold models to understand their intestinal permea-
bility, but their simultaneous functionalization to inter-
act with a biological target remains to be realized.

Above and beyond peptides, many organic molecules
form macrocycles with interesting biological properties.
It is both surprising and limiting that scientists engaged
in non-peptidic macrocycles and peptidic macromole-
cules live in different scientific worlds and do not
exchange information more extensively. Recently, finally,
the two communities are joining forces through the
rising interest in therapeutic compounds that go beyond

Lipinski’s rule of five (the so-called bRo5, or beyond
Rule of five, compounds). This empirical rule, which
segregates compounds with molecular weight above 500
out of the oral bioavailability zone, was derived from a
comprehensive study of orally available drugs. An alter-
native rule by Veber et al. added another important
property, that is, the importance of rigidity in a molecule.
Nevertheless, a “freely rotatable bond” is difficult to
define, particularly in the context of macrocycles, where
endocyclic bonds are not fully free to rotate but defi-
nitely more flexible than in smaller rings. We know that
barriers to internal rotations or inversions vary strongly
depending on the structural context. Both of the previ-
ous rules have been utilized as exclusive criteria in drug
development and greatly reduced the interest of the
pharmaceutical industry in macrocycles, at least for
peptides, for a long period.

However, research in macrocyclic chemistry contin-
ued to advance in synthetic methods, conformational
studies, and investigation of their role for controlling
biological functions. Finally, very recently, the pharma-
ceutical industry rediscovered macrocycles. It was real-
ized that such molecules not only open new areas for
pharmacological treatment of diseases, but also raise
hope that some of the problems in their stability and bio-
availability might be overcome. Nature has shown us that
molecules with sizes between proteins and small mole-
cules can be orally available and, importantly, that this
size range is a particularly good fit for targets requiring
extended surface areas exemplified by protein—protein
interactions. In addition, the criterion of oral availability
is not an absolute requirement since more and more
drug products are effectively administered by other
routes. Indeed, pharmacists know very well that oral
administration is not always the best choice since intesti-
nal uptake can strongly vary as a function of patient and
situation. As a result, accurate dosage control is more
difficult.

Inspiration for new drug molecules often comes from
natural compounds, such as secondary metabolites in
living organisms that are bioavailable to be efficacious, as
well as from regulatory proteins interacting with other

xiii
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Foreword

biomolecules. Peptide chemists realized long ago that
loop regions in proteins, because of their exposed spatial
arrangement (rigidity), are often critical determinants of
interaction with other biomolecules and that these loops
can be mimicked by cyclic peptides. Conformational
control in cyclic peptides can be achieved by introduc-
tion of D-amino acids at distinct positions. Similarly,
nature and medicinal chemists often modulate the
conformation of non-peptides by controlling chirality
at certain positions.

Increasing knowledge in biochemical pathways that
control physiological conditions or disease states
increases the demand for interference by medium-sized
molecules like macrocycles. Compared to small mole-
cules, medium-sized entities offer new ways to interact
with protein—protein interaction surfaces. Hence, we are
looking into an exciting future that will fill the gaps in
medicinal applications, with macrocycles already posi-
tioned as privileged structures in this regard.

As a result, this book has collected a number of
exciting contributions written by experts in the field
of macrocycles. It is very timely in light of the afore-
mentioned interest in macrocycles and covers a broad

range of topics. These include chemical and biological
synthesis, diversity generation, challenges specific to
macrocycles, conformational analysis, design and real-
ization of constraints for medium-sized molecules,
and multiple examples of therapeutic applications of
various classes of macrocycles.

The principles and the dimensions covered in this
book on macrocycles, owing to their universal nature
and to the practical way they are addressed, are also very
relevant for medicinal chemistry applied to other classes
of molecules. As a result, I feel this book should belong
in the personal library of all medicinal chemists.

(NB: References to the concepts and works cited
previously can be found all along the various chapters
covered by this book.)

Prof. Dr. Horst Kessler

Institute for Advanced Studies and
Center for Integrated Protein Science
Department of Chemistry
Technische Universitidt Miinchen
Munich, Germany



Introduction

Macrocycles are Great Cycles. This was the title of a
review we wrote in 2011 to reflect the increasing atten-
tion being then given by medicinal chemists toward this
unique compound class. Six years later, the interest has
only grown, which strongly indicates that the macrocycle
field is not just another trend that becomes hot, gener-
ates frenetic activity, then rapidly vanishes or dissipates
into irrelevance—quite the contrary. Macrocycles of very
diverse chemical classes continue to generate a high level
of interest from the drug discovery community, with an
impressive number already in or entering the clinic.
When we started working over 15 years ago at one of the
pioneering companies in this area, NéoKimia (later
Tranzyme Pharma), formed to realize the vision of Prof.
Pierre Deslongchamps regarding libraries of conforma-
tionally defined and chemically diverse macrocyclic mol-
ecules, there was only one other company (Polyphor)
primarily focused on using macrocycles for drug discov-
ery purposes, and few academics had research focused
on these structures. At the time, we met with considera-
ble skepticism that such molecules could ever be effec-
tive synthetic drugs. Now, that situation has changed
dramatically, with over 30 companies involved in pursu-
ing macrocycles as a key aspect of their R&D, while the
number of scientific papers on the topic has exploded.
As a result, we felt it would be very timely to assemble a
reference book on the medicinal chemistry of macrocy-
cles. From the onset, we wanted this to be a practical
guide targeting both experts and their teams, as well as
neophytes.

Accordingly, this book is directed to both scientists
engaged in drug discovery with macrocycles and those
contemplating the use of macrocycles yet have no previ-
ous experience with this chemical class. We did not cover
allied topics in macrocyclic chemistry, even if they could
have some pharmaceutical relevance, including molecu-
lar recognition, supramolecular architectures, host—
guest molecules, metal chelators, or chromatographic
stationary phases.

Macrocycles actually are, in several ways, a polarizing
molecular class. On the one hand, they attract researchers

for their extraordinary potential to tackle difficult tar-
gets, their versatility as scaffolds for diversity generation,
and the multiple opportunities they provide to optimize
lead compounds. On the other hand, macrocycles
can elicit untoward feelings because of notions—often
outdated—on the challenges of synthesis, scale-up,
diversification, or optimization of drug-like properties.
Granted, macrocycles are often more synthetically
challenging than traditional small molecules yet have
definitely proven their worth to tackle difficult pharma-
cological target classes. In that sense, macrocycles can
be considered as “high hanging molecules for high
hanging targets”

In this volume, we have aimed to capture the impor-
tant aspects of macrocycles as they pertain to medicinal
chemistry. This ranges from critical challenges inherent
to the class, to an analysis of the various subclasses of
macrocycles and where they currently fit in drug discov-
ery, through proven or exploratory methods to make and
characterize them, and, finally, to further stimulate ideas
of scientists interested in macrocycle drug discovery,
several case studies from diverse compound classes and
therapeutic indications. Throughout the preparation, we
pressed individual authors to keep their contributions as
hands-on and practical as possible—within the context
of a reference book—to serve as a valuable information
source or starting point depending on the reader’s
objectives. As a result, the book is separated into four
main sections.

Part I focuses on challenges specific to macrocycles.
The goal is to communicate what makes macrocycles
special or distinctive in the context of drug discovery.
In Chapter 1, Zaretsky and Yudin single out critical
aspects related to the key transformation inherent in
the synthesis of all macrocycles, that is, the cyclization
process. The fact that this reaction is unimolecular
brings significant challenges but also many opportuni-
ties. In Chapter 2, Craik, Kaas, and Wang give a detailed,
hands-on description of the methods available to
characterize and elucidate the structure of macrocycles,
largely inspired from their extensive works on natural
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macrocyclic peptides, which have been structurally eluci-
dated, synthesized, and diversified in all forms and sizes.
Finally, in Chapter 3, Price, Mathiowetz, and Liras share
their expertise, and that of their broad network of aca-
demic collaborators, on the current understanding of per-
meability and oral absorption of macrocycles and the ways
to improve these important properties. This has been—
and remains—an area of intense investigation in an effort
to “crack the code;” assuming there is one, of structure—
permeability relationships in macrocycles. These works
relate mostly to macrocyclic peptides and have been the
genesis of efforts to understand what is now commonly
known as the beyond-Rule-of-5 (bRo5) class.

Part II is devoted to covering the main chemical classes
of macrocycles and their potential in drug discovery, as
these constitute the knowledge base for medicinal chem-
ists and the starting points of their future efforts. In
Chapter 4, this begins with naturally inspired macrocy-
cles by Wessjohann, Bartelt, and Brandt. Chapter 5,
from Bockus and Lokey, is devoted to macrocyclic pep-
tides, which constitute one of the two main classes of
macrocycles from natural and unnatural origins. Since
diversity generation is an integral tool in drug discovery;,
with high-throughput screening of compound libraries
providing the initiation point for most projects, we
subsequently move to two chapters specifically aimed at
exploring and expanding the chemical diversity of
macrocycles. In Chapter 6, Qian, Dougherty, and Pei
describe existing chemical approaches to macrocycle
libraries. Vitali and Fasan in Chapter 7 then extensively
review hybrid chemistry/biology strategies used for
diversity generation. Indeed, these approaches, despite
limitations inherent to the biological machinery
employed, have exploded the numbers of compounds
accessible and become a rapidly evolving mainstream
method for massive diversity generation. Finally, in
Chapter 8, Leitch and Tavassoli expand on the role of
macrocycles specifically as modulators of protein—pro-
tein interactions (PPI), a target class for which small
molecules have generally performed poorly and for
which macrocycles have emerged as privileged scaffolds
owing to their unique combination of large molecular
surface area, conformational restriction, and spatial
display of pharmacophores.

Part 11, the synthetic toolbox, makes available to the
reader the many and diverse synthetic methods useful to
construct macrocycles. In Chapter 9, Biron, Vézina-
Dawod, and Bédard describe the various methods for
making macrocyclic peptides. Gaddam, Mallurwar,
Konda, Khatravath, Aeluri, Mitra, and Arya exemplify in
Chapter 10 the use of ring-closing metathesis (RCM), a
method that nowadays needs no introduction since
it became the subject of the Nobel Prize in Chemistry
in 2005, to build specific pharmacologically relevant

structural types of macrocycles investigated in their
myriad synthetic efforts toward diversity generation.
Owing to the numerous excellent reviews and books
devoted to RCM, we decided not to provide yet another
review on the topic here but rather to exemplify the actual
use of RCM in diversity generation. In Chapter 11, Pehere
and Abell describe Huisgen cycloadditions in the context
of macrocyclization. Subsequently, Ronson, Unsworth,
and Fairlamb describe the various and versatile Pd-cata-
lyzed approaches employed for the synthesis of macrocy-
cles in Chapter 12, whereas in Chapter 13, Santandrea,
Bédard, de Léséleuc, Raymond, and Collins summarize
the numerous other strategies used to make macrocycles.
As a testimony to chemists’ creativity, this chapter pre-
sents a broad range of methods, leading to a wealth of
macrocyclic structures. In Chapter 14, Wessjohann,
Neves Filho, Puentes, and Morejon relate several multi-
component reactions (MCR) applied to the macrocycli-
zation reaction. Finally, since efficient large-scale
synthesis is one of the limiting steps to advance com-
pounds into clinical development and macrocycles were
perceived, at least 15years ago as we recounted earlier, as
molecules too difficult to prepare to be exploited as phar-
maceutical agents, Kong presents in Chapter 15 several
methods successfully applied to macrocycle synthesis at
manufacturing scale. Although a number of these are
proprietary and the subject of carefully guarded know-
how, this chapter exemplifies how creative synthetic meth-
ods can deliver multi-kilogram quantities of macrocycles.
Finally, Part IV is dedicated to case studies of macrocy-
cles in clinical development or approved as drugs. In
Chapter 16, as an introduction to this section, Stotani
and Giordanetto summarize the various classes of mac-
rocycles and the individual compounds of each in
clinical development. In Chapter 17, Terrett relates the
discovery of XIAP antagonists stemming from DNA-
encoded technologies. In Chapter 18, Yamazaki, Lam,
and Johnson then share their experience in the discovery
of lorlatinib, an inhibitor of the ALK kinase able to tackle
resistant forms of the kinase, including those found in
brain metastases. In Chapter 19, Hoveyda, Fraser,
Marsault, Gagnon, and Peterson provide a detailed
account of the efforts leading to TZP-102, a ghrelin
receptor agonist for the treatment of hypomotility disor-
ders. Finally, in Chapter 20, Pereira, Wu, Majury,
Schneider, and Pradeep describe the research that led to
the identification of solithromycin, a very interesting
example of a macrocyclic natural product derivative
optimized through semisynthesis. The experienced
reader will notice that no chapter is devoted to one of the
targets that has benefited most from the particular
attributes of macrocycles and provided the largest num-
ber of macrocyclic development candidates, that is, the
hepatitis C virus NS3/4A protease. Similarly to RCM,



this has been covered extensively in previous reviews;
thus, we made an editorial choice not to do so yet again.
By no means does this indicate a lack of relevance of
this particular inhibitor class, which has been one of the
initial and most fertile playgrounds of macrocycle drug
discovery. Readers are instead referred to the abundance
of existing publications on the topic.

As editors, we gave individual authors considerable
freedom to express their creativity within the themes
that were entrusted to them, delve into their own
experiences—good and bad—and provide the reader
with hands-on examples and make choices for what was
most relevant to their topic. As a result, some examples
may be cited in more than one chapter, which is more a
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testimony to the broad impact of some works across
various dimensions of macrocycle drug discovery, rather
than simple editorial redundancy.

We sincerely hope that this book will prove useful
and instructive for a broad variety of individuals, from
novices looking to understand the ins and outs of macro-
cycle drug discovery to experienced practitioners willing
to expand their knowledge on specific aspects of this
exciting field.

Finally, we wish to sincerely thank all the coauthors
who devoted numerous hours of their precious time and
generously shared their knowledge and expertise on
this stimulating topic. The book is the result of their
collective hard work and dedication.
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1.1 Introduction

In medicinal chemistry, macrocycles occupy the “middle
space” between small organic molecules and proteins
(Figure 1.1). By virtue of displaying the features of both
small molecules and proteins, macrocycles have the
potential to harness both the exquisite specificity of
biological drugs and the synthetic tractability of small
molecule drugs [1-3].

Macrocycles encompass a tremendous variety of mol-
ecules. Barring the requirement of a suitably large ring
size (conventionally over 12 atoms), the constituents of
the ring can vary. Macrocycles can be based on primarily
aliphatic backbones as exemplified by macrolides [1, 4]
or on heteroatom-based scaffolds as exemplified by
macrocyclic polyethers [5]. No macrocycle discussion
could be whole without mentioning the central role of
cyclic peptides (see also Chapters 3, 4, and 9). Cyclic pep-
tides are employed by nature and chemists in a variety of
settings, and these molecules are particularly notewor-
thy for their modular assembly from amino acid building
blocks [6—8]. The relative ease of synthesis, both chemical
and biological, makes cyclic peptides highly sought-after
molecules in drug discovery [9].

Having a constrained backbone enables macrocycles
to pre-organize for effective binding to ligands and host
molecules; however, the requirements for effective pre-
organization have to be considered; simply having a
constrained molecule does not always ensure binding
[10, 11]. Moreover, the manner in which binding
elements of a macrocycle are presented in three dimen-
sions can change dramatically with the macrocycle ring
size. The overall effect is ring size-dependent binding
affinity and specificity between macrocycles and their
hosts or guests [12-17].

In addition to binding affinity gains, macrocycles
possess a number of pharmacokinetic advantages when
compared with their linear counterparts. This aspect is

particularly important for peptides as the linear forms
often exhibit very poor cellular permeability and are pro-
teolytically labile, and as a result linear peptidic drugs
have to be injected or use advanced formulation tech-
niques and cell-penetration tags for efficacy [18, 19].
Cyclic peptides, on the other hand, can prearrange their
peptidic backbone and amino acid side chains such that
polar surface character is minimized and the formation
of internal hydrogen bonds is facilitated (Figure 1.2)
[20-22]. This area of research continues to be actively
pursued with concentrated efforts on establishing a
rationale for peptide modification toward improved
cellular permeability with cyclic peptides [23-26]. An
additional differentiation is that macrocycles can be
more metabolically stable than their linear counterparts [9].
For example, cyclic peptides are not subject to exopepti-
dases and generally can resist endopeptidases [27, 28].

Perhaps the most significant and enabling feature of
macrocyclic drugs with respect to small molecule thera-
peutics is their intricate three-dimensional structure.
Whereas conventional small molecule therapeutics favor
achiral and aromatic (i.e., heterocyclic) substituents,
macrocycles offer a robust framework that takes advan-
tage of multiple sp® centers to furnish large and unique
binding surfaces [29]. Accordingly, macrocycles have
been pinned as a privileged class of molecules to
modulate protein—protein interactions, which is a difficult,
yet growing, target space in drug design [2, 3, 9].

1.2 Challenges Inherent
to the Synthesis of Macrocycles

The benefits of macrocycles are vast, especially when
compared with their linear analogues, but there are some
challenges inherent to their synthesis and isolation. The
synthetic challenges are rooted in the conformational
difficulties of tying the “ends” of a molecule together,

Practical Medicinal Chemistry with Macrocycles: Design, Synthesis, and Case Studies, First Edition. Edited by Eric Marsault and Mark L. Peterson.
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irrespective of the nature of the cyclization chemistry
(amide, ester, alkene formation, etc.).

In the case of smaller macrocycles (around 12 atoms),
transannular strain significantly impacts the cyclization
rate. This form of strain energy arises from the clash of
backbone atom substituents, such as C—H groups in
simple cycloalkanes or side-chain atoms in more complex
cycles, within the ring of the forming molecule. Seminal
studies by Illuminati, Gali, and Mandolini have shown
that ring-closing transition state energies are elevated for
ring sizes ranging between 7 and 13 atoms with 8-10
atom ring sizes being most affected [30]. In addition to
transannular strain, additional detrimental factors to
the kinetic rate arise from bond angle and length defor-
mations and unfavorable eclipsed conformations, all of
which are increasingly alleviated in larger rings (>12
atoms) [31, 32].

When considering ring closure kinetics, it is instruc-
tive to use effective molarity (EM), the ratio between the
intramolecular and intermolecular rates, as a guide to
reactivity [33]. The proximity of the two reactive ends in
an intramolecular cyclization reaction greatly facilitates
the coupling of the two partners versus the intermolecu-
lar case. Strain energy impacts the EM as outlined previ-
ously for ring sizes of 8—11 atoms, but as the strain energy
diminishes with ring size for macrocycles, so too does
the EM. For medium and large macrocycles, the main
concern becomes the lack of a proximity effect, which,
without forcing features (e.g., Thorpe—Ingold effect),

makes the cyclization-conducive conformation an
entropically challenging one to reach [34].

In an effort to create a macrocyclization reaction, the
effectiveness of the desired transformation has to be
balanced with the cyclization ability. A fast cyclization
reaction is required to limit side reactions, but if the
cyclization-conducive conformation is not readily attain-
able, then intermolecular reactivity can predominate.
For example, the synthesis of cyclic peptides can be com-
plex, and methodology is often not transferrable between
sequences and ring sizes [35]. Conventional approaches
for peptide cyclization often suffer from oligomerization
side reactions unless performed at high dilution. The dif-
ficulty in cyclic peptide synthesis stems from the ten-
dency for carboxylic acid activation chemistry to disfavor
the cyclization-conducive conformation by negating the
peptide termini’s ion pair interaction (Scheme 1.1). The
consequence is a highly sequence-dependent equilibrium
between conformation 2 and 3, which can affect the
expected EM of the system and result in intermolecular
reactivity. Research into methods that maintain the
stabilizing zwitterionic interaction of peptide ends has
recently emerged [36-39].

Schmidt and Langner’s work on sequence dependency
in forming 15-membered cyclic peptide rings clearly
illustrates the challenges faced in this process [40].
Depending on the amide linkage that was formed in
the ring-closing reaction, the researchers noted a wide
variability in reaction selectivity, with some cases even
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Figure 1.3 The site of retrosynthetic ring disconnection can
greatly affect the yield and selectivity of the forward process.

forming the cyclodimer as the predominant product
(Figure 1.3). For a successful cyclization reaction, the
linear substrate has to be carefully selected and the cycli-
zation site considered, as the substrate-dependent cycli-
zation reaction can fail or simply result in isolation of
cyclodimers [35, 41].

In order to ensure sufficient selectivity for cyclic mon-
omers, macrocyclization reactions are often performed
at high dilution. By decreasing the concentration to the
mM and pM range, bimolecular reactivity can be dimin-
ished such that the desired monomer cyclization takes
place. However, at low concentrations, the desired chem-
istry also tends to be significantly slowed, and side reac-
tions other than oligomerization may arise [42—45]. The
necessity for low concentration may be afforded by
working on solid phase, which ensures pseudo-high dilu-
tion through physical separation of the reactive species
(Section 1.5).

In carboxylate activation chemistry, there is a propen-
sity for C-terminal amino acid epimerization if the
nucleophilic coupling is not kinetically competitive [46].
Epimerization results from amide O-attack on the
active ester to generate an oxazolone intermediate
(Scheme 1.2a). In the presence of base, oxazolone 6 can
be deprotonated to form 7, which is stabilized due to
aromaticity, with subsequent reprotonation racemizing

1.2 Challenges Inherent to the Synthesis of Macrocycles
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Scheme 1.2 Carboxylic acid side-reaction pathways by way of
oxazolone intermediate (a), ketene formation (b), and Curtius
rearrangement of acyl azides (c).

the amino acid stereocenter to give 8. For acyl halides
(Scheme 1.2b), the highly activated nature of the func-
tional group can invoke an alternate epimerization
pathway through ketene formation as well as provoking
hydrolysis [47]. While acyl azides pose less risks for
epimerization, a side-product pathway exists through
the Curtius rearrangement (Scheme 1.2c) [46].

In the synthesis of peptides, an additional side product
may arise from diketopiperazine (DKP) formation.
Under conditions where the first amide bond is able to
readily adopt a cis conformation, the amine at the N-ter-
minus may fold and react onto the second amide to form
a six-membered ring [48]. This rearrangement is termed
cyclol formation and leads to cleavage of the second
amide bond, thereby forming a DKP and a truncated
linear peptide. For example, in a study by Titlestad [49],
cyclization of sarcosine oligopeptides, from Sars to Sarg,
was accompanied by formation of sarcosine DKPs in
14-30% yield (Scheme 1.3).

After successfully forming a macrocycle, the isolation
and purification of the final product can provide further
challenge. As macrocycles tend to be higher in molecular
weight than small molecules, conventional techniques
such as crystallization and flash column silica chroma-
tography are often ineffective. An additional consideration
is that the macrocyclization step can often be the last or




6| 1 Contemporary Macrocyclization Technologies

21 20
o} -
DCC e Purges as precipitate
N™ N
H H
o}
DIC )\NJ\NJ\ Purges in organic layer
H H
o}
EDC /\NJ\N/\/\N/ Purges in aqueous layer
H H |

Figure 1.4 Selective solubility of the activating agent by-product
simplifies isolation.

penultimate step of a synthesis, and particular attention
will need to be paid to purging of cyclization by-products,
toxic solvents such as DMF, and transition metals. In
certain cases, activation chemistry by-products can
be purged by taking advantage of selective solubility
(Figure 1.4) [47]. Similarly, cyclization on solid phase can
greatly simplify the isolation of macrocycles (Section 1.5
and Chapter 9) [50-53].

Replacing toxic organic solvents by aqueous condi-
tions can significantly reduce safety hazards and costs of
a chemical process. Propylphosphonic anhydride (T3P°)*
has gained considerable exposure as an efficient and
more benign alternative in carboxylic acid activation
chemistry [54]. For example, in the cyclization toward
cycloaspeptide E, the cyclization of 22 was found to be
low yielding (10-15%) with DPPA activation, and pre-
dominantly the Curtius rearrangement product 23 was
observed (Scheme 1.4) [55]. Switching to T3P dramatically
increased the yield to 67%.

In spite of the efficient means of isolating macrocycles
from the cyclization reagent by-products, purification
of the final compounds can be quite challenging. As the
macrocycles tend to have very similar chemical features
to their linear precursors and reaction side products,
high performance liquid chromatography purification is

1 T3P is a registered trademark of Archimica GmbH.

Scheme 1.3 Cyclol formation in a peptide
macrocyclization can lead to DKP
formation.

often required. Reversed-phase HPLC purification
remains a crucial method for purifying macrocyclic
compounds, but it is not efficient and can be difficult to
implement on scale.

1.3 Challenges in Macrocycle
Characterization

In the realm of macrocycle characterization, routine
techniques are often used at their limit or they can be
even completely ineffective. For example, the simple
TLC experiment, a standard technique of organic chem-
istry, can be wholly ineffective for many classes of mac-
rocycles. The same reasons that make purification of
macrocycles difficult, specifically their high molecular
weight and complexity along with substantial homoge-
neity between side products and precursors, also signifi-
cantly complicate their structural analysis (Table 1.1).
Chapter 2 is devoted to the practical aspects of macrocycle
structural analysis.

High-resolution mass spectrometry (HRMS) is
another core analytical technique that presents
challenges in the field of macrocycles. This method is
routinely used as a substitute for elemental analysis in
proving compound identity. For small molecules with a
molecular weight below 500Da, routine HRMS per-
formed on time-of-flight (TOF) mass spectrometers can
provide ppm resolution for analytes and enable a diag-
nostic identity of the elemental composition [56]. As
molecular weight increases, the permutations for the
compound formula increase dramatically, such that
above 1000 Da, HRMS data can no longer reliably deliver
exact masses for the elemental composition [56]. As an
added challenge to chemists working with macrocycles,
broad chemistry journals continue to require HRMS
analysis for macrocycles and large molecules, yet, ulti-
mately, HRMS data is not a reliable method for elemental
composition for such structures.
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Table 1.1 Common structural analysis techniques and their applications to macrocycles.

Technique Diagnostic features

Issues with macrocycles

Chromatography Separation of chemical species by
polarity and/or functional groups

MS Identity by mass and elemental
composition with HRMS
NMR Functional groups and atom identity;

structural analysis for connectivity
and solution-phase conformations

Crystallography Structural analysis in the solid state

Difficult separations necessitate HPLC and alternate solid phases

Resolution limited for exact masses as molecules reach and exceed
1000 Da

Challenging solubility can limit amount of signal; complex spectra of
overlapping peaks from similar functional groups requires high-field
NMR; multiple conformers lead to additional sets of peaks

Poor crystallinity and prone to aggregation; methods not transferable

An additional consequence for mass spectrometry
with macrocycles is that, due to their ring structure,
macrocycles can be difficult to fragment in a predictable
manner with methods such as collision-induced disso-
ciation (CID) [57, 58]. This phenomenon is most
apparent for macrocyclic peptides or peptidomimetics.
Whereas linear peptides can be easily fragmented at
their amide bonds and sequenced by CID/MS? cyclic
peptides do not fragment into informative ions and can
lead to scrambled sequences by rearrangement. Recent
advances in de novo sequencing of cyclic peptides by
mass spectrometry have focused on multiple tandem
mass spectrometry methods [59, 60], statistical analysis
[61, 62], and library encoding [63, 64].

A synthetic work-around has been to chemically
linearize the molecules first, such as using cyanogen
bromide to cleave peptides at methionine residues
(Scheme 1.5a), although that raises issues of its own
regarding the integrity of the molecule through the

process. Likewise, this approach requires the obligatory
presence of a methionine residue in the ring [65]. More
recently, a linearization-sequencing technique using
weak amides has been reported for certain macrocyclic
compounds (Scheme 1.5b) [66]. Furthermore, CID/MS?
can be instrumental in the unambiguous assignment of a
cyclodimer [M,+2H]** from the isobaric non-covalent
dimer [2M+2H]** [67].

An enabling mass spectrometry tool for macrocycles is
ion mobility—mass spectrometry, which can enable con-
formational analysis of molecules in the gas phase [68].
Examples of cyclic and lasso peptide analyses have been
reported [69, 70].

NMR is a fundamental technique that is often used for
characterizing macrocyclic molecules and is, unfortu-
nately, also associated with certain caveats for these
structures. The high similarity and number of functional
groups and atom types in a macrocycle may greatly
complicate simple 1D 'H and *C NMR analysis due to

7
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Scheme 1.5 Linearization of peptides by cyanogen bromide at
methionine residues (a) and selective hydrolysis of weak aziridine
amides (b).

overlapping peaks. This issue also greatly limits the
ability to differentiate between cyclic monomers, dimers,
and higher order oligomers using NMR spectroscopy.
Accordingly, 2D hetero- and homonuclear NMR is vital
to deconvoluting congested signal areas and assigning
chemical peaks. A further complication arises from the
fact that changes in the chemical shift and splitting
patterns can result from the constrained ring structure
of the macrocycle. As an analogy, characterization and
assignment of macrocyclic molecules by NMR can be
the basis of whole studies in natural product research
[71-73].

These structural effects on NMR chemical shifts also
make prediction software error-prone. Simple incre-
ment-based NMR prediction software, such as available
in ChemDraw,”> ACD,?> and Mnova,* cannot compute
effectively the chemical shifts of macrocycles due to their
conformational flexibility and effects [74]. Quantum
mechanical (QM) calculations offer an alternative to
predicting chemical shifts in macrocycles [75]. However,
such approaches are time-consuming. An initial confor-
mational search and geometry optimization is crucial to
generating a statistically relevant aggregate of chemical
shift values (Figure 1.5). Moreover, conformational mod-
eling of peptides requires macrocycle-specific algorithms

2 PerkinElmer, Inc., Waltham, MA, USA.

3 Advanced Chemistry Development, Inc., Toronto, Ontario, Canada.
4 Mnova NMRPredict Desktop; Mestrelab Research, Santiago de
Compostela, Spain.
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NMR calculations

Figure 1.5 QM calculations enable high predictability of
macrocyclic NMR chemical shifts.

to effectively sample the conformational space of these
molecules (Chapter 2) [76, 77].

1.4 Macrocyclization Methods

Development of new macrocyclization methods contin-
ues to be an active area of research [2, 42, 78, 79]. Part III
of this book is entirely devoted to macrocyclization
methods. Method development can be for the most part
separated between the search for novel ring-closing
reactions and improvements of established methods. In
polyfunctionalized macrocycles, the myriad of choices
for the type of ring-closing reaction can dramatically
affect macrocyclization yield. For example, in efforts to
make the natural product macrocycle Riccardin C, three
main macrocyclization routes were envisioned and real-
ized with a variety of efficiencies (Figure 1.6) [80]. The
palladium(0) cross-coupling of two aryl species led to the
macrocycle in only 37% yield. Coupling of the benzylic
positions was accomplished in modest (30-50%) to
excellent yield (92%) by Wittig or McMurry chemistry,
depending on the choice of cyclization site. The work on
Riccardin C and analogues is illustrative of the impor-
tance of choosing the right bond for a ring-closing
reaction. Indeed, since there was no evident strategy that
would a priori confer high selectivity for the macrocyclic
product, only one site for macrocyclization proved
effective.

Carboxylic acid coupling chemistry to form amides
and esters is a staple technique in macrocyclization. As
previously discussed (Section 1.2), this transformation
has well-defined side-product pathways that lead to oli-
gomerization (e.g., cyclodimers) and impurities such as
epimerization at the C-terminus of peptides. Foregoing
the importance of selecting an appropriate site for the
ring-closing reaction in a macrocycle (Figure 1.3), the
next point of optimization in carboxylic acid chemistry
lies in the selection of an appropriate coupling agent.

At its core, a coupling agent removes an equivalent of
water in the reaction of a carboxylic acid with an amine
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or hydroxyl-containing partner. Carbodiimides, such as
DCC, are the prototypical class of compounds that
activate carboxylic acids toward amides and esters
(Figure 1.4) [47]. Additives such as the common HOAt
and HOBt are used to temper reactivity through active
ester formation and reduce the amount of side products,
particularly epimers [81]. Phosphonium and uronium
derivatives of the additives combine the carboxylic acid
activation and active ester formation properties and are
often utilized in carboxylic acid macrocyclization [82].
A wide selection of other agents for formation of the
amide bond, primarily developed for peptide chemistry,
is also available [82].

Macrolactonization, while appearing to have great sim-
ilarities to macrolactamization, offers a number of unique
pathways and opportunities for ring formation. In addi-
tion to the shared carboxylic activation pathways, in
which the alcohol is the nucleophile, the reaction may
proceed by alcohol activation where the carboxylate
becomes the nucleophile (Scheme 1.6) [83]. Formative
works in the acid activation stream have been the Corey—
Nicolaou reaction [84], Mukaiyama esterification [85],
Yamaguchi esterification [86], and Shiina macrolactoni-
zation [87], among others (Figure 1.7) [83, 88]. The
Yamaguchi reagent and 2-methyl-6-nitrobenzoic anhy-
dride (MNBA) in the Shiina reaction are used with DM AP
catalysis. Research into modifications and improvements
of these reagents has seen continued development [83].

1.4 Macrocyclization Methods
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Figure 1.7 Common carboxylate activation agents for
macrolactonization.
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Scheme 1.7 Configuration-dependent mechanistic switching in
the Mitsunobu reaction toward 27, a derivative of peloruside A.

The preferred method of macrolactonization through
the alcohol activation pathway is the Mitsunobu reac-
tion [83]. Drawbacks of this methodology include the
formation and removal of triphenylphosphine oxide and
reduced azodicarboxylate by-products. Nucleophilic
displacement in the Mitsunobu reaction conventionally
proceeds with inversion of stereochemistry at the elec-
trophilic carbon; however, retention of configuration
has also been reported, suggesting that care needs to
be exercised with this convention in the macrocyclic
framework. In their work on the total synthesis of
peloruside A (Scheme 1.7), De Brabander and cowork-
ers observed the formation of 27 from either epimer 25
or 26 [89]. The retention of stereochemistry from 25 to
27 was hypothesized to happen through an acyloxy-
phosphonium intermediate that would predominate if
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the alkoxyphosphonium intermediate was prevented
from forming due to conformational effects [90].

Native chemical ligation (NCL) offers an opportunity to
form amide bonds with thiol surrogates of carboxylic
acids [91]. Initial reports on the use of NCL for peptide
macrocyclization emerged from the Muir and Tam groups
in 1997 (Scheme 1.8) [92, 93]. This reaction was notable
for its ability to accommodate unprotected peptides.
Additional methods to expand the substrate scope and
remove the limitations of the N-terminal cysteine residue
were reported shortly thereafter [94, 95]. A related report
for the thia zip reaction, a cascade thiolactone formation
and ring expansion by thiolactone exchange, offered a
conceptually powerful method for end-to-end cyclization
of large unprotected peptides [96, 97].

Staudinger ligation has further diversified the range of
substrates for ligation of deprotected peptides [98, 99].
The traceless Staudinger cyclization reported by
Kleineweischede and Hackenberger employed a bifunc-
tional azidopeptide phosphinothioester (Scheme 1.9),
which, in the presence of base, underwent an acyl transfer
reaction through an aza-ylide intermediate [100]. This
development removed the constraint of having an N-ter-
minal cysteine residue and has also been utilized in the
synthesis of difficult medium-sized cyclic peptides [101].

Additional ligation strategies have included the serine—
threonine ligation [102], intein-mediated cyclization
[103], and others (Chapters 9 and 13) [104-106]. For
early stage drug discovery, the split-intein strategy has
been applied in SICLOPPS to generate vast libraries of
genetically encoded peptides (Chapter 8) [8, 107, 108].

Thiols have been extensively exploited in the synthesis
of macrocycles, more specifically through the macrocy-
clization utilizing disulfide bonds (Scheme 1.10a) [109].
Disulfide-bridged macrocycles are inspired by numerous
biological entities that take advantage of this moiety to
form cyclic peptides, bicycles, and higher order struc-
tures [109-112]. While cysteine residues in peptides
pose some challenges due to oxidation issues, protecting
group strategies can greatly limit side reactions, and,
along with selective deprotection strategies, disulfide
bonds can be formed on both partially protected and
fully deprotected peptides. Concomitant cysteine depro-
tection and disulfide oxidation is also possible [113].
Moreover, the orthogonal nature of disulfide bond for-
mation makes this technique of macrocyclization com-
patible with biosynthesis [109, 114]. Disulfide formation
has been interfaced with phage display of peptides to
biosynthetically produce and select for cyclic peptides
from libraries of more than 10 compounds (see
Chapters 7 and 8) [115].

The reducing environment of cells and an overall
desire for more stable bonds has led to research into
alternative linkages for cysteine molecules [116]. Notable
examples include thioether formation (Scheme 1.10b)
[117, 118] and multiple cysteine alkylation with 1,3,5-
tris(bromomethyl)benzene (Scheme 1.10c) [119].
Furthermore, by using mutated aminoacyl tRNA syn-
thetases, it has been possible to incorporate a broad
variety of non-proteinogenic amino acids and explore
additional bioorthogonal methods for macrocyclization
[115, 116]. Techniques based on oxidative coupling of
benzylamine and 5-hydroxyindole groups (Scheme 1.11a)
[120], intramolecular Michael addition (Scheme 1.11b)
[121], and copper(I)-catalyzed azide—alkyne cycloaddi-
tion (CuAAC) (also known as click chemistry;
Scheme 1.11c) have been reported for cyclization of
peptidic molecules [122].

In addition to applications for macrocyclization of bio-
synthetically derived peptides, CuAAC has been also
applied to synthetic peptides and non-peptidic macrocy-
clization. Along with the synthetic ease of introducing
azide and alkyne functionalities into molecules, the
1,2,3-triazole moiety has been identified as a privileged
scaffold for drug design [123, 124]. A wide variety of syn-
thetic macrocycles have been formed using CuAAC and
employing peptide [125], steroid [126], carbohydrate
[127-129], and various other scaffolds (Chapter 11)
[130-132].

Recently, macrocyclization by CuAAC has been uti-
lized with flow chemistry [133]. In addition to the bene-
fits of low-residency time and the ability to tune reactant
concentration as needed, such processes have been high-
lighted as having a significant green chemistry advantage
through the use of simple copper tubing as catalyst
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source. Bogdan and James have reported a method for in

flow CuAAC macrocyclization to generate a 5-iodo-1,2,3-
triazole in the cyclization linker. An interesting feature of
this methodology was that the cyclization event not only
closed the ring but also enabled further diversification
by subsequent palladium-catalyzed cross-coupling
(Scheme 1.12). The in flow macrocycle synthesis by
CuAAC was also used to assess the thermodynamics of
the reaction in the context of decreasing ring size [134].
Notable changes in geometry and ring strain were
observed as ring size was decreased from 14 to 10 atoms,
with the CuAAC chemistry being able to tolerate up to
21kcal/mol of strain energy before forming primarily
oligomeric side products.

Many methods exist for C—C bond forming macrocy-
clization, enabling a wide variety of connectivity to be
established (for an extensive review, see Chapters 12 and
13) [79]. Organometallic cross-coupling [135, 136],
Diels—Alder reaction [137], and Ni-catalyzed reductive
coupling are a select number of the transformations
available to chemists (Scheme 1.13) [138, 139]. Just as in
carboxylic acid chemistry (Chapter 9), the macrocycliza-
tion by C—C bond formation has to be performed at high
dilution to avoid oligomerization [42]. Additionally, high
temperatures can be required to access the desired
reactivity.

Ring-closing metathesis (RCM) is also a very impor-
tant C—C bond forming technique for macrocyclization
and has been widely used to form a variety of unsatu-
rated rings (Chapter 9) [140]. Most commonly achieved
with ruthenium catalysis, RCM is driven by the expulsion

Pd cross-coupling

62% over
2 steps

of ethylene to form a diverse range of challenging rings
[141]. However, in certain cases, a sustained reaction can
be observed with formation of a ring—chain equilibrium
[44]. The reversibility of RCM can be used to form the
thermodynamically favored product as seen in the “self-
editing” example published by Smith and coworkers
(Scheme 1.14) [142].

RCM plays an important role in the formation of
“stapled” peptides. First conceived in 1998 [143], stapled
peptides are linear peptides that, once connected by an
alkyl or alkene linker [144], possess stabilized alpha-heli-
cal conformations in solution [145]. A key development to
this technique was the introduction of a,a-disubstituted
olefin-bearing amino acids at the i and i +4 or i+ 7 posi-
tions of the peptide to take advantage of the periodicity
of amino acid side-chain projection in peptide alpha hel-
ices (Scheme 1.15) [144]. It has also proven possible to
establish multiple staples into a single peptide to further
rigidify the helical nature [146]. Stapled peptides have
been pursued in a range of indications and diseases
including difficult to target extra- and intracellular PPIs
[147], as well as a number of clinical trials [145, 148].

The example of stapled peptides highlights the notion
of using an external conformational element to direct a
productive macrocyclization [35]. Template-driven reac-
tivity has been used in a wide variety of macrocyclization
reactions to pre-organize difficult to cyclize substrates
and increase reaction concentration [42]. Non-covalent
pre-organization strategies have included the use of
metal, organic and inorganic anions, arene-interaction,
and hydrogen-bonding templates [42]. The use of covalent

Scheme 1.12 In flow CuAAC-mediated macrocyclization and subsequent diversification by palladium-catalyzed cross-coupling.



Scheme 1.13 Macrocyclization by C—C bond (a)
formation with the Stille coupling (a), Diels—Alder
reaction (b), and Ni-catalyzed reductive coupling (c).
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Scheme 1.14 “Self-editing”in RCM to produce a single rearranged thermodynamic product.

Scheme 1.15 Stabilized alpha-helical
peptide derived from stapled peptides by
RCM.

templates through ester and imine linkages has enabled
the synthesis of challenging large rings [149-151].

In the field of macrocyclization, the ability to integrate
additional functionality to the cyclization linker is highly
sought after [152]. One possible way of achieving this

[Ru] RCM

multi-faceted synthesis is to employ a multicomponent
reaction (MCR) for the macrocyclization (Chapter 14)
[153]. In such an event, at least three components
are united with a corresponding increase in molecular
complexity. The Ugi reaction [154], a multicomponent
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(glycine)s ‘ (glycine)g
l 5d,rt 5d,rt l

NH o

VLY o
oL L

O"Hn
\”,_H

38 (not observed)

HN /'go
N (0]
40—cyclodimer \TH O

(12% yield) o

coupling of an amine, aldehyde, carboxylic acid, and iso-
cyanide, was first attempted on a peptide by Gotz and
coworkers [155]. While the reaction of a glycine tripep-
tide was not successful, the 18-membered ring from
(glycine)g was successfully isolated (Scheme 1.16).

In their continued efforts, the Wessjohann group has
harnessed the utility of the cyclodimerization process
by forming macrocycles with multiple Ugi reactions,
termed multiple multicomponent macrocyclizations
(MiBs) [156]. Using bifunctional building blocks such as
diamines and diacids, consecutive MCRs were per-
formed on a range of substrates to demonstrate the wide
variety of ring sizes and types that can be efficiently
cyclized in this manner (Scheme 1.17) [157].

The Yudin group has been interested in mechanisms
that would reroute the regular process of an Ugi MCR
and yield a divergent set of products (Scheme 1.18) [39].
When the amine and aldehyde components were com-
bined in the form of amphoteric aziridine aldehyde
dimers 42, a disrupted Ugi reaction took place with pep-
tides and isocyanides to yield aziridine-containing cyclic
peptides 46. In subsequent studies, the analysis of side
products and substrate-dependent reactivity suggested
the involvement of an imidoanhydride intermediate 44
in the reaction pathway of the disrupted Ugi reaction
[158]. The importance of this intermediate within the

Scheme 1.16 Macrocyclization by Ugi MCR.

7

o)
39 (19% yield)

macrocyclization pathway, in addition to side-product
formation, remains a subject of further investigation.
Formation of imidoanhydride intermediates has also
been postulated by Zhu and coworkers in their work on
three-component macrocyclization with 5-iminooxazo-
lines [159-161].

The aziridine ring embedded within the cyclization
linker of 46 has been investigated as a point for late-stage
functionalization by nucleophiles (Scheme 1.18) [133].
Thiol [13, 39, 162], thioacid [163], azide [164, 165], and
hydrogenolysis ring opening conditions have been
demonstrated for this class of molecules [163]. The ability
to install thiol or azide functionality allows for further
diversification by Michael addition to maleimides and
CuAAC, respectively (Scheme 1.19) [164].

1.5 Cyclization on the Solid Phase

Due to the difficult nature of purifying macrocycles,
cyclization on the solid phase can be a crucial technique
to preferentially isolate successfully cyclized substrates.
Loading substrates on solid phase can partially mimic
the effects of high dilution by physically separating the
individual molecules and dramatically enhancing intra-
molecular processes. The result of this has been observed



Scheme 1.17 Multiple multicomponent
macrocyclizations (MiBs).
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Scheme 1.18 Macrocyclization by the disrupted Ugi MCR with aziridine aldehyde dimers, peptides, and isocyanides.

as high cyclization efficiency with reduced formation of
oligomers, although this is not always the case [166].

As an alternative, there has been considerable research
into solid phase immobilized coupling agents for pep-
tide synthesis (Scheme 1.20) [167]. A variety of polymer-
supported carbodiimide, N-hydroxysuccinimide, and
uronium/phosphonium reagents have been reported.
The use of immobilized reagents greatly simplifies the
isolation of products from the reaction mixture otherwise

problematic to separate (Figure 1.4). In addition to solid
phase immobilized reagents for macrolactamization,
solid phase chemistry has been used to immobilize
bases for alkylative macrolactonization, phosphines
for Mitsunobu chemistry, and palladium catalysts for
Tsuji—Trost alkylation [168].

When substrates are immobilized instead of rea-
gents, careful manipulation of protecting groups has to
be considered, as well as choice of anchoring groups.
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For example, in conventional solid phase peptide syn-
thesis, the C-terminal carboxylate is anchored on the
resin and the peptide is assembled in a C-to-N fashion
along the peptide backbone amides to minimize
epimerization. For a peptide to be macrocyclized along
the backbone, while on solid phase, the peptide has to

Peptide
1. RCOSH R"( BQO
N _N NH
2. K,CO3 R

l}lH Peptide
R 1/( %
R (6}
NaNg N NH
R
N3
R/

Scheme 1.19 Late-stage functionalization for peptide conjugates
by aziridine ring opening.

(0]

R'~ “NHR2

Q-

Scheme 1.20 Immobilized coupling reagents for amide bond
formation.

Chain
elongat|on
—_—

be anchored to the resin by a side chain [169].
Orthogonal protecting groups (e.g., allyl/alloc in Fmoc-
based peptide chemistry) allow for selective deprotec-
tion of the C-terminal carboxylate without cleavage
from the resin [170]. For example, the Yudin and
Marsault groups used a side-chain immobilized amino
acid allyl ester as a pivotal anchor in demonstrating
macrocyclization on solid phase with the disrupted Ugi
MCR (Scheme 1.21) [50].

Additional macrocyclization chemistries demon-
strated on the solid phase have included S\2 processes
[171], Heck reaction [172], and CuAAC [125]. The mild
and tolerant nature of the CuAAC reaction has actually
enabled the cyclization of deprotected peptides on solid
phase [166].

When macrocyclization of a substrate is followed by
release from the solid phase, the process is called cycla-
tive release or cleavage, and it is enabling from the stand-
point of cleaving only the successfully macrocyclized
compounds, simplifying purification [173]. The use of
an amine-bearing tether, orthogonally protected by a
Ddz group, enabled cyclative release of 14-22 peptid-
omimetic macrocycles from thioester-immobilized
peptides (Scheme 1.22a) [52, 174]. Changing the substrate
anchor to an olefin-containing linker enabled cyclative
release by RCM of similar tripeptidomimetic substrates
(Scheme 1.22b). Additional methods have been reported
for backbone cyclative release chemistry based on
Suzuki coupling [175], sulfur ylides [176], azidopepti-
dylphosphoranes [177], and oxidative cleavage of aryl
hydrazides [178].

Cyclative release has been employed for the synthesis
of cycle-tail motif depsipeptides by acylphenyldiazene
activation [179]. The cyclative release strategy avoided
epimerization issues in analogous syntheses and afforded

Scheme 1.21 Macrocyclization by the
disrupted Ugi MCR on solid phase.

Qo
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products without contamination by excess coupling
reagents. Simplifying the isolation of peptides from
cyclization reagents can be especially important for
particularly toxic cyclization reagents. Barany and cow-
orkers reported the use of resin-bound Ellman’s reagent
for cyclative release of cysteine disulfide macrocycles
(Scheme 1.23) [180]. The resin-bound reagent is a more
practical alternative to thallium (III) trifluoroacetate
chemistry for disulfide formation.

1.6 Summary

Macrocycles comprise a broad and functionally rich
class of molecules in medicinal chemistry. As therapeu-
tics, macrocycles are particularly noted for their stability
and ability to disrupt difficult targets like protein—pro-
tein interactions (Chapters 8 and 17) [2]. Crucially, mac-
rocycles can, in certain cases, be made orally bioavailable
(Chapter 3), which opens new opportunities for thera-
peutic intervention, such as those detailed in Part IV. As
macrocycles have progressed to the forefront of pharma-
ceutical interest, considerable effort has been committed
to improve and devise new methods for macrocycliza-
tion. Contemporary efforts have focused on solid
phase methods to enable easier product recovery, yield
improvements of established reactions and novel syn-
thetic processes, and use of template-driven macrocycli-
zation to enable greater selectivity. However, since this is
a unimolecular reaction, substrate-dependent reactivity
continues to characterize—and often limit—this particu-
lar reaction, regardless of methodologies new and old,
which creates the need for a better understanding of the
underlying chemical processes and kinetics. As compu-
tational methods improve, the future holds promise

O._NH
HS
NO,
+
HS S NH

Cyclative
release

(0] NH
=9
P s
S HS NH
L
O

Scheme 1.23 Cyclative release by disulfide formation.
Source: Gonthier et al. [168]. Reproduced with permission of
Springer.

for a clearer view of the mechanistic underpinnings in
macrocyclization reactions and a chance to surpass the
inherent challenges.
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2.1 Background

As is apparent from the recent literature [1-4] and other
chapters in this book, macrocycles have attracted a
great deal of attention over the last decade because of
their wide range of applications in drug design and
agriculture, as well as their potential uses as molecular
probes, diagnostics, or imaging agents. In this chapter,
we focus on the structural aspects of macrocycles and
discuss state-of-the-art methods for determining their
structures, as well as the implications of these struc-
tures for the functions and biophysical properties of
macrocycles. We have focused the discussion mainly
on examples from our own laboratory, where we exam-
ine disulfide-rich peptides from plants and animals
with applications in drug design and agriculture.
However, the structural techniques described in these
examples are broadly applicable to a wide range of other
macromolecules.

To provide a foundation for the discussion, Table 2.1
shows selected classes of macrocyclic peptides, along
with their sizes and structural features of representative
examples from each class [3, 5-55]. Our emphasis is on
peptidic molecules (i.e., peptides or closely related mol-
ecules that have a high content of amino acids), and
readers are referred to other recent reviews that have
covered non-peptidic macrocycles in more detail for
coverage of those classes of macrocycles [1, 56-59].

2.1.1 Classes of Macrocycles Covered

In their general order of size, the smallest examples we
cover here include synthetic monocyclic peptides (includ-
ing pentapeptides and hexapeptides) [3, 5-12]; naturally
occurring monocyclic peptides (e.g., antamanide [13, 14];
members of the orbitide family [15-19]; and cyclosporine
A [20-24]); protein epitope mimetics (PEMs), which
are synthetic B-hairpin-type peptides often built on a
D-Pro/L-Pro template [25—29]; synthetic “bicycles” typically

of 500-1500Da molecular weight that contain two
covalent cycles [30—35]; and sunflower trypsin inhibitors
of 14 amino acids with a single disulfide bond [36-39].
The slightly larger, and more disulfide-rich, examples
we cover include cyclized conotoxins with two or more
disulfide bonds [39-41]; 0-defensins, which comprise
three disulfide bonds and 18 amino acids [42—-45]; and
cyclotides of around 30 amino acids with three disulfide
bonds in a knotted configuration [46—50]. Finally, the
circular bacteriocins are the largest macrocycles that we
will mention here. These head-to-tail bacterial products
are around 60—80 amino acids in size [51-55].

Many of the naturally occurring macrocycles described
herein are ribosomally synthesized, and a recent article
provides an excellent overview of the biosynthesis and
nomenclature of these and other ribosomally synthe-
sized peptides [60]. In this chapter, we do not consider
internal cycles formed by disulfide bonds as leading
to the definition of a molecule as “macrocyclic” Rather
we focus on head-to-tail (e.g., cyclotides) or side
chain-to-tail (e.g., lasso peptides [61] and a melano-
cortin receptor antagonist called MT-II [62]) macrocy-
clization. We make this arbitrary definition since
disulfide bonds can be broken via reduction, and our
focus is on more “permanent” covalent approaches to
macrocyclization. Nevertheless, many of the molecules
we discuss do contain disulfide bonds and thus have
extra layers of cyclization, and hence rigidity, built into
them. The disulfide bonds provide additional stabiliza-
tion and make disulfide-rich cyclic peptides a particu-
larly interesting class of molecules to study.

2.1.2 Applications of Macrocycles in Drug
Design and Agriculture and the Role of Structural
Information in These Applications

Interest in macrocycles from a drug design perspective
derives mainly from the wide range of pharmaceutically
relevant activities that cyclic peptides have been reported
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Table 2.1 Selected classes of macrocyclic peptides with their sizes and structural features of representative examples.

Size No. SS
Peptide class (a.a) bond Example Structure Comments References
Synthetic cyclic peptides 5-10 0 Somatostatin [3,5-12]
analogue
(¢} [\
NL o
N
- H o o
0] o H -
N
+N
AN
OH
Naturally occurring 5-12 0 Cyclolinopeptide A Orbitide derived from flax plants [13-19]
monocyclic peptides
H 0O
N N
HN N
Cyclosporine A 11 0 Cyclosporine A N-methylated natural product [20-24]




Protein epitope mimetics 10-16 0 L-22 Peptides often built on a -Pro/L-Pro [25-29]

(PEMs) template

Bicycles 13-17 2 UK504 Cyclized with disulfide bonds or other [30-35]
cross-linkages, creating two cycles

Sunflower trypsin 14 1 SFTI-1 Derived from sunflower seeds [36-39]

inhibitors

Cyclized conotoxins 16-22 2 Cyclic Vel.1 Chemically cyclized peptide [39-41]
reengineered from Vcl.1 from the
venom of Conus victoriae

Theta-defensins 18 3 RTD-1 Originally discovered in rhesus [42-45]
macaque (Macaca mulatta) leukocytes

Cyclotides 28-37 3 Kalata B1 Ultra-stable cyclic peptides from [46-50]

plants of the Rubiaceae, Violaceae,
Cucurbitaceae, Solanaceae, and
Fabaceae

(Continued)



Table 2.1 (Continued)

Size No. SS
Peptide class (a.a.) bond Example Structure Comments References
3 MCoTI-I/1I Derived from seeds of Momordica [49, 50]
cochinchinensis
Circular bacteriocins 60-78 0 AS-48 Derived from Enterococcus [51-55]
64 0 NKR-5-3B In Enterococcus faecium isolated from [55]

Thai fermented fish




to have and the higher relative stability and bioactivity of
these molecules compared with topologically “linear”
molecules. Although peptides are widely regarded as
excellent drug leads, in the past there have been reserva-
tions in the pharmaceutical industry about their poten-
tial for practical applications as drugs because of their
perceived poor stability (due to susceptibility to proteo-
lytic degradation) and low oral bioavailability. Cyclization
appears to be a relatively robust and general way of
improving the stability of peptides, thus ameliorating the
first of these limitations. Furthermore, there are now
several cases where cyclic peptides have been reported
to have oral bioactivity in animal disease models in which
the corresponding linear peptides were not orally active
[40, 63], thus offering promise for at least a partial solu-
tion to the bioavailability problem. However, detailed
pharmacokinetic studies have not been reported for
these cases. Their oral activity might reflect exceptional
potency and stability rather than intrinsic bioavailability,
and further work is necessary to examine this possibility.
Cyclosporine A (see Table 2.1 for structure) is perhaps
the best known and most studied example of an orally
bioavailable macrocyclic peptide, where F% (oral bioa-
vailability) has been quantitatively reported to be 30%
(see Chapter 3 for an in-depth discussion on the bioavail-
ability of macrocycles) [64].

Cyclosporine A is an interesting example of a macro-
cyclic peptide because it comprises nonstandard amino
acids, such as N-methylated amino acids and p-amino
acids, that control its conformation and thus affect its
activity. In fact, cyclosporine A is the first example of
the full use of NOE in peptide conformational analysis
[24, 65] (the use of NOE information in structure deter-
mination will be discussed later). In general, additional
structural constraints, such as those imparted from
disulfide bonds or nonstandard amino acids, can further
improve the biopharmaceutical properties of the mac-
rocyclic peptide [66-68]. For example, a D-Trp was
incorporated into a cyclic somatostatin analogue to sta-
bilize a PII’ turn that was initially identified from the
structure of a disulfide-constrained analogue. One of
the optimized analogues displayed improved metabolic
stability and had a long duration of action as well as oral
activity [66]. An extension of the use of D-amino acids as
conformational constraints is captured in the approach
of “spatial screening,” which involves systematic conver-
sion of individual residues to their opposite enantio-
meric form to tease out preferred conformations that
might enhance selectivity and/or activity [69]. From the
examples briefly mentioned here and others discussed
in other chapters, it is clear that macrocycles can often
act as templates that can be optimized to become potent
bioactive molecules.
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The potential pharmaceutical activities of macrocy-
clic peptides cover a vast spectrum, from anticancer to
cardiovascular diseases, as well as from metabolic dis-
eases to inflammatory and infectious diseases. The
activities may be present in naturally occurring peptides
or may be engineered or “grafted” into a macrocyclic
peptide, as, for example, has been widely reported for
cyclotides [70, 71].

There is also increasing interest in peptides as bioac-
tives for agricultural applications. For example, cyclo-
tides have been reported to have insecticidal [72, 73],
antiviral [74], antimicrobial [75], nematocidal [76-79],
and molluscicidal activities [80], all of which could be
relevant to the protection of crop plants from microbes,
pathogens, or herbivorous pests (Figure 2.1). In the case
of the antimicrobial (i.e., antibacterial and antiviral)
activities, the tested microbes were not direct plant path-
ogens, and the activities were relatively weak, and so it is
not clear yet whether these activities are agriculturally
relevant. However, for the various other pesticidal activi-
ties, cyclotides are relatively potent and show promise
for applications involving either external delivery (e.g.,
via spraying) or in transgenic plants.

Other reported activities for cyclotides suggest addi-
tional potential industrial applications, including anti-
fouling [81] and possibly as imaging agents. For such
applications, the relatively high cost of cyclotides is cur-
rently a limitation, and other shorter cyclic peptides such
as orbitides might be more cost-effective. Perhaps the
most readily realized industrial application of other
classes of cyclic peptides could be the use of cyclic bacte-
riocins as food preservatives [51-55].

Structural studies of macrocyclic peptides have played
a vital role in facilitating their pharmaceutical, agricul-
tural, and other industrial applications. Determining
the structures of these macrocycles has, for example,
allowed the bioactive insecticidal regions of cyclotides
to be found [82] and has allowed regions of their struc-
tures to be identified that can be modified to increase
nematocidal activity without perturbing the stability of
the framework [83]. Structural studies have guided the
design of cyclic conotoxins [84, 85] and chlorotoxins
[86], which have been used to improve the biopharma-
ceutical properties of these disulfide-rich venom-
derived peptides. Furthermore, the structures of
macrocycles in complex with their receptors have
provided mechanistic insights into activity; for example,
the structure of the cyclotide MCoTI-II bound with
trypsin has helped to unravel its mechanism of inhibi-
tion [87, 88]. Given the vital role of structure in
exploiting macrocyclic peptides, we now provide a
more detailed introduction on the structural methods
that have been applied.
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Figure 2.1 Pharmaceutical, agricultural, and industrial applications of cyclotides. The range of potential applications of cyclotides is
illustrated schematically by showing the relevant target organisms. (See insert for color representation of the figure.)

2.1.3 Experimental
Techniques (NMR and X-Ray)

Disulfide-rich peptides are notoriously difficult to
crystallize, and, hence, most work on their structures
has been done using either nuclear magnetic resonance
(NMR) or molecular modeling. To illustrate this trend,
we note that among a large and well-studied class of
disulfide-rich peptides, namely, the conotoxins [89, 90],
there have been approximately 175 structures reported
to date, of which more than 95% were derived from NMR
and only 11 from X-ray [91-99]. The advent of racemic
crystallography [100] has recently opened the door for
crystallographic studies of such molecules, and this
advance is covered in Section 2.2.4. Notwithstanding this
development, the focus of most of the discussion in this
chapter is on NMR structures.

From an experimental perspective, macrocycles are
particularly amenable to NMR analysis because their
spectra are relatively uncomplicated and can be readily
assigned without the need for isotopic labeling, at least
for peptides up to approximately 50 amino acids, which
includes most of the classes of macrocycles referred to in

Table 2.1, apart from the circular bacteriocins, but even
these have been solved using homonuclear NMR meth-
ods. Additionally, with NMR, the effects of the solution
conditions (e.g., pH, cosolvents, membrane mimics such
as micelles, bicelles, or vesicles) and temperatures can be
resolved and thus, arguably, can be used to study pep-
tides in physiologically or industrially more relevant con-
ditions than crystals. In particular, the conformations of
small peptides, which have a relatively large surface-to-
core ratios, typically depend strongly on the environ-
ment. In such cases, the conformation in solution might
differ from that in a crystalline state [101, 102]. On the
other hand, peptides with a well-stabilized core will have
crystal and NMR solution structures that are generally
very similar. For example, this is clearly the case for
kalata B1, which has a dense cystine core [39].

2.1.4 Modeling Studies

Molecular modeling also plays an important role in the
studies of the structures of macrocycles, in large part by
providing a methodology for examining the interaction
of these molecules with their target receptors. These
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Figure 2.2 Structural information on macrocycles that can be derived from NMR experiments. The types of structural information are
mapped onto the structure of SFTI-1 (PDB: 1JBL), which is used here as an example of a macrocyclic peptide. Additional information and
the NMR experiments that can be used are shown on the right. This figure is adapted from one in an article by Yudin [2]. Source: http://
pubs.rsc.org/en/content/articlehtml/2015/sc/c4sc03089c. Used under CC BY-NC 3.0, https://creativecommons.org/licenses/by-nc/3.0/

targets include membranes, nucleic acids, enzymes, or
protein-based cellular or cell surface receptors. Such
modeling studies are covered in Section 2.3. Modeling
approaches have also contributed very greatly to the
studies of the macrocycles themselves, including the
prediction of their structures and associated surface
properties such as charge distributions and hydropho-
bicity, as well as their dynamics, particularly in cases
where the desired structural information cannot be
easily determined using NMR or X-ray crystallography
or where there are limits on the physical amount of
the macrocycle accessible for experimental studies.

2.2 Experimental Studies
of Macrocycles

In this section, we describe experimental approaches to
the structure determination of representative classes of
macrocycles. As noted earlier, most experimental studies
have utilized NMR, but X-ray crystallography has been
used in some cases.

2.2.1 NMR Experiments and Parameters That
Yield Structural Information

NMR experiments for deriving structural information
on various molecular classes, ranging from small mole-
cules to proteins, are now routinely applied in many
laboratories. Importantly, many of these experiments
can be used to interrogate the structures of macrocyclic

compounds without the need for isotopic labeling, as is
typically required for the NMR structure determination
of larger proteins. Figure 2.2 outlines some of the types
of structural data that can be obtained using NMR, along
with the techniques used to provide these data. The
range of techniques used depends to some extent on the
type of molecule being studied. Small macrocycles are
covered in a recent excellent review on NMR of peptides
[103]. Here, we will also describe structural analyses of
cyclic disulfide-rich peptides. These molecules typically
have well-defined secondary and tertiary structures and
thus resemble proteins in many ways and so are more
amendable to the procedures used for protein structure
determination than those used for more flexible pep-
tides. As further guides, we refer readers to textbooks
and reviews on the principles of NMR, some of which
provide general perspectives [104—107] and others that
highlight specific challenges pertaining to particular
classes of macrocycles, such as circular and knotted
peptides [108].

An initial assessment of the conformation of a macrocy-
cle, or indeed its suitability for structural analysis by NMR,
can be obtained from its 1D NMR spectrum by observing
the nature of the peaks, that is, their number, dispersion,
and chemical shifts. Sample optimization (concentration,
pH, solvent, temperature) is sometimes required to
improve spectral quality. In the case of cyclosporine A, for
example, spectra in methanol show more peaks than
expected for a conformationally homogeneous sample.
In chloroform, however, the molecule exhibits predomi-
nantly one conformation [109, 110]. In our laboratory, we
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use 1D spectra to predict whether disulfide-rich peptides
(either naturally occurring or engineered analogues) are
well folded into a single conformation, with wide disper-
sion of amide NH peaks being an indicator that the cor-
rect disulfide connectivity has formed.

A wide range of NMR parameters provide structural
information. Backbone and side-chain dihedral angles
can be derived from scalar coupling constants, 3] via the
Karplus equation [111]. For example, the backbone angle
¢ can be obtained from ®/yi_ie, Which is most accurately
measured from highly digitized 1D 'H spectra or, in
cases of spectral overlap, from 2D double quantum fil-
tered correlation spectroscopy (DQF-COSY) spectra.
We note that the use of */xi1q alone for identifying the
dihedral angle can sometimes be ambiguous due to the
nature of the Karplus equation. In such scenarios, exclu-
sion of certain possibilities can be achieved by measuring
additional couplings such as SJNH_C[; and 3]H[3_N [112]. The
side-chain y; can be derived from accurate measurement
of BJH(,_Hﬁ and the intensity of relevant NOEs. Another
approach to derive dihedral angle information is using
the program TALOS+, which predicts dihedral angles
(e.g., backbone ¢ and y) from 'H, 3C, and N chemical
shifts [113]. The program exploits the dependence of the
chemical shift on the local geometry of the selected
nucleus and a growing knowledge base of assigned
chemical shifts. Overall, TALOS+ provides valuable
information that complements experimentally derived
parameters for a range of macrocyclic peptides.

The hydrogen bond network of macrocycles can be
monitored using hydrogen/deuterium exchange (H/D
exchange) and variable temperature (VT) NMR experi-
ments. The readouts from these experiments (i.e.,
exchange rates and amide temperature coefficients,
respectively) have been used as indicators of intramo-
lecular hydrogen bonding based on the fact that they
identify amide protons that are shielded in some way,
most commonly via their participation in intramolecular
hydrogen bonds. For example, in a recent study we
showed a correlation between the temperature coeffi-
cients of amide protons with their solvent exposure cal-
culated from molecular dynamics (MD) simulations for a
diverse set of macrocyclic peptides [8]. Although the
results from H/D exchange experiments generally agree
with those from variable temperature NMR (VT NMR),
in some cases there are inconsistencies [114], reflecting
the fact that a combination of effects is in play. For
example, temperature-dependent conformational changes
may distort temperature coefficient values. Aside from
these limitations, VT NMR experiments can be more
robust than H/D exchange because they are less sensitive
to variations in the solvent environment (e.g., pH).

Correlations reflecting through-space interactions
can be obtained from NOE spectroscopy (NOESY) or

rotating-frame Overhauser spectroscopy (ROESY)
spectra, and, from these, quantitative measures of intera-
tomic distances can be derived. A prerequisite for this is
the assignment of spectra, which is typically done using
the sequential assignment methodology [115] based on
information from both total correlation spectroscopy
(TOCSY) and NOESY (or ROESY) spectra, with NOESY
favored for cyclic disulfide-rich peptides bigger than 12
amino acids. Heteronuclear couplings can also be used
to assist in making stereospecific assignments [103]. For
smaller macrocycles, ROESY rather than NOESY is often
used because possible nulling of the NOE intensity can
occur depending on the correlation time of the molecule
(ze, which is dependent on its size) and the operating
frequency of the spectrometer (w,): when w,z.~1, the
enhancement is negligible. This phenomenon is illus-
trated by examples where, to obtain interatomic dis-
tances for a cyclic hexapeptide of approximately 600 Da,
a ROESY experiment was required [10-12], whereas for
SFTI-1, a cyclic 14-residue peptide of approximately
1500 Da, a NOESY experiment was sufficient [36]. If the
potential artifacts affecting ROE to distance conversions
are taken into account (i.e., correcting for offset effects
and TOCSY contributions), accurate distances can be
obtained from ROESY spectra [103]. An alternative to
using ROESY is to lower the sample temperature (thus
modulating z.) and use NOESY, as was done for the case
of cyclosporine A [116]. Aside from being used to derive
quantitative interatomic distances, NOEs can also be
interpreted qualitatively. For example, the presence or
absence of NOEs between Ha—Ha and Ha—HN (Ha—Hd
for Pro) can be used as an indicator of the cis/trans
configuration of peptide bonds [5, 46].

The secondary structure of macrocyclic peptides can
be gauged from deviations of chemical shifts from ran-
dom coil values. These deviations are referred to as sec-
ondary chemical shifts and can be very useful as a first
tool in the analysis of macrocyclic structures. Despite
their small size, secondary structure elements are not
uncommon in cyclic peptides as cyclization often stabi-
lizes local structure. A series of consecutive positive sec-
ondary Ha chemical shifts along a peptide sequence is
indicative of B-sheet secondary structure, whereas nega-
tive secondary Ha chemical shifts are indicative of a-hel-
ical structure. By contrast, secondary shifts close to zero
are indicative of flexible or random coil-like structure.
We use the random coil chemical shifts reported by
Wishart for these calculations [117]. Secondary chemical
shifts are also useful as markers for comparison with
reported structures to identify structural similarities and
make inferences regarding tertiary structure.

Angles between bond vectors and an external refer-
ence coordinate system can be obtained from residual
dipolar couplings (RDCs), which can be used to refine



calculated structures. For example, the structure of
cyclosporine A in chloroform was refined using RDCs
[21]. To measure RDCs, samples need to be partially
aligned in the appropriate medium as dipolar couplings
average to zero when samples are in isotropic solution.

NMR is also a powerful technique for studying interac-
tions of cyclic peptides with molecular partners. Analysis
of changes in chemical shifts or peak widths from titra-
tion experiments can provide information on binding
affinity and the interaction interface, as described in
Section 2.2.3.

2.2.2 Protocols for 3D Structural
Determination Using NMR

Structure determination by NMR is essentially a process
of identifying structural descriptors (using experiments
such as those described previously) and the construction
of models that best fit those descriptors. The general
procedure for macrocycles illustrated in Figure 2.3
involves sample preparation, acquisition of NMR param-
eters to determine structural restraints, application of
those restraints to build structural models, and valida-
tion of the models. Here, we focus on peptides of fewer
than 50 amino acids (see Table 2.1), the structures of
which can be elucidated using natural abundance spectra
and homonuclear NMR experiments. For newcomers
to this field looking for tutorials, we recommend two
excellent articles that describe the process, one for a
cyclic somatostatin analogue [118] and another for
the w-conotoxin MVIIA, a 25-residue peptide [119].
For larger molecules, complications arising from over-
lapping peaks often necessitate enriched samples and
the use of heteronuclear multidimensional NMR experi-
ments. There are numerous textbooks that describe

Figure 2.3 Structure determination of
macrocycles by NMR. (a) Flowchart of the
general process of structure
determination, which can vary
depending on the size of the macrocycle.
Specific features of structure
determination for macrocyclic peptides
compared with linear peptides are

(a)

<5 kDa

homonuclear
methods

Macrocycle

Natural abundance and
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these experiments [105, 107]. In cases when 2D homo-
nuclear spectra are well resolved, such as in the case of
the 64-residue circular bacteriocin NKR-5-3B, structural
elucidation can be completed without the need for
sample enrichment [55]. The standard protocol used
for 3D structure determination using NMR is given in
Scheme 2.1.

For natural abundance spectra, we typically use
samples of concentration 0.5-1.0mM, but the optimal
concentration will depend on the sensitivity of the spec-
trometer and the behavior of the sample. For example, in
the case of the 18-amino acid 0-defensin retrocyclin-2,
broad spectral peaks were observed at 2.6 mM in aque-
ous solution, which was attributed to oligomer forma-
tion; much sharper lines and improved spectra were
observed upon lowering the concentration to 0.5mM
[42]. Along with optimization of the sample concentra-
tion, other conditions such as temperature, pH, and
solvent may need to be modified to improve spectral
quality. We already mentioned the example of cyclo-
sporine A, in which changes in solvent improved confor-
mational homogeneity and, hence, spectral clarity. The
effect of sample conditions on spectral quality can be
easily monitored using 1D spectra.

Spectral assignment can be achieved using the meth-
odology of Wiithrich [115]. Although complete assign-
ment can be achieved using only 'H spectra, we find that
a '>C-HSQC spectrum is often useful for guiding assign-
ments, particularly for resolving ambiguities in assign-
ment of side-chain protons. A unique and definitive
feature of backbone cyclic peptides is the presence of
NOE connectivities from the last residue to the first,
confirming their backbone cyclic nature.

Once assignments are complete, a range of NMR exper-
iments can be used to identify structural descriptors.

(b)

>5 kDa

Sample enrichment and
heteronuclear
methods
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Step 1 — Prepare sample.

Step 2—NMR spectroscopy.

(b) Acquire DQF-COSY, and perform a VT NMR experiment.

“last” and “first” residues should be present.

enforce backbone cyclization.

(a) Cross-check with restraints to resolve violations.
(b) Refine structures further in CNS.

required to visualize cyclic peptides properly.

(a) Prepare a 1 mM sample in 90% v/v H,O, 10% v/v/ D,O. Adjust solution conditions, that is,
solvent composition, pH, or concentration if necessary for solubility or to improve spectral quality.
Add an internal standard such as 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).

(b) Note: Generally, for small cyclic peptides less than 50 amino acids, spectra can be acquired at
natural abundance and do not require sample enrichment. This protocol is for small cyclic peptides.

(a) Acquire 1D 'H, 2D "H-"H TOCSY, NOESY (or ROESY depending on peptide size), and
13C-HSQC (heteronuclear single quantum coherence spectroscopy). Note: Parameters may
need to be optimized to account for artifacts, for example, those arising from spin diffusion.

(c) Perform an H/D exchange experiment and acquire E-COSY and NOESY spectra.

Step 3—Spectral assignment.

(a) Assign cross-peaks in TOCSY and NOESY (and 3C-HSQC) spectra. Note: NOEs between the

Step 4—Collect conformational restraints.

(a) Integrate NOESY cross-peaks to obtain peak volumes for distance restraints, analyze 1D 'H or
DQF-COSY spectra to obtain coupling constants for backbone dihedral angle restraints
(use TALOS+ as well), analyze E-COSY and NOESY spectra for side-chain angle restraints,
and interpret VT NMR and H/D exchange experiments for H-bond restraints.

Step 5—Calculate initial structures.

(a) Run CYANA to obtain initial structures. Note: Additional “artificial” restraints may be needed to

Step 6—Refine structures.

Step 7—Validate and deposit.

(a) Run validation software, for example, PROCHECK and MolProbity. Note: Validation software
typically expects linear biomolecules, and cyclic peptides may need to be “permuted” to obtain
statistics across the cyclization point. Furthermore, manual editing of the coordinate file may be

Scheme 2.1 Protocol for NMR Structure Determination of Cyclic Peptides.

These restraints are input to software such as CYANA
[120] and CNS [121] along with the peptide sequence
for model calculation and subsequent refinement. For
backbone cyclic peptides, it is necessary to incorporate
additional restraints to enforce cyclization in silico.
For small cyclic peptides with few restraints, MD simula-
tions have been used to further refine the calculated
structures [5, 103].

A subset of the generated models is typically selected
to represent the final structure, rather than just the low-
est energy structure. It is imperative that the models are
validated in some way. This is usually achieved by noting
the number of violations and the root-mean-square
deviation (RMSD) of the models to assess agreement
between the models and experimentally observed
parameters. Even with apparent agreement between the
models and experimental data, there is still a need to be
cautious in interpreting the models. This is particularly
the case for compact macrocyclic peptides that exhibit
overlapping cross-peaks in 2D 'H NOESY spectra.
Microcin J25, for example, was originally reported to
have a backbone cyclic structure [122] but was later

shown to form a “lasso”-like structure [123]. In another
example, the disulfide connectivity of kalata Bl was
incorrectly deduced by Skedjal et al. [124] based on
assumptions about NOEs between Cys residues. Our
original structure [125] was subsequently shown to be
correct. In both examples, chemical experiments (e.g.,
chemical modification of the termini and selective
reduction and alkylation experiments) were beneficial
for structure validation [123, 126].

Programs such as PROCHECK [127] and MolProbity
[128] provide further metrics to assess the quality of the
models, such as their Ramachandran statistics. A chal-
lenge for cyclic peptides is that cyclic backbones are
sometimes not recognized in validation programs and
are not represented properly in visualization software.
For example, Ramachandran statistics for the “first” and
“last” residues of a cyclic peptide are not generated by
typical validation software because the input peptide is
assumed to be acyclic and ¢/y angle pairs are not calcu-
lated for terminal residues. For cyclic peptides, it is nec-
essary to run the validation software twice, once with the
calculated structure and a second time with an in silico



permuted version to obtain a complete analysis of the
structure. Inspection of the final structures and noting
stereoelectronic preferences can also provide an indica-
tion of structural quality. For example, in small cyclic
peptides in solution, the carbonyl bond of a constituent
amino acid has been observed to favor a syn orientation
with respect to the CaH bond of the following amino
acid due to steric and dipole orientation preferences [6].

2.2.3 Dynamic Aspects of Structures
(NMR Relaxation)

NMR is a powerful technique to study the dynamics of
molecules in solution, and the available experiments
cover a broad range of timescales [129]. Here, we focus
on nuclear spin relaxation to study dynamics on the
ps—ns timescale. The physical processes captured in
this time window include bond vibration, side-chain
rotamer interconversion, random coil and loop motions,
and backbone torsion angle rotation. These motions
have been implicated as important for ligand affinity
[130], allosteric effects [131], and conformational entropy
[132-135].

Studies of NMR relaxation rely on the relation
between site-specific observables and metrics of motion
(Figure 2.4). The observables include the longitudinal (77)
and transverse (7,) relaxation times and the heteronuclear

T, transverse relaxation time,

NMR relaxation parameters Fitting
For example, T, longitudinal relaxation time, /
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nuclear Overhauser effect (hNOE). These observables are
related to the spectral density function J(w), which is for-
mulated by metrics that describe motion, such as S?, the
square of the generalized order parameter, which in turn
describes the amplitude of motion. The most commonly
used parameterization of J(w) into motional parameters is
given by the model-free formalism [136]. It is named
“model-free” because there is no structural model used to
describe the nature of the motion, unlike approaches pro-
posed before it. This approach assumes that internal
motion is independent of, and much faster than, overall
molecular rotation [137, 138].

Acquisition of the relevant spectra for proteins is often
accomplished using isotopically enriched samples
because of the use of heteronuclear experiments. For
example, Camarero and coworkers used 15N -enriched
MCOTI-II to study its backbone dynamics [87], and we
used °N-enriched HTD-2 to study its molecular flexibil-
ity [45]. However, if sufficiently high concentrations of
the macrocycle can be used without violating the
assumptions of the model-free approach, natural abun-
dance measures can be performed, particularly for *C
measurements because the *C nucleus is more sensitive
than the '°N nucleus. For example, we recorded B¢
relaxation measurements of MCoTI-II at natural abun-
dance [88]. It is recommended to acquire relaxation
experiments in triplicate and at multiple field strengths

hNOE heteronuclear NOE.

Motional parameters

For example, T, overall motion,
T; internal motion (frequency),
S2 amplitude of motion
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Figure 2.4 Analysis of dynamics by NMR relaxation. The general process involves acquisition of relaxation parameters such as T;

(longitudinal relaxation time), T, (transverse relaxation time), and h

NOE (heteronuclear NOE), followed by fitting of the relaxation

parameters to motional parameters such as T, (overall correlation time), T; (internal correlation time), and $? (square of the generalized
order parameter). Experimental data and the fitted S? values mapped onto the structure of cyclic Vc1.1 are shown as an example of the
process. Source: Wang et al. [121]. Reproduced with permission of American Chemical Society.
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to ensure reliability in the fitted parameters. Several
programs are available for fitting of the relaxation data
to motional parameters, including Model-free [139]
and Relax [140].

2.2.4 X-Ray Studies of Macrocycles

As with NMR, the general procedure for crystallography
widely used to elucidate the structures of small molecules
and proteins can be adopted to solve the structures of mac-
rocycles. The procedure involves obtaining diffraction-
quality crystals by screening and optimization, acquisition
and processing of diffraction datasets, generation of the
electron density map, and model building and refinement.
This process, as it applies to peptides, has been explained
in detail in a recent review [141].

The first challenge in X-ray crystallography is to grow
crystals that diffract to a high resolution. Small macro-
cycle crystals (<1kDa) can be grown in organic solvents,
much like small organic molecules. For example, the nine-
residue cyclic peptide cyclolinopeptide A was crystal-
lized from methanol/isopropanol [15]. Larger macrocycle
crystals can be grown in an aqueous solution with vari-
ous buffers, pH ranges, salts, additives, and cryogenic
protectants, much like protein crystals. For example,
to crystallize a p-amyloid (Ap)-derived cyclic peptide,
Nowick and coworkers screened at 10mg/ml using
three commercially available screens (Hampton PEG/
Ion, Crystal Screen, and Index) and observed crystal
growth in several different conditions after 24h. They
subsequently optimized one of the conditions and were
able to harvest crystals from a final reservoir solution
of 0.1 M HEPES at pH 7.5 with 25% Jeffamine M-600 at
pH 7.0 [141, 142].

Diffraction data can be collected using in-house X-ray
diffractometers or at a synchrotron. Once collected, the
data is first indexed to identify the unit cell dimensions
and the space group, and then integrated, scaled, and
merged into a single reflection file. Many software
packages are available for this, including iMosflm [143],
HKL2000 [144], and XDS [145]. Solving the structure
of the macrocycle from the processed diffraction data
is equivalent to solving the “phase problem. Essentially,
the problem (described in detail in textbooks [146, 147])
relates to the identification of the phase information,
which is lost during the diffraction experiment, but is
required to generate the electron density map that pro-
vides a representation of the crystallized structure. In
principle, the problem can be solved by directly estimat-
ing the phases (i.e., direct methods), which is feasible for
small molecules (<1000 atoms), but becomes intractable
for larger molecules, such as most peptides and proteins.
Two common approaches to address the phase problem
are anomalous diffraction and molecular replacement.

Nowick and coworkers have taken advantage of chemical
methods to incorporate a p-iodophenylalanine into their
cyclic peptides; the heavy atom iodine attached to the
para position of the aromatic ring enables phase determi-
nation by single anomalous diffraction experiments [141].

Initial attempts to solve the phase problem are often
followed by iterative rounds of model building and struc-
ture refinement to more accurately determine the phases
and generate a complete electron density map. The pro-
gram Coot [148] can be used to manipulate the model
and the program Phenix [149] to refine the model and
electron density map. For backbone cyclic peptides, it is
necessary to artificially incorporate additional restraints
to enforce cyclization during refinement. The program
eLBOW in the Phenix software suite can be useful for
creating library files for unnatural amino acids. As with
NMR, there are still challenges related to structure
visualization, validation, and deposition for macrocyclic
peptides.

As we noted already, one of the main challenges in X-
ray crystallography is growing diffraction-quality crys-
tals. It has been proposed that racemic crystallography
(i-e., crystallization from a mixture of equal proportions
of L- and D-enantiomers) can be used to overcome the
crystallization bottleneck [100]. The theory of racemic
crystallography as it applies to proteins and, by analogy,
peptides was investigated by Wukovitz and Yeates [150],
who were interested in explaining the distinct space
group preferences of protein crystals. In the course of
their studies, they predicted that proteins would crystal-
lize with ease if they could be made in racemic form.
Essentially, their hypothesis was based on the fact that a
racemic mixture has access to a greater number of ways
that it can pack to form crystals. Chiral samples can only
access chiral space groups, comprising 65 of the total of
230 space groups, whereas a racemic mixture has access
to all space groups.

Kent and coworkers demonstrated that facile crystal
formation can occur from a racemic mixture for peptides
that have previously been considered recalcitrant [100].
To address the phase problem, it should be noted that
anomalous contributions are not observed in a centrosym-
metric space group, so the appropriate atom for anoma-
lous dispersion methods should only be incorporated into
one enantiomer. Furthermore, as racemic mixtures can
result in the formation of centrosymmetric crystals, Kent
and coworkers also demonstrated that structures can be
solved by direct methods [151] (normally not feasible for
peptides as noted previously), because all reflections from
centrosymmetric crystals have quantized phases (e.g., in
RBR’), all phases are 0 or 7).

We have shown that racemic crystallography can
indeed be used for facile crystallization of cyclic peptides
by growing crystals of BTD-2, SFTI-1, cyclic Vcl.1, and
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Figure 2.5 Racemic and quasi-racemic structures of kalata B1. (a) Packing of the L- and p-enantiomers of kalata B1 in the unit cell. The
L- and p-enantiomers are labeled with L and b, respectively. (b, c) quasi-racemic structures of kalata B1 composed of a mutant of -kalata B1
(i.e., [G6A]kalata B1 and [V25A]kalata B1) colored in dark gray and p-kalata B1 colored in light gray. The side chains and the positions of the

Cys residues for the L-enantiomer are labeled with Roman numerals.

kalata B1 from their racemic mixtures [39, 152]. For
example, racemic crystals of kalata Bl were obtained
from 14% w/v (+/-)-2-methyl-2,4-pentanediol and 4%
v/v 1,3-propanediol. An initial model was obtained by
molecular replacement using the NMR structure of
kalata B1 as the initial search model and refined to give
the final structure of the racemate as shown in Figure 2.5a.
We have also shown that analogues of kalata B1 are ame-
nable to quasi-racemic crystallography, in which crystals
are grown from a mixture of one enantiomer, in this case
D-kalata B1, with an analogue of its other enantiomer, in
this case either L-[G6A]kalata B1 or L-[V25A]kalata B1
(Figure 2.5b and c).

2.2.5 Macrocycle-Receptor Interactions
(NMR and X-Ray)

To make inferences regarding function from structure, it
is beneficial to study how macrocycles interact with their
environment: this may include interactions by self-asso-
ciation, with membranes, nucleic acids, or a protein
partner. NMR or X-ray crystallography can be used to
investigate such molecular interactions and, when used
in combination, provides a wealth of information. The
types of information on molecular interactions that can

be obtained using NMR include binding affinity,
location of residues at or near the interaction interface,
bound conformation of the macrocycle, geometry of
the macrocycle—target complex, and information on
conformational dynamics [153]. X-ray crystallography
can be used to obtain a high-resolution structure of large
macrocycle—target complexes.

Binding affinities between a macrocycle and its target
can be calculated by monitoring certain NMR parame-
ters (e.g., chemical shifts, T, relaxation times, and diffu-
sion coefficients) over the course of a titration. In general,
NMR is best suited for this when the interaction is gov-
erned by moderate or weaker binding affinities, rather
than tightly bound complexes. During the titration
experiment, changes in particular NMR signals can help
identify atoms at the binding interface or allosteric
effects from binding. As an example, Arseniev and cow-
orkers studied the binding of kalata B1 to dodecylphos-
phocholine (DPC) micelles using NMR [154]. They
observed changes in molecular diffusion coefficient and
chemical shifts for particular atoms as a concentrated
solution of DPC micelles was titrated into a solution of
kalata B1, allowing them to estimate binding affinity
and identify residues of kalata B1 at the kalata BI-DPC
micelle interface. The contact residues were further
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confirmed using paramagnetic probes that insert into
the DPC micelle and broaden the signals of atoms nearby.
We showed that similar experiments could be used to
study the binding of other cyclotides to DPC micelles
and identify novel modes of interaction [155].

In the case of tightly bound complexes, NMR can be
used to determine the complete structure of protein—
ligand complexes using similar methodology to that
employed to determine protein structures themselves.
This typically involves sample enrichment and the use of
higher dimensional and isotope-edited techniques, as
described in more detail elsewhere [105, 107]. One of the
earliest examples of an NMR structure of a cyclic peptide
bound to its protein target is that of the cyclosporine A—
cyclophilin complex [156]. Other examples of complex
structures involving cyclic peptides include a cyclic pep-
tide mimetic bound to HIV-1 TAR RNA [25] (Figure 2.6a)
and a reengineered MCoTI-I bound to the p53-binding
domain of Hdm?2 (Figure 2.6b) [71].

The structure of a macrocycle—target complex can also
be solved by X-ray crystallography. The main difference
between such studies and those of single molecules is
how the samples are prepared. Complexes of small mol-
ecules bound to a protein can be achieved by soaking pro-
tein crystals into a reservoir containing the small molecule
ligand. In principle, this approach also can be applied
for small macrocycles, but, for larger macrocycles, this

Figure 2.6 Examples of complex structures
involving macrocyclic peptides. (a) NMR complex
structure of a PEM with HIV-1 TAR RNA. (b) NMR
complex structure of a grafted MCoTlI-l with the
p53-binding domain of HDM2. (c and d) Complex
structures of a bicyclic peptide and a thioester
cyclized peptide to their protein targets solved by
X-ray crystallography.

approach may be limited by their ability to diffuse into the
crystal. The alternative is to crystallize a mixture of
the macrocycle with the target or the purified complex.
In work by Heinis and coworkers, complexes of bicyclic
peptides with their protein target were crystallized by
directly mixing a mixture of the two components with
the crystallization condition (Figure 2.6c) [33]. For the
crystallization of the MCoTI-II-trypsin complex, the
complex was first isolated from unbound components
using size exclusion chromatography before crystalliza-
tion [88]. Interestingly, cyclic peptides bound to a target
may stabilize the conformation of the protein partner and
thereby facilitate crystallization (Figure 2.6d) [157, 158].

2.3 Molecular Modeling
of Macrocyclic Peptides

A range of molecular modeling methods has been used to
study macrocycles, as summarized in Figure 2.7. The most
extensively modeled classes of cyclic peptides are (i) those
that form nanotubes, which have applications as antibac-
terials and drug delivery agents, and (ii) a wide range of
natural and synthetic cyclic peptides that are highly het-
erogeneous in sizes, chemical nature, and activities. One
example of the latter that have been modeled are the type



Figure 2.7 Molecular modeling methods used to
study cyclic peptides. The methods are in black \
boxes and are linked by dashed lines to their .
applications, which are in white boxes. As apparent \
from this diagram, molecular dynamics (MD)
methods are the most versatile. All the methods are
described in the text. MM, molecular mechanics;
MMPBSA, molecular mechanics/Poisson-Boltzmann
surface area; QM, quantum mechanics; REMD,
replica-exchange molecular dynamics.
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IIc bacteriocins [159], which, as noted earlier, are back-
bone cyclic peptides of bacterial origin of approximately
60 residues in size, which display antibacterial activity.
Another example is the contryphan family of disulfide
cyclic peptides [160], which are expressed in the venom
of marine cone snails and inhibit ion channels. Despite
typically comprising only 8 residues, contryphans have as
many as 5 posttranslational modifications, considerably
increasing their chemical diversity beyond the 20 standard
amino acids. With respect to synthetic peptides, numer-
ous studies have used molecular modeling to design cyclic
peptides by (i) grafting active peptides into a cyclic scaf-
fold, (ii) designing cyclic peptides de novo, or (iii) cyclizing
linear peptides.

In the first part of this section, an overview of the
main modeling methods is provided, as well as a discus-
sion on challenges to the modeling of cyclic peptides.
In the second part, in silico methods employed to study
the monomeric structure of cyclic peptides, including their
dynamics and electrostatic properties, are described.
Finally, approaches to model the activity of cyclic pep-
tides including their multimeric states (e.g., nanotubes)
and interactions with molecular targets are discussed.
Molecular modeling is a rapidly evolving field and we
will mainly focus on studies from the last 5 years.

2.3.1 Methods and Challenges in Modeling
Cyclic Peptides

Depending on its size, the number of atoms in a peptide
is comparable either to a small molecule or to a protein,
and peptides have been studied using techniques
applicable to both small and large ensembles of atoms,
that is, using quantum mechanics (QM) and molecular
mechanics (MM) methods.

2.3.1.1 Quantum Mechanics

Analyzing cyclic peptides using QM is fundamentally
not different from analyzing linear peptides or small
molecules. Most QM studies of macromolecules employ
density functional theory (DFT) methods. Recently,
some studies used correlated-wave methods, such as
second-order Mgller—Plesset 2 (MP2) theory, which are
more accurate than DFT methods, but previously were
not applicable to peptides due to their high computa-
tional cost. A new approach called divide—expand—
consolidate (DEC) was developed to compute the corre-
lation energy for “large molecular” systems (~50 amino
acids) by fragmenting the calculations into small subsets
of local orbitals [161]. The precision and applicability of
this new method need to be further validated. Notably,
no cyclic peptide has as yet been modeled using this
strategy.

DFT methods are well characterized and represent a
good compromise between accuracy and computational
cost. DFT methods decompose the system energy into
four components: kinetic, external potential, exchange,
and correlation energies. The most popular DFT method
is BBLYP, which incorporates Hartree—Fock (HF) func-
tions to compute the exchange energy. As a striking
example of the difference in computational cost of the
various QM methods, an energy computation that was
recently reported to take about 1h using the B3LYP
method took 50 days with the coupled cluster with
singles and doubles (CCSD) method, which is one of
the most accurate QM functionals [162]. It should be
noted that in contrast to CCSD, the B3LYP method
fails to accurately describe dispersion interactions,
which are important for representing n—x interactions.
Nevertheless, a range of other interactions, such N—H---O
hydrogen bonds or cation—m, are well predicted by both

39
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CCSD and B3LYP. Some empirical correction functions
have been proposed to correct for the deficient disper-
sion energy of B3LYD, for example, the correction pro-
posed by Du et al. [163]. A range of academic software
is available to carry out B3LYP QM of small peptides,
including Firefly (ex GAMESS), Spartan, and Orca, but
the most popular and complete software package is
Gaussian, which is commercially available.

QM molecular orbitals are modeled as a linear combi-
nation of basis functions, which are made up of a linear
combination of Gaussian functions. The 6-31G basis set
family (6-31G, 6-31G*, 6-31+G*, and 6-31+G(d,p)) is the
most commonly used for representing organic com-
pounds. These basis sets have six Gaussian functions
for each atom, and the valence orbitals are represented
by two basis functions, which display three or one
Gaussian functions, respectively. The 6-31G basis set
can have additional diffuse functions (+) and polarized
functions (*), and the type of functions used to augment
the description of heavy atoms (d) and hydrogen atoms
(p) is indicated between parentheses. Diffuse functions
are important for taking into account weak bonds,
such as hydrogen bonds, and polarization functions
are important for representing covalent bonds.

Due to computational limitations, the largest systems
that can be studied using B3LYP are of about 100
atoms, that is, approximately 10 amino acid residues.
Semiempirical QM methods, which use some of the HF
methods combined with a range of empirical values, are
far less computationally demanding and can be used
with larger molecules. The semiempirical QM methods
AM1 and PM3, which are implemented in a range of
software packages such as MOPAC, ADF, and SQM, are
commonly used to optimize geometries and predict
electronic properties. Larger peptides, as well as pro-
teins, need to be represented using MM, which does not
take into account the creation and destruction of cova-
lent bonds. Chemical reactions occurring in the active
site of large proteins can be studied using the QM/MM
scheme, in which atoms taking part in the chemical
reaction are modeled at the QM level and the remaining
part of the system is modeled at the MM level.

2.3.1.2 Molecular Mechanics

MM represents atoms as hard spheres covalently con-
nected by springs to form molecules. Contrary to QM,
MM employs a large number of parameters to represent
molecules; the ensemble of these parameters and associ-
ated energy functions are referred to as the force field.
A force field typically contains information to restrain
covalent bonds, angles, dihedral angles, and improper
dihedral angles (restraining geometry associated with
hybridization), as well as to compute nonbonded inter-
actions. MM approximates the interactions between

atoms using classical physics, significantly simplifying
the computation.

Besides the all-atom force fields, for example, Amber
[164], Charmm [165], and OPLS [166], some force fields
use interaction centers that represent several atoms,
effectively reducing the number of interactions to con-
sider and therefore computational time. The united-
atom force fields, for example, GROMOS [167], represent
carbon atoms and covalently linked aliphatic and aro-
matic hydrogen atoms by a single center. Coarse-grained
force fields, such as Martini [168], represent several
heavy atoms and linked hydrogen atoms by a single
center. The united-atom force fields have comparable
accuracy to all-atom force fields, whereas coarse-grained
force fields can only approximate the details of molecular
interactions. The benefit of coarse-grained force fields is
that they are more suited to the modeling of medium-
and large-size molecular systems over a long timescale.

Because of its low computational cost, MM can be
used to model the dynamics of large molecular systems,
that is, carry out MD simulations. Several academic
MD packages specializing in biomolecules exist, the
most popular being Gromacs [169], Amber [170],
Charmm [171], and NAMD [172]. All of the packages
have their strengths and weaknesses, with the NAMD
MD engine having the best scaling abilities with the
number of central processing units. The Amber pack-
age provides the most convenient suite of tools and
third-party programs to analyze MD simulations, as
well as to prepare topology files, which contain the
parameters used to represent the molecules to be simu-
lated. The standard protocol used to conduct MD sim-
ulations on cyclic peptides in explicit solvent is given in
Scheme 2.2 [173-176].

The main challenge in representing cyclic peptides
using MM is the generation of molecular topologies. All
major MD packages have dedicated scripts and software
that automate the creation of topologies for linear pro-
teins, but the creation of side-chain and backbone cyclic
peptides is less straightforward. The Amber, Charmm,
and NAMD packages provide graphical interfaces in
which bonds, angle, and dihedral angle restraints based
on atom types can be easily created. This strategy works
well for backbone cyclic peptides but should be used
cautiously when generating topologies for side-chain
cyclic peptides (aside from disulfide bonded cyclic pep-
tides), because force fields often do not have parameters
for connecting all atom types. Gromacs does not have a
graphical interface, requiring manual editing of topology
files to cyclize peptides through their backbone or side
chains. Whatever the method used to modify topologies,
it is strongly recommended to always check manually
that the correct topologies have been created for cyclic
peptides.
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1—Build an initial structure.

(a) Determine experimentally the conformation of the cyclic peptide (Section 2.2) or predict it (Section 2.3).

(b) If required, embed the peptides in or locate them near a membrane bilayer patch, which needs to be
built using standard MD package tools or other software such as VMD [154], Charmm-GUI [155], or
insane [156].

2—Prepare topologies.

(a) Derive force field parameters for nonstandard residues not included in the chosen force field.
Several tools listed in Table 2.2 can help determine these parameters.

(b) Use standard MD package to prepare topologies of cyclic peptides and other molecules (altogether
called solute) for the chosen force field. Consider the ionization state of side chains, for example,
using a pKj, prediction algorithm, such as propka3 [157].

(c) Modify the topologies to “cyclize” cyclic peptides (Section 2.3.1.2).

3—Solvate.

(a) Minimize the energy of the system in vacuum.

(b) Decide a shape and size of the box with periodic boundary conditions to include the system.
Systems with a membrane should employ a triclinic or hexagonal box, whereas systems without
a membrane component often fit better in an octahedron or dodecahedron box. The solute molecule
should be at least 1 nm away from the side of the box.

(c) Add water molecules of a type compatible with the chosen force field using standard MD package tools.
Replace a number of water molecules by sodium and chloride ions to reach a chosen salt concentration
and neutralize the system.

4—Equilibrate the system at a given temperature.

(a) Minimize the system using periodic boundary conditions.

(b) Run an MD simulation with solute atom positions strongly restrained. If there is a membrane, monitor
the equilibration of the membrane to decide the length of the simulation. This first simulation will
generate initial atom velocities to be used in the following simulations. The velocities are initially
randomly set accordingly to a statistical distribution of velocities at a given temperature, usually 300 K.
A thermostat algorithm, often the Berendsen or Nosé—Hoover thermostat, is used to keep the atom
velocity distribution according to the chosen temperature.

(c) Run a series of MD simulations in which the position restraints are progressively released.

5—Production run for a given time.

(a) Run an MD simulation without restraint for a given time. The MD frames and associated energies are
typically recorded every 2 ps.

6—Analysis.

(a) Analyze the log files and monitor the evolution of pressure, temperature, and energy of the system
to evaluate if it has reached equilibrium. Consider extending the simulation if not.

(b) Analyze the evolution of the conformation of the cyclic peptides during the production run simulation
by monitoring the evolution of some specific distances or their atom RMSD from the initial frame.

(c) Monitor the evolution of membrane characteristics, interaction energies, contacts, distances, and/or
angles that are relevant to the system under study.

Scheme 2.2 Molecular Dynamics (MD) Simulation Protocol for Cyclic Peptides.

Table 2.2 Online and stand-alone tools helping generate topologies and force field parameters
for nonstandard amino acids.

Software Force field Access

ATB Gromacs http://atb.uq.edu.au

Vienna-PTM Gromacs http://vienna-ptm.univie.ac.at/

PRODRG Gromacs http://davapcl.bioch.dundee.ac.uk/cgi-bin/prodrg
AnteChamber Amber Stand-alone, part of Ambertools

ACPYPE Amber, Charmm, and Gromacs http://webapps.ccpn.ac.uk/acpype

SwissParam Charmm and Gromacs http://www.swissparam.ch

SwissSidechain Charmm and Gromacs http://www.swisssidechain.ch

CHARMMing Charmm http://www.charmming.org
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Side-chain cyclic peptides often use nonstandard
amino acid side chains to create the ring structure,
and the force fields need to be amended to consider
nonstandard residues. New force field parameters can
be obtained either from those for similar chemical enti-
ties or by using QM or semiempirical computations.
A range of software and online resources are also
available to help derive new residue topologies and
force field parameters (Table 2.2). The most recently
developed tools, such as ATB [177] and ACPYPE [178],
are the most convenient to use. ACPYPE uses Ante
Chamber, from the AmberTools package [170], to
generate topologies and parameters for the general
Amber force field (GAFF) and then converts them into
Charmm or Gromacs force fields. AnteChamber uses
by default partial charges computed at the semiempiri-
cal level AM1-BCC. ATB first optimizes the geometry
at the HF/STO-3G QM level or semiempirical AM1 or
PM3 levels and then at the more accurate B3LYP/
6-31G*level, which is then used to estimate the partial
charges carried by each atom. The Vienna-PTM data-
base provides access to pre-computed Gromacs topolo-
gies and force field parameters for 260 posttranslational
modifications of amino acids [179].

2.3.2 Conformation, Dynamics,
and Electrostatics of Cyclic Peptides

As noted already, the structures of cyclic peptides are
frequently determined using NMR spectroscopy, but, in
some instances, structures can also be generated reliably
using molecular modeling. For example, the structures
of peptide variants resulting from the substitution of a
single side chain in a peptide with a known experimental
structure can be generated reliably by homology mode-
ling, for example, using MODELLER [180] or RosettaCM
[181], or by side-chain prediction algorithms, such as
SCWRL [182]. Although algorithms relying on backbone
structural alphabets, such as Rosetta [183] or I-TASSER
[184], have been successfully used to generate ab initio
conformations of proteins, structures of peptides are
typically more difficult to predict.

2.3.2.1 NMR Spectroscopy Combined with MD
Simulations

The study of peptide conformations by NMR involves
deriving distance restraints that are then employed in
simulated-annealing MD simulations to determine the
coordinates of each atom. Therefore, peptide structures
generated from NMR data are molecular models that are
informed by experimental data. Unrestrained MD simu-
lations are often used in parallel with NMR data to study

the dynamics of peptides [185]. MD simulations are
routinely used to study dynamics on the femtosecond
(fs) to microsecond (ps) timescale, and NMR relaxation
data or amide temperature coefficients probe hydrogen
atoms binding to backbone nitrogen (HN) atoms on a
similar timescale.

Figure 2.8 gives an overview of the timescales of
various protein motions compared with the timescale
of MD simulations, as well as NMR and circular dichro-
ism experiments. In a recent study, it was shown that
the solvent exposure of NH atoms in cyclic peptides was
strongly correlated with amide temperature coefficients
measured using NMR spectroscopy, bridging results
from MD simulations and NMR experiments [8]. MD
simulations were also instrumental in resolving seem-
ingly conflicting data from NMR NOE and circular
dichroism experiments on a side-chain cyclic f-peptide
[185]. Circular dichroism suggested that the peptide had
helical content, which seemed incompatible with inter-
atomic distances suggested by the NOE experiment.
A series of long MD simulations suggested that the
ensemble of conformations adopted by the peptide could
explain the measurements from the two experimental
techniques, which assess the structural properties on
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Figure 2.8 Timescales of protein motion types, MD simulations,
and nuclear magnetic resonance (NMR) experiments. All MD
simulation methods have a time step of a few femtoseconds (fs),
and the figure shows for each of them the timescale of the process
that typically simulate. ns, nanosecond; ps, picosecond; REMD,
replica-exchange molecular dynamics; RDC, residual dipolar
coupling.



different timescales. It should be noted that cosolvents,
such as DMSO, are often used when studying peptides
by NMR spectroscopy, and reproducing this solvent
composition in the systems studied by MD simulation
helps correlate with experiments [186]. The radial distri-
bution function between the DMSO oxygen and each
NH atom measured during MD simulations was, for
example, used to interpret NH shielding observed by
NMR spectroscopy [186].

2.3.2.2 Studying Large Conformational

Ensembles and Folding

Peptides adopting multiple conformations in solution
can be difficult to study by NMR, and MD simulations
can provide insights about the ensemble of conforma-
tions dynamically adopted by these peptides. Three main
strategies are employed in MD simulations to efficiently
explore conformational space: MD simulations at high
temperature [187], replica-exchange MD simulations
(REMD), and biased MD simulations.

The REMD approach involves performing several MD
simulations in parallel, but at different temperatures, and
allowing simulations that display similar potential ener-
gies to swap their temperatures based on a probability
function. REMD simulations can be easily prepared and
run with the Gromacs package. The parameters specific
to REMD simulations are the number of parallel simula-
tions, their temperature, and the average frequency at
which temperature is exchanged. A web server (http://
folding.bmc.uu.se/remd) can be used to help determine
an initial set of these parameters [188]. In a recent study;,
the conformational ensembles of cyclic peptide mimics
of a B-hairpin were studied using REMD, and a single
steric interaction was shown to control shifts between
distinct conformation populations [189]. REMD com-
bined with QM computations was able to predict the
conformation of a cyclic peptoid nonamer within 1.0 A
backbone RMSD [190]. In that study, QM at the B3LYP
level, as well as the higher M052X level, was used to opti-
mize the geometry of different conformations generated
by REMD and compute their absolute free energy.

Efficient exploration of the folding energy surface can
also be achieved by biasing MD simulations using accel-
erated MD (aMD) or metadynamics. In the aMD method,
a boost potential is added to the energy of the system
when this energy falls below a certain value, resulting in
a “flooding” of the energy surface and decreasing energy
barriers between energy minima. An implementation of
aMD is available in the NAMD and Amber engines.
Metadynamics extends the aMD concept by using col-
lective variables (CVs) defining the state of the system
instead of using the energy only. CVs are user-defined
variables that encompass a wide range of parameters,
including distances, dihedral angles, contact maps,
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RMSD, and radii of gyration. In the metadynamics
approach, Gaussians of energies are deposited when the
system explores the free energy surface, the coordinates
of which are defined by the CVs. The main parameters
of a metadynamics MD simulation are the width, height,
and frequency of the deposited Gaussians. These param-
eters need to be optimized for the system to be able to
overcome energy barriers in a reasonable time without
exploring unrealistic scenario. Metadynamics simula-
tions can easily be carried out with PLUMED, which is a
plug-in that functions with all major MD engines [191].
For example, the conformations of small disulfide cyclic
contryphans were studied using metadynamics with the
omega torsion angle of a proline residue used as a CV to
bias the system toward exploring the cis/trans isomers
of this residue [160]. Conformational sampling in that
study was further enhanced by simultaneously using
replica simulations at different temperatures, that is,
REMD. The predicted energy ratio between cis and
trans isomers was comparable to the relative population
of the two isomers as measured by NMR [160]. Bias-
exchange metadynamics is a variant of the metadynam-
ics approach in which several simulations are run in
parallel with a different bias and regularly exchange
their coordinates according to a Metropolis criterion,
similarly to REMD [192]. This method was used to
determine the impact of N-methylation on the confor-
mational ensemble of cyclic hexapeptides harboring the
integrin inhibitor RGD motif [193].

2.3.2.3 Electrostatic Characteristics

of Cyclic Peptides

The electrostatic potential of peptides is often crucial
for their activity. As examples, antimicrobial peptides
acting on membranes have a very distinct amphipathic
character, and peptides acting as ligands of larger pro-
teins often display complementary electrostatic poten-
tials to those of their target. The unmodified N- and
C-termini of linear peptides are charged under physio-
logical conditions and backbone cyclic peptides, which
do not display such termini and, therefore, charges, have
a different electrostatic signature.

The electrostatic potential of peptides can be com-
puted using QM, most often using DFT B3LYP. QM
computations are demanding and, in practice, are only
performed to study a limited number of conformations.
The Poisson—Boltzmann equation describes the elec-
trostatic potentials around solute, the principle being
that ions diffuse around solute, forming homogeneously
charged layers that interact with each other. Solvent
and ionic effects are therefore treated implicitly with this
technique. Solving the Poisson—Boltzmann equation is
comparatively more tractable than using QM, even for
very large systems such as complexes between peptides
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and proteins, DNA, or membrane bilayers. This tech-
nique is therefore routinely utilized to analyze biological
molecules in solvent environments. Several Poisson—
Boltzmann solvers exist, but the most commonly used
are APBS [194] and Delphi [195]. The Amber MD engine
also has a Poisson—Boltzmann solver implemented inter-
nally, allowing rapid computation of electrostatics on a
series of frames from an MD simulation [170].

2.3.3 Modeling the Activity of Cyclic Peptides

Relatively few cyclic peptides have been crystallized in
complex with their molecular targets, and, thus, molecu-
lar modeling is essential to give insights into the activity
of cyclic peptides at the atomic level. It should be noted
that molecular models are based on a large number of
hypotheses and approximations. The aim of a molecular
model is to provide guidance in the interpretation of
experimental data (e.g., mutational data or change of
conditions such as pH) and to help design experiments
to further study proposed molecular mechanisms.

2.3.3.1
with Molecular Targets

The most accurate method to model the binding mode
between a peptide and its target is to use information
from a crystal structure of a homologous complex [196].
For example, Quimbar et al. built a structural model
of complexes between cyclic peptide variants and the
cancer target matriptase by homology with crystal
structures of the native cyclic peptides with trypsin, an
enzyme related to matriptase [197]. The binding modes
were then refined using unbiased MD simulations, and
the nonadditivity of the mutational effects of some side
chains was deduced to result from small changes of
orientation of the cyclic peptides. In a similar study,
differences in the activity of wild-type cyclic peptides
targeting trypsin were proposed to arise from varying
stabilities of the hydrogen bonding network with the
targeted protein [198]. Another case is the discovery of
potential peptide inhibitors of protein—protein interac-
tions, which might be candidates for cyclization, by
interrogating crystallographic structures of complexes
between proteins [199]. A model of the corresponding
cyclic peptide bound to its molecular target could be
built starting from the crystallographic structure from
which the peptide was derived and only modeling the
atoms needed for cyclizing the peptide.

In many cases, no experimental structure of a homol-
ogous complex is available. Indeed, only about 20 experi-
mental structures of macrocycles bound to proteins
have been determined [200]. Molecular models of the
complexes therefore have to be generated using a dock-
ing technique or MD simulations. Docking proceeds by
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exploring a large number of orientations and positions of
a ligand around a receptor to discover the binding poses
of low energy. The most commonly used software for
docking peptides is AutoDock [201]. Docking algorithms
typically have two main components, the search func-
tion and the scoring function. Grid-based fast Fourier
transform algorithms can rapidly search rotational and
distance space to provide rigid-body docking poses.
Some limited elements of flexibility of side chains and
the peptide backbone can be incorporated into the
search, but many linear peptides are very flexible, mak-
ing them difficult to study using docking. By contrast,
cyclic peptides are more constrained and docking has
been successfully used in many cases. To compensate for
the limited ability to model flexibility, MD simulations
can be performed on top-ranked models to refine the
molecular interactions. For example, in a recent study,
a range of cyclic peptides was screened for binding to
a methyltransferase from dengue virus, and the binding
poses of selected peptides were then studied by MD
simulations, which was considered as a second screen of
the stability of the complexes [202].

MD simulations allow the modeling of molecular
interactions without imposing restraints on the confor-
mation of cyclic peptides. The binding process for pep-
tides is often too slow to be simulated within a practical
computational time using standard MD simulations,
although it is possible in some instances. For example,
the binding of the cyclic peptide BPC194 to a lipid bilayer
was simulated using unbiased MD, and this simulation
suggested that the cyclic peptide is disordered in solu-
tion but adopts a p-sheet conformation when bound to
the membrane [203]. Simulations of complex formation
can be accelerated by using distance and orientation
restraints, and complex restraint scenarios can be car-
ried out using the PLUMED plug-in. Another strategy to
overcome the limited timescale of standard MD simula-
tions is to use coarse-grained force fields, for example,
Martini [168], which decreases the number of interac-
tion centers, allowing high microsecond to millisecond
timescale simulations to be achieved. A two-step strat-
egy can be used: first using coarse-grained MD simula-
tions to form initial complexes and then refining the
binding modes using all-atom MD simulations. For
example, the interaction between the cyclic decapeptide
labatidin and a large lipid micelle was studied using this
strategy [204].

Molecular models of binding modes can be validated
by comparing predicted properties with experimental
results. The small number of crystal structures of com-
plexes involving macrocyclic molecules has been recently
compared, providing useful statistics for evaluating
predicted binding modes of cyclic peptides [200]. A more
specific and definitive validation is the ability to accurately



predict binding affinities or explain mutational data.
An accurate MM method to predict the free energy of
binding of small molecules and peptides involves the
computation of the potential of mean force based on
umbrella sampling MD simulations. Umbrella sampling
proceeds in two steps: the peptide is first rapidly pulled
out of the binding pocket using steered MD simulations,
and then multiple simulations are carried out starting
from different frames extracted from the pulling simula-
tions. If the simulations are long enough, they will
explore overlapping states and the energy of unbinding
of the peptide can be reconstructed. The high computa-
tional cost of this technique prevents its systematic use
though. QM can also be used to compute binding energy,
but this method is even more computationally demand-
ing. Nevertheless, it has been used with small systems,
for example, to suggest that a cyclic decapeptide had
preferential interactions with one enantiomer of 1-phe-
nyl-1-propanol [205]. A powerful alternative is to com-
bine QM and MM methods, a technique commonly
called QM/MM, by simulating most of the system using
MM and computing localized interactions, such as in the
binding site, using QM. To our knowledge, QM/MM
hybrid methods have not been employed so far to study
the binding of macrocycles with large molecular targets.

The impact of substitutions on peptide/target systems
can be explained qualitatively by considering the crea-
tion or destruction of non-covalent interactions, as well
as potential entropic effects. Quantitative energy calcu-
lations can also be used to rank the affinity of mutants,
potentially providing support for a proposed binding
mode. The molecular mechanics/Poisson—Boltzmann
surface area (MMPBSA) energy function is a computa-
tionally affordable method that predicts the impact of
substitutions. It is an end-point free energy function,
that is, it only considers the bound and unbound states.
Electrostatic interactions with solvent are approximated
by solving the Poisson—Boltzmann equation; the internal
enthalpy of the solute is provided using an MM force
field, and the nonpolar interaction with the solvent is
approximated as being proportional to the solvent-acces-
sible surface area (SASA), which is the molecular surface
area that is accessible to solvent. The complex is typically
simulated using standard MD simulations, and the
MMPBSA energies are averaged over several frames
extracted from an MD simulation. This method is less
accurate at computing free energies than umbrella sam-
pling but can be applied to a large number of substitu-
tions. The binding energies computed by MMPBSA do
not typically compare in their absolute values with
experiments, but they show good correlations in some
cases, for example, in a study of the interaction between
two cyclic peptides and an HIV-1 RNA [206] or between
disulfide-rich toxin peptides and nicotinic acetylcholine
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receptors [207, 208]. MMPBSA splits the polar and
nonpolar energy terms into interactions between solute
molecules and between solvent and solute molecules
and has been used to interpret the influence of solvation
on cyclic peptide/protein complexes [209].

2.3.3.2 Cyclic Peptide Nanotubes

Cyclic hexa- to decapeptides that auto-assemble into
nanotubes are a very active area of research involving
molecular modeling. The first cyclic peptide nanotube
was designed without computational methodology [210],
but a large number of computational studies have since
successfully predicted and designed the properties of
cyclic peptide nanotubes for specific applications.
Cyclic peptide nanotubes form pores in biological and
organic membranes and have applications as nanoscale
ion filters, for example, for water desalinization or as
antibacterial agents, as well as for the transport of small
drugs [211] or gases [212]. Cyclic tetrapeptides can
auto-assemble into nanomaterials such as nanoporous
thin films [213]. The permeation properties of nano-
tubes can be tailored by changing the size of the pore
[214] or the nature of the side chains in the pore to select
specific molecules as well as to control flow rate [215,
216]. Molecular explanations for ion selection suggested
by molecular modeling include charge repulsion, modi-
fication of ion solvation shell [215, 217, 218], and
adsorption on the nanotube pore [215]. Simulations
suggest that the flow of water molecules in nanotubes is
controlled by the diameter of the pore and also by the
steric hindrance and electrostatic properties of the cyclic
peptide side chains [216].

An initial structure of cyclic peptide nanotubes was
elegantly modeled by creating a first stack of cyclic pep-
tides, which were then monitored by MD simulations
restraining the atom positions in the plane perpendicu-
lar to the nanotube axis, allowing the cyclic peptide to
freely rotate and maximizing hydrogen bonding between
rings [215]. The stability of nanotubes in water or organic
solvent can then be studied using unbiased MD simula-
tions [219] or steered MD simulations in which a force is
applied along the axis of the tube [220] or tangentially
[213]. The energetic contribution made by each cyclic
peptide to the nanotube stability can also be studied
using the MMPBSA energy function [221].

Nanotubes are often simulated embedded in a layer of
organic solvent or in lipid membranes. For simulating ion
conduction, an external electric potential can be applied
in a direction orthogonal to the membrane, and the flow
of ions diffusing through the nanotube is measured dur-
ing long MD simulations [215]. Unbiased MD simula-
tions were sufficient to study the diffusion of ethanol in a
decapeptide nanotube embedded in a 1-palmitoyl-2-ole-
oyl phosphatidylethanolamine (POPE) membrane [214].
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Some studies used umbrella sampling [211, 212, 214]
or the adaptive biasing force method [217] to compute
the potential of mean force and determine the energy
profiles of molecules passing through cyclic peptide
nanotubes [214].

2.3.3.3 Membrane Permeation and Diffusion

The process of insertion of cyclic peptides into bio-
logical membranes can be simulated by unbiased MD
simulations [203], but the formation of pores or mem-
brane diffusion is often of a timescale incompatible
with unbiased MD simulations. The membrane diffusion
properties of small cyclic peptides and bicyclic peptides
were shown to be correlated with the solvent exposure of
backbone amides observed using NMR'" or during unbi-
ased MD simulations [8, 222], but these studies did not
simulate the diffusion process (see also Chapter 3 on
cellular permeability and bioavailability of macrocycles).

The formation of pores through membranes is com-
plicated by the fact that various working models of
membrane perforation exist, ranging from the formation
of toroidal pores comprising a few peptides to the carpet
model (or detergent effect) involving a large number of
peptides participating in membrane leakage. Three stud-
ies have proposed working models of membrane perme-
ation by cyclic peptides. These studies focused on the
cyclic decapeptide BPC194 [223], the cyclic bacteriocin
AS-48 [159], and the cyclotide kalata B1 [224]. To over-
come the timescale limitations of conventional MD sim-
ulations, coarse-grained force fields were employed in the
latter two studies. By contrast, toroidal pore formation in
a dipalmitoyl phosphatidylglycerol (DPPG) membrane
by BPC194 could be simulated using multiple 100ns
unbiased all-atom simulations [223]. The possibility to
use a small timescale to simulate the poration process
probably arose from the larger fluidity of DPPG bilayers
compared with cellular membranes, which are better
represented by POPC (1-palmitoyl-2-oleoyl phosphati-
dylcholine)/POPE/POPG (1-palmitoyl-2-oleoyl phos-
phatidylglycerol) bilayers.

The circular bacteriocin AS-48 comprises 70 residues
and exists as a dimer in solution. Insertion of this dimer into
membranes was modeled by simulating the auto-formation
of a membrane around the dimer [159]. Simulation of the
insertion of AS-48 into a preformed bilayer membrane
was not attempted because pore formation is on the mil-
lisecond timescale, which is beyond the time frame that
can be simulated even using coarse-grained MD simula-
tions. The resulting molecular models identified various
architectures of water channels, one of which displayed a
pore radius compatible with the experimental data.

Coarse-grained MD simulations of kalata B1 suggest
that a large number of cyclotides are required to form
pores in membranes [224]. Large multimeric “towerlike”

assemblies were observed during the simulations. Indeed,
an impressive simulation of 350 cyclic peptides bound
to the membrane suggested that lipids were extracted
from the membrane by these large peptide assemblies.
Nevertheless, no poration of the membrane was observed.
Interestingly, kalata B1 is known to have stronger affinity
for membranes containing phosphatidylethanolamine
(PE) lipids [225], but the coarse-grained study did not
include this information in the model.

2.3.4 Engineering Cyclic Peptides
as Grafting Scaffolds

Cyclic peptides typically are more stable than linear
peptides and have been used as scaffolds to display and/
or stabilize linear peptides. For example, SFTI-1 has
been grafted with an ESDV sequence, which binds to the
PDZ2 domain of the postsynaptic density-95 protein
[226]. Cyclotides have been used in more than a dozen
grafting studies [70], with applications in cancer [227],
obesity [228], chronic and inflammatory pain [63], angi-
ogenesis and lymphangiogenesis [229], multiple sclerosis
[230], foot-and-mouth disease [231], inflammation dis-
orders [232, 233], cardiovascular disease and wound
healing [234], antitumor treatment [71, 197, 235], anti-
HIV therapy [236], and chronic myeloid leukemia [237].
The lasso peptide Mcj25 was recently grafted with the
RGD turn motif, creating a nanomolar integrin inhibitor
with potential anticancer activity [238].

Molecular modeling has been used to help in the
design of grafted cyclic peptides by determining if the
grafted peptide can be displayed in its active confor-
mation without disrupting the fold of the scaffold. In a
recent example, the cyclotide MCoT1I-1I was grafted with
a peptide targeting the ligand binding pocket of Abl
kinase, which is the causative agent of chronic myeloid
leukemia [237]. In that study, several engineered cyclic
peptides were designed in silico, differing only in the
peptide linkers that connect the grafted active peptide
and the cyclotide scaffold. It was shown by MD simula-
tions that the activity of the grafted variants correlated
with the ability of the grafted active peptide sequence
to adopt a similar conformation to that displayed by
the linear active peptide in complex with Abl kinase.

2.4 Summary

NMR and molecular modeling have played and continue
to play a vital role in the structural and dynamic charac-
terization of a wide range of macrocycles. These two
techniques are highly complementary in that modeling
studies obviate the need for physical samples of the
macrocycles, but NMR studies provide experimental



data supporting possible structures. Advances in com-
puting techniques have accelerated the pace in which both
experimental and modeling structures can be derived,
and this trend of ever faster structure determination is
expected to continue.

We hope that this chapter has provided some insights

for new students and researchers entering the field
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