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CHAPTER 1

An Introduction to Cyclic
Peptides

MARTIN EMPTING

Helmholtz-Institute for Pharmaceutical Research Saarland, Department
Drug Design & Optimization, Campus E81, Saarbriicken 66123, Germany
*E-mail: martin.empting@helmholtz-hzi.de

1.1 Of Peptides and Proteins (and Small Molecules)

When we compare the Ancient Greek etymologies of ‘protein’ and ‘peptide’
it becomes evident that the former of these very closely related biomolecules
is associated with rather positive attributes, as its name derives from proteios
(npoteiog) meaning "the first quality”.! Peptides, on the other hand, seem to
be considered a mere rudiment of their bigger ancestors, as they are referred
to with a terminus derived from peptds (nentdc), meaning “digested” or
“cooked”.” But what is the decisive characteristic that defines the ‘quality’ of
proteins, which peptides supposedly lack? Both biopolymers usually consist
of a linear sequence of amide-linked building blocks, which in most cases
are a selection from the standard repertoire of the 20 proteinogenic amino
acids. Usually, amino acid sequences shorter than 50 residues are considered
as peptides and, thus, these oligomers reside in the so-called ‘middle space’
(see Figure 1.1).>*

This term has been coined to refer to molecules with a molecular weight
between 500 and 5000 Da (or maybe only approximately 3000 Da). Notewor-
thily, most of the active principles in pharmaceutical drugs belong either to
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Fragment
<200
penicilin
298

tobramycin
467

ciprofloxacin

aciclovir

500 Da 5000 Da

Lipinski

space ‘Middle space

Figure 1.1 The scale of pharmaceutical agents divided into small molecules
(Lipinski space), the ‘middle space’, and the biomedicals/biologicals
illustrated by selected anti-infective agents and other examples. The
range commonly occupied by (cyclic) peptides is highlighted with a
red elliptical shape. From small to large: a fragment-sized compound,’
acyclovir, penicillin, ciprofloxacin, tobramycin, argyrin,® vancomycin,’
sunflower-trypsin inhibitor-1 (SFTI-1)," POL7080,° gramicidin,
Momordica cochinchinensis trypsin inhibitor-II (McoTI-II),"¥ human
cathelicidin LL-37,'* an RNA aptamer,”* a vNAR antibody fragment as
a representative for ‘nanobodies’,'* a single-chain variable fragment
(scF,),” a FAB-fragment,'® and a full-length IgG antibody.'” The corre-
sponding molecular weights are given in Da.

small molecules or biomedicals.'® The former usually obey the well-known
rules-of-five set up by Lipinski, while the most prominent members of the
latter are immunoglobulins or derivatives thereof."” Members of the ‘middle
space’ are still comparably rarely found in pharmaceuticals that are in clini-
cal use and small molecular drugs make up about 90% of the pharmaceutical
market.”**! However, their share is continuously growing.*

So, size as a molecular descriptor might give us a hint toward the ‘special
quality’ of proteins. However, we know of so-called ‘mini-proteins’ (e.g. McoTI,
see Figure 1.1), which can be smaller than 40 residues and exert fascinating
biological functions, nonetheless.”>** Hence, certainly, the line between pep-
tides and proteins is fuzzy and not so clear cut as one might think. Which
brings us back to the initial question: ‘What is the unique quality of proteins,
then?’

One or maybe THE extraordinary characteristic of protein chains is their
ability to adopt precise spatial arrangements of each individual rotatable
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bond within their backbone. Only when the huge array of so-called @, ¥,
and w dihedral angles is assembled in the right way (see Figure 1.2A), is the
protein folded into its correct three-dimensional structure.?! Partial motifs
of protein folds (secondary structures) can also be present in peptides
(Figure 1.2B).”> The most prominent secondary structures are of course
a-helices and B-sheets. Aside from larger loops, which are usually not well
defined, B-turns should be highlighted as important structural motifs
connecting, for example, the separate strands of a B-sheet.>®* However, full

B-sheet T
(3 anti-parallel strands) type Il B-turn

monomer

trimer ————»

Figure 1.2 (A) A generic peptide chain illustrating the @, ¥, and o dihedral angles
at one amino acid residue. The consecutive order of amino acids in
the polypeptide chain is called the primary structure. (B) Schematic
depictions of the most common peptide secondary structures: a-helix,
B-sheet (3 strands), and type I as well as type II B-turns. (C) and (D) Ter-
tiary and quaternary structure illustrated for the example of proliferat-
ing-cell-nuclear-antigen (PCNA).*
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tertiary or even quaternary assemblies are usually not found for peptides
(Figure 1.2C and D). The reason for this is that a short peptide chain offers
fewer opportunities for structure-defining intramolecular interactions,
which are needed to render a desired three-dimensional structure thermo-
dynamically favorable. Instead, linear peptides are generally quite flexible
and do not adopt an unambiguous geometry.”” As the structure dictates the
function of a biomolecule, we may now have approximated the answer to
the question raised above: linear peptides often lack a well-defined struc-
ture, while proteins exert their various activities through folding into stable
three-dimensional assemblies.?

This short repetition of textbook knowledge above instantly raises another
question: ‘Is there a way to fix a well-defined structure within a peptidic bio-
molecule?” Well, the title of the book you hold in your hands readily reveals
the answer: Yes! — and it can be achieved through introducing cyclic or mac-
rocyclic motifs! Nature and scientists alike make use of these conformational
constraints, which drastically reduce the degree of rotational freedom within
the backbone, thereby orienting the side chains in favorable directions and,
thus, tethering fascinating biological activities and other favorable proper-
ties into otherwise inactive peptide sequences.?*°

1.2 Conformational Constraints

Restricting the conformational freedom of a peptide can be achieved by dif-
ferent means.?® In addition to the just-mentioned macrocyclization strategy,
available torsional angles can be reduced through bulky amino acid side
chains, where only some of the possible dihedral combinations are allowed
at the corresponding and neighboring residues due to steric hindrance.*
Furthermore, the presence of a proline readily fixes the @ dihedral at this
residue as a consequence of the covalent linkage of the alkyl side chain to
the a-amine. The w dihedral, which is commonly referred to as the peptide
bond, can be cemented into each of the two possible conformations through
biomimetic exchange, for example by the use of 1,2,3-triazoles or other het-
eropentacycles.”® However, introducing a cycle/macrocycle is the strategy
that has the most prominent impact on the overall conformational freedom
effecting a multitude of residues and not only some selected positions within
the peptide chain.?

There are three straightforward concepts to achieve a looped structure
within a peptide:

Head-to-tail-, side chain-to-side chain-, and side chain-to-terminus-
cyclization.**?*> Multiple loops are also regularly found in peptides, e.g. a com-
bination of a head-to-tail- and a side chain-to-side chain-macrocycle. If the
looped amino acids are only connected via amide bonds, this compound is
called ‘homodetic’.*® In cases where any other linkage is involved (e.g. disul-
fide or depsipeptide bonds), it can be referred to as a ‘heterodetic’ peptide.*
According to the IUPAC, a macrocycle consists of at least twelve atoms. Hence
the simplest homodetic macrocyclic peptide is a covalent circuit built up of
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at least four residues. However, smaller (non-macro-)cyclic motifs also occur
containing only a limited number of constrained bonds. Figure 1.3 depicts
some of the most simple and common motifs.** Comparing these structures,
it immediately becomes clear that each individual mode of cyclization can
result in a completely different geometry of the looped compound.
Noteworthily, far more complex patterns have been observed in peptidic
natural products including, for example, thioether linkages commonly found

tail
head (C-terminus)

(N-terminus)

sidechains suitable
for macrocylization
sidechains suitable (e.g. cysteine, glutamic acid)
for macrocylization

(e.g. cysteine, lysine)

linear peptide
[ |
head-to-tail ] complex
/ (e.g. head-to-tail and
sidechain-to-sidechain)
sidechain-to-sidechain sidechain-to-terminus
(e.g. via disulfide bond, (head-to-sidechain or
amidebond...) sidechain-to-tail)

Figure 1.3 Common modes of macrocyclization shown for the example of a
generic peptide chain containing two cysteines, a lysine, and a glutamic
acid. All other residues are not shown. The peptide backbone is given
in orange, carbon in black, nitrogen in blue, oxygen in red, and sulfur
in yellow.
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in lanthipeptides.*® As described for proline, the backbone amide nitrogen
can also be used as an anchor point for building a covalent ring structure.’’
Considering all these possibilities for the generation of cyclic peptides,
the issue of choosing the appropriate one for each situation is difficult.
High-throughput screening methodologies employing e.g. phage display
technology can provide access to interesting cyclized peptidic structures.*
However, researchers often rely on structures that have been provided by
nature and can readily be exploited for various applications.

A very prominent showcase for the complexity and finesse of naturally
occurring macrocycles is the glycopeptide vancomycin (Figure 1.4).*® This
compound is one of the most important last resort antibiotics for the treat-
ment of multidrug-resistant Staphylococci.®® Its peptidic portion is rather
small, consisting only of seven amino acids.

Interestingly, six of these are non-natural ones with four being D-amino
acids. The larger non-peptidic part helps to form the three macrocycles con-
taining a hydroxylated biphenyl motif, an ether-linked dichloroaryl-system
and two sugar moieties (glucose and vancosamine).

With its tightly fixed three-dimensional shape, vancomycin is able to selec-
tively bind to D-alanine residues within the peptidoglycan layer of Gram-posi-
tive bacteria, thereby disrupting proper cell-wall synthesis and, hence, killing
them."

In contrast to the tightly fixed structure of vancomycin, a linear peptide
has to adopt a bioactive conformation upon binding to its target. If the flexi-
bility of this compound is high and it can exist in a multitude of different
(inactive) geometries, its binding affinity will suffer from a severe entropic

Figure 1.4 Three-dimensional (left) and chemical (right) structure of vancomy-
cin.” The peptidic portion is highlighted in dark grey, the hydroxylated
biphenyl- and ether-linked dichloroaryl-systems are shown in grey, and
the two sugar-derived moieties are given in yellow.
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penalty significantly affecting the Gibb's free energy of binding (AG) and,
hence, its binding/dissociation constant (Kp) (eqn (1.1) and (1.2)).

AG = AH — TAS. (1.1)

with AH being the binding enthalpy, T being the temperature, and AS being
the binding entropy;

AG

K, = ekl (1.2)

with R being the universal gas constant.

The establishment of one or maybe multiple constrained cyclic motifs
helps to reduce this unfavorable thermodynamic profile of a peptide. Of
course, this benefit can only become evident when the applied mode of rigid-
ification does not interfere with binding (e.g. through steric clashes), render-
ing the rational design of suitable loop structures a difficult, yet, worthwhile
endeavor.

1.3 Cyclic Peptides as Pharmaceutical Agents

The number of examples of cyclic peptides from the ‘middle space’ (vide
supra) as active principles in clinically used drugs is rather sparse compared
to the ‘classical’ approaches relying on small molecular entities or biologi-
cals. To date, around 40 cyclic peptide-based drugs are in clinical use, while
the majority of the market is still governed by New Chemical Entities (NCEs,
~90% market share).’”*> But the interest of the pharmaceutical industry in
developing novel therapeutics based on cyclic peptides is currently grow-
ing."»* For sure, this is a notoriously underexploited structural space with
high potential for scientific as well as application-driven exploration.**

But first of all, let's have a look at the downsides. In general, peptides
are commonly considered as not drug-like. From the perspective of small
molecule-based drugs, this holds perfectly true: peptides usually violate
the well-known ‘Lipinski rule-of-five’ used to qualitatively estimate the
possible oral bioavailability of a given compound.*® Even a short sequence
of only ten amino acids readily has a molecular weight of over 500 Da,
more than five hydrogen bond donors, and more than ten hydrogen bond
acceptors, while the high number of rotatable bonds is also supposed to
negatively affect oral uptake.?”” Importantly, the amide bonds connecting
each of the amino acid monomers are susceptible to enzymatic hydrolysis
by proteases and peptidases abundantly present in the intestines, leading
to the fast degradation of most peptides.*®*’ As a consequence, peptides
usually possess no or only a very poor oral bioavailability.”® Hence, the
most common routes for administration of peptidic drugs are intravenous,
subcutaneous, or intramuscular. However, even if a peptide has entered
the bloodstream, it is usually rapidly eliminated from the system by renal
clearance.” Although from the perspective of small molecular entities
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peptides are quite large, they are rather small as compared to other bio-
medicals like immunoglobulin-based drugs. Hence, they fit through the
pores of the glomeruli of the kidney, which have a diameter of around
8 nm and effectively remove hydrophilic substances from the plasma. Only
larger polypeptides and proteins with a molecular weight cut-off of around
50 to 70 kDa are less prone to elimination by this glomerular ultrafiltration
step. Taken together, all these handicaps usually result in a poor pharma-
cokinetic profile of linear and natural peptides with in vivo half-lives of
only a few minutes.”

Noteworthily, some of these shortcomings can be overcome by switching
the regime from linear to cyclic peptides. First and foremost, it has been well
documented that the looped congeners are much more resistant towards
hydrolytic degradation.” Many peptidolytic enzymes require that the resi-
dues at the cleavage site within the peptide substrate accommodate a cer-
tain backbone conformation to facilitate proper recognition by the P and
P’ sites of the protease to promote cleavage of the amide bond.*® The circu-
lar constraint can prevent the compound from adopting this substrate-like
conformation and, thus, protect it against the enzymatic attack of exo- and
endopeptidases. Of course, the observant reader will notice that the num-
ber of rotatable bonds is significantly reduced due to the cyclic constraint
as laid out earlier (vide supra), which is an additional benefit. In the case
of head-to-tail cyclization, two of the ionizable groups, namely the N- and
C-terminus, are removed.> This results in a lowered polarity of the com-
pound. Additionally, unfavorable free hydrogen donors and acceptors can
be masked due to intramolecular hydrogen bonds made possible by fixing
an appropriate geometry and in turn further rigidifying the overall struc-
ture. In several cases, it has been demonstrated that cyclic peptides pos-
sess improved membrane permeability as compared to their linear variants,
which is an important parameter for passive absorption in the gastrointesti-
nal tract.”® As a consequence, cyclic peptides CAN indeed demonstrate rea-
sonable oral bioavailability.>* A prime example is cyclosporin A (Figure 1.5),
which is obviously ‘not drug-like’, but has a reasonable bioavailability of
about 30%-40% depending on the formulation.’® It is in clinical use as an
immunosuppressive agent for the treatment of e.g. graft-versus-host disease
in bone marrow recipients.*®

Having a closer look at the structure of cyclosporin A, it becomes clear
that in addition to the 33-atom-spanning macrocycle, several non-natural
amino acids as well as N-methylation at seven of the eleven amide bonds
are present. All of these intriguing motifs contribute to the stability of cyclo-
sporin A against enzymatic degradation. In addition to the macrocycle, the
extensive N-methylation of this compound has been discussed as another
important feature for achieving the unexpectedly good oral bioavailability.>®
The methyl groups reduce the number of unpaired hydrogen bond donors
in the molecule, which, as we have learned, should be kept to a minimum.
Interestingly, the remaining hydrogen bond donors sum up to a number of
five. So at least this Lipinski criterion is fulfilled. As a consequence, masking
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Figure 1.5 Three-dimensional (left) and chemical (right) structure of cyclosporin
A.%” Color code on the left side: carbon = grey, nitrogen = blue, oxygen =
red. Hydrogens left out for clarity.

the most exposed amides through N-methylation has been proposed as a
rational design principle to enhance the membrane permeability and, thus,
oral bioavailability of a given peptide.’® Noteworthily, due to the large num-
ber of hydrophobic residues and methylated amide nitrogens, cyclosporin
A has an undesirable poor solubility. This highlights the necessity to bal-
ance the described measures (reduction of hydrogen bond donors and
acceptors) against physicochemical parameters during medicinal chemistry
optimization.

This has been an encouraging example for a compound with oral bioavail-
ability far beyond the Lipinski space, which fostered further investigations
of the possibilities to develop peptide-based drugs for oral intake. From a
clinical standpoint, this is highly desirable as the parenteral routes of admin-
istration are usually associated with reduced patient compliance due to their
invasiveness and inconvenience.’® Hence, several methodologies, including
the generation of pro-drug conjugates or nanoparticular delivery systems,
have been studied to improve oral uptake.>* But a generic approach has not
yet been developed and still remains a challenging task. However, applica-
tions where oral administration is not the preferred route, like e.g. topical
treatment of wounds or pulmonary delivery into infected lungs, can readily
make use of cyclic peptides as therapeutic agents.

As pointed out above, clearance is another pharmacokinetic issue of
(cyclic) peptides. A straightforward approach to escape glomerular ultrafil-
tration is to increase the molecular weight.’® To this end, the peptide drug
can be covalently linked to large biocompatible polymers like polyethylene
glycol (PEG) or plasma proteins, which inherently provide long circulation
times.* The latter approach makes use of native substances like albumin or
the constant regions of immunoglobulins (Fc), and results in circulation half-
lives of up to several days.’! This strategy results in a permanent increase in
the molecular weight of the active principle, which is detrimental for tissue
penetration and intracellular delivery. In order to overcome this drawback,


http://dx.doi.org/10.1039/9781788010153-00001

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00001

View Online

10 Chapter 1

reversible attachment can be achieved by conjugation to albumin-binding
molecules, resulting in an enhancement of the circulation half-life for the
corresponding peptide from minutes to hours.”® Both strategies, perma-
nent and non-permanent, have already been exploited for the development
of peptide-based drugs in clinical use and novel technologies are currently
under investigation.>!

So far, we have debated the pharmacokinetic issues of peptide-based drugs
and ways to circumvent them to a greater or a lesser extent. But, what are the
advantages of this type of compound? As they are assembled from naturally
occurring building blocks (amino acids), drug metabolism is rather predict-
able resulting in biocompatible and non-toxic degradation products.* This
holds especially true for solely homodetic compounds, which usually results
in good safety and tolerability profiles.* Due to their increased size com-
pared to small molecular entities, peptides provide the potential to estab-
lish more favorable directed interactions with their target.>® This has several
benefits. First, this leads to a commonly high potency and, thus, efficacy of
peptides.** Second, increased selectivity can be expected as the specific inter-
actions are very likely to fit only to the target of choice.** And last but not
least, targets that are notoriously difficult to address with small molecules,
like macromolecule-macromolecule interactions, can become druggable
when using peptides.*

1.4 End of the Prologue

Without doubt, natural product-derived and synthetic cyclic peptides have
received growing interest from the scientific community in recent years. This
has been accompanied by a noticeable renaissance of activities by the phar-
maceutical industry in the field of peptide-based drugs. In this regard, the
macrocyclization motif offers a number of advantages over linear analogs,
like improved stability, potency, and membrane permeability. These favor-
able chemical and physical properties can be exploited for various applica-
tions, which are certainly not limited to pharmaceutical exercises.

To shed light on the fascinating aspects associated with cyclic peptides,
this book will provide the reader with a detailed discussion of the current
knowledge on their biosynthesis (Chapters 2 and 3) and information on
very recent work looking to incorporate novel structural units (Chapter 4).
A subsequent review section on the use of classical chemistry approaches for
cyclic peptides will include an introductory part (Chapter 5) accompanied by
selected specific examples (Chapters 6-9). Then, an example of how synthe-
sis and biological methods can be combined will be described (Chapter 10)
followed by a section focusing on the analysis of cyclic peptides (Chapters
11-13). The last four chapters (Chapters 14-17) of the book will highlight the
use of cyclic peptides in biology and in drug discovery.

Finally, the authors of this book hope to generate a spark of appreciation
for the potential and beauty of cyclic peptides, contrasting the rather dispar-
aging undertone resonating along with their original word stem peptds.
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CHAPTER 2

The Biosynthesis of Cyclic
Peptides — RiPPs — An Overview
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2.1 Introduction

A survey of sources of drugs covering the years 1981 to 2014 revealed that nat-
ural products accounted for approximately 1/3 of total molecules approved
for clinical use. Interestingly, for antimicrobial and anticancer agents, 1/4
were natural products and over half were derived from natural products.'
Perhaps unsurprisingly, compounds that have evolved to regulate biological
processes turn out to have useful medicinal properties; something humanity
has relied on for many years. In addition, even if not fit to be used as drugs,
natural products can disclose new targets for the treatment of disease.” Nat-
ural products have thus dominated medicine for most of the 20th century.
Advances in high-throughput screening methodology, chemical synthe-
sis and automation have made it possible to screen hundreds of thousands
of compounds against a given target or cell line (phenotype) in a relatively
short time. Since natural products are known to be useful, it might have
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been expected that compound libraries would be dominated by them.
However, the high molecular weight (often above the 500 Da threshold set
by Lipinski’s “rule-of-five”®), lack of availability (because they are either
hard to synthesize or hard to isolate) and molecular complexity of natural
products has made them under-represented in compound libraries.* Mac-
rocyclic molecules with their greater information content are uniquely
placed to target historically difficult problems such as protein-protein
interactions.’

Ribosomally synthesized and post-translationally modified peptides
(RiPPs) are currently an active area of research. A RiPP is defined as a
molecule that is made on the ribosome and has undergone at least one
enzyme-catalyzed post-translational modification.® These modifications
encompass a wide range of chemical transformations, and in this review we
focus on the formation of macrocyclic RiPPs. Cyclic peptides have desirable
properties, such as resistance to protease degradation and structural rigidity,
which make them desirable therapeutic molecules.” Since RiPPs are genet-
ically encoded, structural and chemical diversity can be programmed. The
enzymes that catalyze post-translational modifications combine exquisite
chemical specificity and substrate promiscuity. This apparent contradiction
arises from the use of substrate leader or tail sequences outside of the core
peptide (which becomes the natural product) to direct the actions of the
post-translationally modifying enzymes. Conceptually, RiPPs can be thought
of as hybrids between natural products and biologics since they can be genet-
ically encoded, tailored and produced in culture on a large scale.

Additionally, although several strategies for the chemical synthesis of
peptide macrocycles exist, they face drawbacks limiting their ring size and
composition.? For the synthesis of small to medium sized macrocycles, the
peptide bond geometry hinders the peptides from adopting a favorable con-
formation for macrocyclization. In the case of larger rings, although the pep-
tide bond geometry does not present an obstacle, side reactions and other
intermolecular reactions must be avoided.®*® Enzymes have evolved to over-
come these obstacles, performing macrocyclization by a plethora of distinct
strategies, which will be discussed here.

In this chapter, major classes of cyclic RiPPs are discussed in terms of their
sources, structural diversity, including distinct types of post-translational
modifications, and biological activities. We highlight some attempts to
increase the scope of the biosynthetic machinery to further expand natural
product diversity. The nomenclature and characterization of RiPPs follows
the designation proposed for this class of natural products by Arnison et al.®

2.2 Cyanobactin Biosynthesis

Cyanobactins were first isolated from ascidian marine organisms in the
1980s."° They are amongst the most abundant cyclic peptides in nature,
and 10-30% of all cyanobacteria on earth produce such molecules."" Many
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cyanobactins have been found to possess biological activity. Examples are
kawaguchipeptin B, which has antibacterial activity, phakellistatin 1 and
patellamide A, which inhibit cancer cell growth, and patellamides B and C,
which reverse multi-drug resistance in cancer cells."

The biosynthetic enzymes involved in cyanobactin biosynthesis were
identified in a landmark paper'® and are shown in Figure 2.1 along with the
biosynthetic scheme for patellamide C and trunkamide A. The biosynthetic
machinery carrying out cyanobactin production is arranged in a gene cluster
in which the sequence for the precursor peptide is one of the genes. Cyano-
bactin gene clusters always encode two protease genes (A for a protease, G
for a protease operating as a macrocyclase), one precursor peptide gene (E)
and two genes, B and C, which have unknown function and are non-essential
for cyanobactin production in vitro. More variable are the presence of genes
encoding heterocyclases (D, forms thiazolines and/or oxazolines, also known
as cyclodehydratase), prenylases (F) and thiazoline/oxazoline oxidases (often
a domain of the G protein)."

The precursor peptide encompasses the core sequence that encodes the
final highly modified cyclic peptide (typically 6-20 amino acids'!), and this
core is flanked by additional elements required for recognition by the modify-
ing enzymes.">'® In many E proteins, there are multiple core peptides within
the same precursor. In several cyanobactins, some or all of the cysteines are
converted into thiazolines, whilst serine and threonine remain unmodified,
whilst in others the serines and/or threonines are also heterocyclized (to
oxazolines). The heterocyclase reaction is ATP-dependent and requires the
presence of the leader (Leader 1) and must precede cleavage, macrocycliza-
tion and oxidation."”

Wild-type heterocyclases catalyze their reactions in a distributive ordered
fashion. The C-terminal cysteine is heterocyclized first, followed by inter-
nal cysteines, and finally threonines and serines.'®' The heterocyclase
enzyme from patellamide biosynthesis has been engineered to abolish
the requirement for a leader, improving the biocatalytic properties of the
enzyme.>

For macrocyclization to occur, the leader sequence must first be removed,
a reaction catalyzed by a protease (A protein).?* After leader removal, the
macrocyclase enzyme catalyzes peptide bond formation between the new
N-terminus (an amine) and the acyl enzyme intermediate of the terminal
core sequence (in doing so the flanking tail is cleaved from the core).>**
The presence of a proline or thiazoline/thiazole at the terminus of the core
peptide and immediately preceding C-terminal recognition sequence 1 is
required for macrocyclization.* This residue kinks the chain such that the
peptide does not adopt a -strand conformation, which would clash with the
protein. The macrocyclase recognizes the C-recognition tail and acts via an
acyl enzyme intermediate. The cyclic peptide product can be further modi-
fied by oxidation of the thiazolines/oxazolines to generate thiazoles/oxazoles
or O-prenylation of serine, threonine and tyrosine.'*°
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Figure 2.1 Biosynthesis of cyanobactins. As an example, the biosynthetic pathway
for patellamides (the most well-studied) is shown. (a) General organi-
zation of the gene cluster for cyanobactin biosynthesis. The precursor
gene sequence encodes two copies of the precursor peptide. Therefore,
Leader I and RS I are for the first precursor peptide and Leader II and
RS II are for the second. On panel b, only one copy is shown for simplic-
ity. (b) Biosynthesis of patellamide C and trunkamide A. Modified from
Current Opinion in Chemical Biology. 35, C. M. Czekster, Y. Ge and J. H.
Naismith, Mechanisms of cyanobactin biosynthesis, 80-88,?! Copyright
(2016), with permission from Elsevier.
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2.3 Lanthipeptides

Gram-positive bacteria such as Streptococcus and Streptomyces,” as well as
Gram-negative bacteria such as Cyanobacteria, Bacteroidetes and Proteo-
bacteria,?® produce toxins called lanthipeptides, which inhibit the growth of
competing bacterial species. Nisin A (Figure 2.2) is produced by some strains
of Lactococcus lactis and possesses bactericidal activity caused by its inter-
action with the precursor of cell wall peptidoglycan lipid II, forming mem-
brane pores.* Because of its bactericidal action, nisin A has been used as
a food-preservant for decades.”® Duramycin, another lanthipeptide, is cur-
rently being evaluated for the treatment of cystic fibrosis.*

Lanthipeptides possess polycyclic thioether amino acids (lanthionine or
3-methyllanthionine - Figure 2.2), derived from dehydroalanine and dehyd-
robutyrine residues, respectively.’!

Analogous to cyanobactins, a leader sequence is required for substrate rec-
ognition by lantibiotic synthetase, although an engineered variant that does
not require the leader sequence has also been developed.’” The lanthionine
or 3-methyllanthionine residues are introduced by a two-step process. The
precursor peptide is modified both by a dehydratase and a cyclase enzyme,
and these steps can be catalyzed by distinct proteins or by a single protein
with different domains. The cross-linking reaction to form the macrocyclic
ring proceeds by Michael addition and is shown in Figure 2.2c.

Further modifications can be introduced by other post-translationally
modifying enzymes, such as the oxidation of thioether bonds to a sulfoxide,

(a) Nisin - L. lactis

Prefursor Dehydration  Transport Cycliza |0fémtecnfn Protease . Regulation ‘_‘_89” protection
E—
NisA NisB NisT NisC  Nisl NisP NisR NisK  NisF NisE Nis|
)\

(b)
°§/ HN k@ idehydration

NH,

HHN O
RYS? b»j RV
TrE % L A
NH NH "
='(_NH R SH
N o

NH

i(_
\_2: L cyclization
=S_/

S

Figure 2.2 Biosynthesis of lanthipeptides. As an example, the biosynthetic path-
way for nisin A is shown. (a) General organization of the gene cluster for
nisin A biosynthesis. (b) Structure of nisin A. Dehydroalanine residues
are in green, covalent bonds to form lanthionine or methyllanthionine
are in purple, amino acids covalently bound by a cysteine are in red
and blue. (c) Details of the reactions that form the cyclic peptide in this
pathway.
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hydrogenations of dehydroalanine and dehydrobutyrine to yield pD-amino
acids, chlorination, hydroxylation, N-glycosylation, and others.*

The substrate permissiveness of lanthipeptide biosynthetic enzymes
has been exploited to produce novel molecules with potential biological
activity.**?°

2.4 Thiopeptides

Thiostrepton A1l was first isolated from Streptomyces azureus ATCC 14921 in
the 1950s,*® but it was only in 2009 that it was classified as a RiPP and genes
from its biosynthetic cluster were identified (Figure 2.3a).*” Several other
members of this family of natural products have been identified since, show-
ing remarkable similarity in the gene composition of their gene clusters. Pep-
tides from this class possess a pyridine, piperidine or dehydropiperidine ring
in their core structure. Formation of this central six-membered ring structure
occurs through an intra-molecular Diels-Alder-like cycloaddition between
dehydroalanine residues, followed by dehydration (and in some cases elim-
ination).*® In some thiopeptides, such as thiomuracin I*° and thiocillin 1,%°
the six-membered ring forms the cyclic scaffold of the peptide final natural
product, and there is only one macrocycle present. In others, such as thio-
strepton (Figure 2.3b) and nosiheptide, the final natural product possesses
two macrocycles, connected by a central six-membered ring.*® Several other
modifications such as dehydration and heterocyclization are also present.
Some thiopeptides possess genes involved in transcription regulation,*! host
resistance and natural product efflux, although these are lacking in the gene
cluster for thiostrepton A2 (Figure 2.3b).

Several thiopeptides possess biological activities, and two are used com-
mercially: thiostrepton as a veterinary antibiotic, and nosiheptide as a
feed additive for animals.”? Several molecules of this class show potent
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Figure 2.3 Thiostrepton A2. (a) Biosynthetic cluster showing the functions of
genes crucial for biosynthesis. The precursor peptide is encoded by
gene A (black). (b) Structure of thiostrepton A2. Dehydroalanine- and
dehydrobutyrine-modified residues are shown in green, thiazoles are in
red, and dehydropiperidine is in purple.
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antibacterial activity and clinical trials using thiopeptides are ongoing to
treat bacterial infections caused by Clostridium difficile.*

The precursor peptide contains both an N-terminal leader peptide (between
34-55 amino acids long) and a C-terminal sequence (12 to 17 amino acids)
that contains the amino acids that will become the thiopeptide itself and in
some cases one or two extra residues that are posteriorly removed.** The iden-
tity of the proteases required to remove the leader and recognition sequences
is unknown, but these steps are required to yield the final thiopeptide prod-
uct. The backbone modifications present in thiopeptides are introduced by
enzymes similar to the ones from cyanobactin (thiazoles), lanthipeptides
(dehydrated residues) and linear azole-containing peptides. Cyclization of
the linear peptide occurs by the cycloaddition of two dehydroalanine resi-
dues to form the central six-membered ring - (piperidine, dehydropiperidine
(in Figure 2.3b) or pyridine) - in the peptide structure.*’

Modified thiostrepton variants have been generated.**° The modularity
and complexity of the biosynthesis of thiopeptides represents an opportu-
nity for further pathway and natural product engineering.*

2.5 Bottromycin

Bottromycins possess antimicrobial activity against multi-drug resistant
Staphylococcus and enterococci.’ They contain several distinctive structural
features such as a decarboxylated C-terminal thiazole and an amidine ring
(Figure 2.4). These molecules also contain several carbon-methylated amino
acids.

In bottromycins, a leader peptide is not present at the N-terminus of
the precursor peptide, but in the C-terminus (called a “follower” peptide).

(a) Transporter (b) Bottromycin A2
O-methyltransferase \ botC
" ] N o botRMT1
Methyltransferase (C-methylation of Phenylalanine) S
[l Precursor i

Q SNH 0
[l Cyclodehydratase botOMT »§¢ HN
] Radical SAM methyltransferase (C-methylation of valines) o HN botCD

Putative a/B hydrolase botRMT2 N\)Cj)\followed by botAH
Putative amidohydrolase M m/l“l:%
N

Cytochrome P450 HN

I Radical SAM methyltransferase (C-methylation of proline) & o
[ Transcription regulator botRMT3
Leucyl-aminopeptidase

botA botCYP botR
botT botOMT =~ botRMT1 ‘ BotC botCD botRMT2 > botH - botAH » botP

Figure 2.4 Biosynthesis of bottromycin A2. (a) Gene cluster from Streptomyces sp.
BC16019.7 (b) Structure of the final natural product, with post-transla-
tional modifications color-coded according to the enzymes performing
each reaction.”**
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This follower peptide is thought to perform a similar function as the leader
peptide in other RiPPs.

Recently the order of reactions in bottromycin biosynthesis has been elu-
cidated.” In Streptomyces scabies, macrocyclization was shown to require
both BotCD and BotAH enzymes in a two-step reaction in which the amide
is first activated by BotCD in an ATP-dependent manner and then cyclized
by BotAH. Oxidation of the thiazoline to thiazole is catalyzed by a P450
enzyme in Bottromycin biosynthesis. The precise mechanism by which
these reactions occur remains to be determined, but the order of post-trans-
lational modifications has been resolved. The N-terminal methionine of
the precursor peptide is cleaved by BotP (BtmM in S. scabies), then forma-
tion of thiazolines (BotC) and B-methylation occurs (BotMT1, BotMT2 and
BotMT3), followed by macrocyclization (BotAH and BotCD), hydrolysis of
the follower peptide (BotH), decarboxylation (BotCYP) and O-methylation
(BotOMT).>>°

2.6 Cyclic RiPPs from Plants: Cyclotides and
Orbitides

Flowering plants produce a range of cyclic peptides®” including cyclotides
which typically contain 28-37 amino acids. Their biological function is
related to the plant host defenses against pests, such as insects.*® Several
cyclotides have potentially useful biological activities,” including hemo-
lytic, cytotoxic and antimicrobial.®® The enzymes catalyzing cyclization
possess remarkable substrate promiscuity and have been extensively uti-
lized for the production of cyclic peptides containing unnatural amino
acids,®" as a strategy for protein ligation®»® and labelling.®® The precursor
peptide contains an endoplasmic reticulum signal sequence, an N-terminal
domain analogous to the Leader 1 sequence, and the core cyclotide
sequence (in some cases multiple cores) followed by a disposable C-terminal
recognition sequence. The enzymes responsible for macrocyclization
are asparagine-specific peptide ligases such as Butelase 1 from Clitoria
ternatea and OaAEP1 from Oldenlandia affinis. Although detailed mechanis-
tic studies on either enzyme are lacking, they are thought to possess a
modified serine peptidase-type mechanism akin to other macrocyclases
such as PatGmac and prolyl oligopeptidases (see below on segetalins and
amanitins).**

The most well-studied cyclotide is kalata B1 (Figure 2.5a and 2.5b) but
other cyclotides have been described, with various structures and biological
activities. A cell penetrating cyclotide scaffold from Momordica cochinchin-
ensis (trypsin inhibitor-II, or MCoTI-II) has been employed as the basis for
novel drug molecules that bind to the oncogenic protein BCR-ABL,* angio-
tensin-(1-7)°® and HIV gp120 protein.*’

Orbitides are short RiPPs from plants that lack disulfide bonds. They are
composed mostly of unmodified r-amino acids, with a few exceptions such
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Figure 2.5 Biosynthesis of plant cyclotides. (a) Schematic of the macrocyclization
reaction in the biosynthesis of kalata B1, were a pro-peptide is converted
into a cyclotide possessing three disulfide bonds. The connectivity
between cysteine residues (cysteines are shown as light green spheres)
is represented by the light green lines in the scheme. The N-terminal
amino acid is colored blue, while the C-terminal residue from the core
sequence is in red. (b) Crystal structure of Kalata B1 from Oldenlandia
affinis.®® (c) Examples of other cyclotides: cyclotide varv F from Viola
arvensis,” vhrl from Viola hederacea,’® cycloviolacin 014 from Viola
odorata’ and designed cyclotide MTADbI13.%° For panels b and ¢, the
peptides are colored from N- (blue) to C-terminus (red).

as hydroxylation,’” an unusual methylation,”® and a p-tryptophan residue.®
Some orbitides have been shown to possess biological activity, albeit by
undetermined mechanisms.”

Segetalins are orbitides consisting of 5-9 amino acids, with some pos-
sessing estrogen-like’”> and/or vasorelaxant’® biological activities. These
molecules start from precursor peptides of 30-40 amino acids, in which the
core peptide is flanked by a leader sequence and by a recognition sequence.
The segetalins described to date comprise only natural amino acids, and
the only enzymes involved in their biosynthesis are an unidentified pro-
tease (oligopeptidase 1, or OLP1) and a macrocyclase (PCY1, or peptide
cyclase 1).”

2.7 Cyclic RiPPs from Mushrooms: Amanitins and
Dikaritins

Amanitins and dikaritins are derived from a core peptide sequence flanked
by disposable recognition sequences. The enzymes in the pathway catalyze
peptide bond cleavage, macrocyclization, hydroxylation, epimerization and
cysteine-tryptophan cross-linking.”®”?
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Amatoxins are found in mushrooms of the genera Amanita, Galerina, Lep-
iota, and Conocybe from the fungal phylum Basidiomycetes.”® a-amanitin
poisoning causes irreversible liver damage and is responsible for 90% of
fatal incidents with mushrooms.* Amatoxins are synthesized as a 35 amino
acid precursor, which is then cleaved, macrocyclized and further modified
including the introduction of the covalent tryptathionine bond between a
cysteine and a tryptophan, the defining feature of amatoxins. The identity of
the enzymes and the order in which these reactions take place remain exper-
imentally undetermined. Precursor peptides containing the N-terminal sig-
nature sequence MSDIN have been identified,®" as well as the protease that
catalyzes the cleavage of the leader sequence (POPA) and the macrocyclase
enzyme (POPB).*>® These are the only enzymes involved in amanitin bio-
synthesis characterized to date®***, and both belong to the prolyl oligopepti-
dase superfamily. An extensive kinetic characterization of the macrocyclase
from Galerina marginata revealed similarities with other prolyl oligopepti-
dases, as well as pronounced product inhibition caused by the long recog-
nition sequence.®® Figure 2.6a provides an overview of the biosynthesis of
amanitins.

Dikaritins are toxins from filamentous mushrooms, recently identified
as RiPPs.* They include the tetrapeptidic ustiloxins®*® and phomopsins.®”
Phomopsins are cyclic toxins with six amino acids produced by the Asco-
mycetes mushroom Phomopsis leptostromiformis. Ustiloxins are produced by
Ustilaginoidea virens and Aspergillus flavus. Dikaritins target tubulin, inhibit-
ing microtubule assembly, a valid strategy in the development of antitumor
drugs.® The biosynthesis of dikaritins is summarized in Figure 2.6b, and
the structure and biosynthesis of ustiloxin B is shown in Figure 2.6c. The
gene cluster encoding the proteins participating in the biosynthesis of usti-
loxin B from Aspergillus flavus contains a precursor peptide containing 16
repeats of the core peptide region. These sequences must be cleaved both
at the N- and C-terminus by as yet uncharacterized protease(s). The biosyn-
thesis of ustiloxins begins with macrocyclization and oxidation catalyzed by
three proteins (UstQYaYb), followed by methylation and oxidation of amino
acid side chains (UstM, UstF1 and UstF2). The final reaction is carried out by
a PLP-dependent enzyme that catalyzes decarboxylation and condensation
(UstD).* The biosynthesis of phomopsins shows several similarities to usti-
loxins, but several enzymes involved in modifying the cyclic peptide remain
undetermined.

2.8 Conclusion and Outlook

RiPPs are of great interest to the pharmaceutical industry. Cyclic RiPPs
possess important properties such as cell permeability, resistance to pro-
tease degradation and conformational rigidity. Structural and chemical
diversity can easily be programmed into RiPPs and they can be extensively
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Figure 2.6 Cyclic peptides from mushrooms. (a) Biosynthesis of a-amanitin from
the mushroom Galerina marginata. The precursor peptide is 35 amino
acids long, and a single enzyme from the prolyl oligopeptidase family
(GmPOPB) catalyzes peptide bond hydrolysis to release a 10 amino acid
leader peptide, followed by macrocyclization, releasing a cyclic peptide
product and a 17 amino acid long recognition sequence. The cyclic pep-
tide is further modified by uncharacterized enzymes to yield the final
toxic amanitin.’**° (b) The gene cluster required to produce ustiloxin
toxins from Aspergillus flavus.’* The complex nature of this short cyclic
peptide requires several modifying enzymes, as well as regulatory pro-
teins and transporters. (¢) The final structure of Ustiloxin B, showing
the amino acid scaffold, the post-translational modifications and the
enzymes involved.”>%

post-translationally modified enzymatically. A particular attraction of these
molecules is that they can be made both in vivo and in vitro. The former
approach allows the creation of cell factories, and by using error prone PCR
approaches, large numbers of variant core sequences. The later approach
holds potential in being able to combine chemical synthesis (thus allowing
huge diversity and fine tuning) with enzymatic transformation to produce
novel molecules at scale.

Macrocyclic peptides seem poised to become part of the solution to the
major problem of targeting protein-protein interactions inside the cell. Their
greater structural complexity allows them to encode much more information
than traditional small molecules, yet unlike biologics, macrocyclic peptides
can passively diffuse into cells.
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CHAPTER 3

Thioesterase Domain-mediated
Macrocyclization of
Non-ribosomal Peptides
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3.1 Introduction

Microorganism-produced non-ribosomal peptides (NRPs) display a nota-
ble range of biological activities due to the diverse and unique structures
they demonstrate. Their activities range from antibiotic (tyrocidine A, dap-
tomycin, vancomycin), to immunosuppressant (cyclosporin A), anticancer
(bleomycin), and anthelmintic (avermectin).! Most of these peptide-based
natural products have macrocyclic structures that are responsible for
their unique biological activities. First, the macrocyclization of the pep-
tide backbone strongly constrains the conformation of the otherwise
inherently flexible peptides, and intramolecular hydrogen bonds further
constrict potential conformations. The resulting semi-rigid structures are
not only specific and selective toward the binding of target proteins, but
also more membrane permeable and more resistant to proteolytic hydroly-
sis.>® In addition, unlike small molecule inhibitors (<500 Da), these larger
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molecules (500-2000 Da) could potentially disrupt protein-protein inter-
actions (Kq = 107" M'') and involve interactions over large surface areas
(700-1500 A%).%5

Macrocyclic NRPs are biosynthesized by large, highly versatile, multi-
functional mega-enzymes known as non-ribosomal peptide synthetases
(NRPSs). The biosynthetic machinery of NRPSs involves a so-called thio-
template mechanism analogous to that in fatty acid synthases (FASs)
and polyketide synthases (PKSs) (Figure 3.1).°'" As they are thoroughly
reviewed elsewhere, we will only briefly describe these synthases. NRPSs
are made up of multiple modules, each responsible for incorporation of a
monomer building block within the NRP. Modules are further subdivided
into functional domains, each catalyzes a reaction in the NRPS assembly
line. A single module typically contains at least three essential domains,
adenylation (A), peptidyl carrier protein (PCP; also referred to as thiola-
tion, T) and condensation (C) domains. A domains are responsible for
selection and activation of a substrate amino acid by ATP to generate an
aminoacyl-AMP. PCP domains play a central role in the NRP assembly line
as chaperones of the growing metabolite. Each amino acid is loaded onto
the PCP by attack of the thiol terminus of a 4-phosphopantetheine (PPant)
arm on the #0lo-PCP to the aminoacyl-AMP intermediate prepared by the
adjacent A domain. Once loaded, each amino acid is condensed with a
downstream amino acid to form a peptide bond. During the NRP assem-
bly line, the amino acids of aminoacyl-S-PCP can be further modified by
tailoring domains such as epimerization, methyltransferase, formylation,
heterocyclization, oxidation/reduction, and halogenation domains."’

Termination of NRP biosynthesis is commonly performed by thioesterase
(TE) domains located at the C-terminus of most NRPSs. TE domains play a
role in releasing full-length precursor peptides from NRPSs either through
hydrolysis with a water molecule or through macrocyclization with intramo-
lecular nucleophilic attack by free amino or hydroxy groups.'' Because of
their key role in product release and substrate macrocyclization, engineer-
ing TEs for the production of non-natural macrocyclic NRPs is a promising
approach toward preparing novel biologically active materials. Therefore, the
mechanisms and structures of the TE domains, as well as their interaction
with the PCP domains, have been extensively studied since the 2000s."*™*°
While the successful synthesis of truncated cyclopeptides through reloca-
tion of the TE domain has been reported, a general strategy to design mac-
rocyclic peptide analogues has not yet been established.'® As a result, efforts
to re-engineer NRPSs have been performed on a case-by-case basis. In this
chapter, we describe the general mechanism of macrocyclic NRP biosynthe-
sis, emphasizing the mechanistic role of TE domains. We also review recent
advances in the engineering of TE domains to understand their structures
and interactions with PCP domains, as well as efforts to modify TEs to syn-
thesize “non-natural” products.
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3.2 Types of Macrocyclic Non-ribosomal Peptide

Macrocyclic NRPs can be classified according to the nature of the bonds form-
ing their main chain." Typically, macrocyclization occurs in a head-to-tail
fashion between the N- and C-termini of a linear substrate. In some cases,
ester, thioester, and imine functionalities are also present in the peptide back-
bone. These electrophilic groups can be attacked by nucleophiles present on
the substrate, like amino, hydroxy and carboxylate groups. In this section, we
categorize the macrocyclic NRPs according to the nature of the main chain.

3.2.1 Cyclic Peptides

Peptide cyclization is achieved in two distinct manners, head-to-tail and
side-chain-to-tail. The immunosuppressant cyclosporin A and the antibiot-
ics tyrocidine A and gramicidin S are representative of head-to-tail macrocy-
clic peptides (Figure 3.2a). Cyclosporin A, a secondary metabolite isolated
from the fungi Cylindrocarpon lucidum Booth and Tolypocladium inflatum,
consists of eleven amino acids and contains ten non-natural amino acids,
including one p-amino acid and six N-methylated amino acids."” Cyclospo-
rin A specifically binds to the immunophilin cyclophilin, interfering with
protein—protein interactions and consequently inhibiting enzyme activity.'®
Tyrocidine A is a cyclic decapeptide with an anti-parallel B-sheet structure
isolated from the bacterium Bacillus brevis. Gramicidin S is a head-to-tail
cyclic decapeptide, which consists of a dimer of iterative pentapeptides con-
taining the non-proteinogenic amino acids b-Phe and ornithine. The struc-
ture of gramicidin S is also an anti-parallel B-sheet. Both antibiotics exhibit
an amphipathic character, which derives from the anti-parallel f-sheet and
the hydrophobic amino acids and ornithine residues. This structure specificity
enables broad-spectrum antibiotic activity by disrupting membranes."**°

In some cases, macrocyclization occurs between an amine-containing side
chain of a Lys or of a non-proteinogenic amino acid in the polypeptide chain
and the C-terminal carboxylic acid. Bacitracin is a branched macrocyclic
NRP that is bridged by the e-amino group of a lysine residue at position 6
and the C-terminal asparagine.’! Bacitracin inhibits the enzymatic dephos-
phorylation of C,s-isoprenyl pyrophosphate and consequently peptidoglycan
biosynthesis in the bacterial cell wall.?> Polymyxin is another cyclic antibi-
otic composed of a hexapeptide ring and a tripeptide side chain bound to a
fatty acid tail.® Polymyxin includes three amine-containing side chains from
diaminobutylic acid (Dab) residues in the cyclopeptide, and cyclization spe-
cifically occurs between the 1-Dab residue at position 4 and the C-terminal
L'Thr, providing a lariat structure.

3.2.2 Cyclic Depsipeptides

Depsipeptides are defined as peptides in which an ester bond replaces one
or more amide bonds. These ester bonds originate not only from the hydroxy
side chain of the proteinogenic amino acids (e.g, serine, threonine and
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Figure 3.2 Structures of the representative microorganism-produced NRPs. Struc-
tural features and macrocyclization points are shown in red. (a) Structures
of cyclic peptides. (b) Structures of cyclic depsipeptides. (c) Structure of
a thiolactone peptide. (d) Structures of imine-containing cyclic peptides.

tyrosine) but also from hydroxy groups found in non-proteinogenic amino
acids, fatty acids, and hydroxy acids. Many bioactive macrocyclic depsipep-
tides have been identified in microorganisms, such as fungi and bacteria.*
As an example, surfactins produced by various strains of Bacillus subtilis are
cyclic lipodepsipeptides, which consist of seven amino acids and branched
fatty acid chains of different length (Figure 3.2b).>*?° The ester bond of surfac-
tin is found between the B-hydroxy group of the N-terminus of the fatty acid
tail and the C-terminal of the carboxylic acid of L-Leu. Surfactin is a strong
biosurfactant with amphiphilic properties derived from the fatty acid tail and
two acidic amino acids, L-Asp and L-Glu. Fengycins also belong to a family of
lipodepsipeptides. Fengycin consists of a decapeptide and a fatty acid tail,
where eight out of the ten amino acids form the macrolactone ring between
the phenoxy group of D-Tyr and the C-terminal carboxylic acid of r-Ile. The
chain is formed with the dipeptide formed by D-Orn and L-Glu, the latter being
ester bound to a hydrophobic tail.*® Oligomeric cyclic depsipeptides can act
as iron chelators. Enterobactin, produced by Gram-negative bacteria such as
Escherichia coli, is a cyclic depsipeptide formed from a trimer of 1-Ser linked
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to 2,3-dihydroxybenzoic acid. It binds Fe(111) with a high affinity and is the
strongest known siderophore.”” When the cells lack ferrous iron, they secrete
enterobactin to the extracellular environment to chelate Fe(111), and then a
system of membrane proteins and esterases transports the enterobactin-
Fe(111) complex and releases the ferric ion in the bacteria cell.?® Some fungi
also produce cyclooligomer peptides such as beauvericin and PF1022.>° These
cyclic peptides show a wide variety of biological activities, including antibi-
otic, insecticidal, anthelminthic and herbicidal, as well as cytotoxic activities.

3.2.3 Cyclic Thiodepsipeptides

Thiocoraline is a cyclic thiodepsipeptide that was isolated from the actino-
mycete Micromonospora marina (Figure 3.2c). Thiocoraline consists of two
3-hydroxyquinaldic acid moieties, two rare S-methylated 1-Cys moieties, an
intramolecular disulfide bond, and a thiodepsipeptide backbone. The two
thioester linkages are formed between the thiol side chains of Cys residues
and the carboxylic acids of the two S-methylated 1-Cys residues.*® Thio-
coraline is a potent anticancer agent exhibiting strong anti-proliferative
activities against several cancer cell lines in vitro, as well as human carci-
noma xenografts in vivo.** This thiodepsipeptide belongs to the family of bis-
intercalators; however, the rare thioester linkage has, thus far, only been seen
in thiocoraline and BE-22179.%?

3.2.4 Cyclic Imino Peptides

Some cyclic NRPs possess a head-to-tail imine bond in the peptide back-
bone. The macrocyclic nostocyclopeptides A1 and A2 were isolated from
the cyanobacterium Nostoc sp. ATCC53789 and consist of a cyclic hepta-
peptide that possess an imine linkage (Figure 3.2d).* The aureusimines are
cyclic dipeptides found in the bacterium Staphylococcus aureus, and have a
unique pyrazinone structure that most likely derives from the spontaneous
cyclization of the dipeptidyl-aldehyde to form a dihydroxypyrazinone, which
is subsequently oxidized to a pyrazinone.*»** The biosynthetic enzymes of
these imine-containing natural products possess a reductase (R) domain in
the termination module instead of a TE domain.’>*® The R domains reduc-
tively cleave the thioester C-S, yielding holo-PCP and a peptidyl-aldehyde in
a NAD(P)H-dependent manner. Spontaneous condensation of the resulting
aldehyde with the N-terminal or the amine side chain of one of the residues
is believed to occur to provide the cyclic imine peptide.

3.3 Biosynthesis of Macrocyclic NRPs

A wide variety of NRPs are synthesized by multi-modular biosynthetic
assembly systems. The modules consist of the core A, PCP and C domains
and non-essential domains such as methylation and cyclization domains.
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The combination of each domain in the module leads to the structural diver-
sity of NRPs outlined in the previous section. Peptide release is carried out
by either TE, R or condensation-like (C;) domains located at the C-terminus
of the modular NRPSs.

3.3.1 NRP Biosynthesis

NRP biosynthesis starts with the selection of a building block by the A
domain.”® The A domain selects a cognate amino acid from a monomer
pool and activates it as an aminoacyl-AMP at the expense of ATP. The sub-
strates of A domains are not only the 20 proteinogenic amino acids, but also
non-proteinogenic amino acids, a-hydroxy amino acids, aryl acids and other
acids. The activated amino acid is transferred onto the thiol group of PPant
by the action of the A domain. The latter is post-translationally loaded onto
the hydroxy side chain of a conserved serine residue of the PCP domain
by 4’-phosphopantetheinyl transferase (PPTase) (Figure 3.3a).”” C domains
mediate the formation of new peptide bonds by catalyzing the nucleophilic
attack of the amine group of downstream aminoacyl-S-PCP toward upstream
aminoacyl- or peptidyl-S-PCP. Finally, the linear polypeptide appended on
the terminal PCP domain is loaded onto the TE domain, followed by nucleo-
philic attack of water or intramolecular cyclization (Figure 3.3b).

3.3.2 Thioesterase Domains

TE domains (~280 amino acids) are responsible for releasing the products
from NRPS modules in the final stage of the NRP assembly line. TE domains
belong to the a/p hydrolase superfamily, which includes lipases, esterases and
proteases.*® TE domains are classified in two types; type I TE domains (TE-I),
which are integrated into modular NRPSs, and discrete type II TE (TE-II)
domains.' While TE-I and TE-II domains structurally and functionally differ,
both types have the same highly conserved catalytic triad of Ser-His-Asp as
commonly found in serine hydrolases and proteases.*

3.3.2.1 TypeITE Domains

TE-Is are located in the terminal modules of multi-modular NRPSs. A num-
ber of crystal structures of TE-Is have been solved and their structural
characteristics identified. Although TE-I domains are structurally similar
to typical a/B hydrolases, they possess a distinct active site cavity and “lid”
region distinctive from serine hydrolases. Among TE-Is, these lid regions are
highly variable in sequence and may be responsible for the substrate selec-
tivity of TE-Is. Bruner et al. reported the structure of the excised surfactin
synthetase C (SrfAC) TE-I from Bacillus subtilis JH642 and showed the overall
TE structure in two distinct conformations, open (O) and closed (C) (Figure
3.3¢)." The SrfAC TE-I is a globular domain with a bowl-shaped active site
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Figure 3.3 Catalytic domains in NRP biosynthesis. (a) Post-translational modifica-
tion of apo-PCP to holo-PCP by PPTase. The PPant unit is attached to a
conserved Ser residue of PCP. (b) Schematic illustration of the reactions
catalyzed by each domain. (c) Crystal structures of the TE domain of
the surfactin synthetase SrfAC from Bacillus subtilis. The two confor-
mations are shown in open (O) and closed (C) forms. (d) Structure of
the type II TE domain of the surfactin synthetase SrfAD from Bacillus
subtilis. For (c) and (d), the a-helices and B-sheets are shown in green
and the lid region is colored in orange. The catalytic triad is displayed
as ball and stick models (magenta).

cavity and an o/ hydrolase-like fold missing strand B1, helix aD, and part of
oE. The structure of SrfAC TE-I consists of five a-helices and seven B-strands,
with a characteristic three-helix lid region between strands 6 and 7. The lid
region undergoes significant structural rearrangement when the TE domain
transitions from the (O) and (C) conformations. In the (O) conformation,
the lid is folded back, which allows peptidyl-PCPs to access the active site
of the TE domain. Conversely, in the (C) conformation the lid moves to
cover the active site in order to prevent solvent from reaching it, ensuring
that substrate release occurs via intramolecular cyclization of the substrate
rather than hydrolysis. The dynamic of the lid region of the SrfAC TE domain
clearly suggests that it has an important role in both substrate recognition
and macrocyclization catalysis.

The structure of the excised fengycin synthetase B (FenB) TE-I has also
been reported. FenB is structurally similar to SrfAC TE-I, only varying from
SrfAC TE-I in its lid region.*' The lid of FenB TE-I is shorter than that of
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SrfAC TE-I and lacks the aL1. In addition, unlike SrfAC TE-I, the FenB TE
domain was crystallized exclusively in its open state, such that substrates
have access to the active site of the TE domain. The lid region of FenB TE-I
may not play a role in substrate recognition, but rather prevent the binding
of unwanted macromolecular substrates. Interestingly, the sequence align-
ments of a selection of cyclic NRPS TE domains show significant differences
in the length of the lid regions among each TE domain. However, no cor-
relation between the length of the lid region and the members and mode
of macrocyclic products was found. Although the exact function of the lid
region remains unclear, continued efforts to characterize the structures of
TE-I domains could help determine its role more definitively.

3.3.2.2 Type Il TE Domains

TE-1Is are discrete hydrolysis enzymes found in many NRPS gene clusters,
which, unlike TE-Is, are not covalently bound to the synthases. Although
TE-IIs are not essential in NRP biosynthesis, these enzymes often play an
important housekeeping role in NRPS biosynthesis.*” Several studies have
demonstrated that TE-IIs hydrolyze unwanted substrates off of the PCP, as
the loading of nonreactive substrates can inactivate NRPSs. TE-II proteins
associated with SrfAD, BacT and TycF in surfactin, bacitracin and tyroci-
dine synthesis, respectively, have been shown to restore the NRPS activity by
removing substrates from misprimed peptidyl-PCPs. Such mispriming can
be caused by PPTases, as well as non-cognate amino acids loaded onto the
PCP domains in NRPS modules."*** In addition, the endogenous CoA pool
exists mostly in the acyl form, such as acetyl-CoA (~80%), in bacteria. TE-II
deacylates such PCPs, enabling their loading.*® Deletion of the TE-II locus of
SrfAD reduced surfactin production by 84% in the organism, demonstrating
the importance of these TEs.*® In addition, heterologous co-expression in
E. coli of valinomycin synthetases along with a TE-II encoded in the valino-
mycin synthetase gene cluster led to an 8.8-fold increase in valinomycin
production.”” In rare cases, TE-IIs also play a role in intermediate and product
release.*®

The structures of several TE-II domains have been resolved. These enzymes
also adopt a typical o/ hydrolase fold.*” Comparison of the structure of SrfAC
TE-I and SrfAD TE-II domains demonstrates that SrfAD TE-II has a shorter lid
region with a helix-turn-helix-loop motif that partially occludes the active site
(Figure 3.3d). In addition, the SrfAD TE-II domain features a shallower cavity
than the SrfAC TE-I domain, suggesting that it evolved to specifically accom-
modate small substrates.

3.3.3 Other Termination Domains

TE domain-catalyzed peptide cyclization is the most common mode for ter-
mination of bacterial NRP synthesis. However, the TE domain is absent in
the vast majority of fungal NRPSs, so another enzymatic route is used to
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catalyze cyclization and product release. The final module of the fungal mod-
ular enzymes consists instead of releasing domains such as reductase (R) or
condensation-like (C;) domains.>*">?

3.3.3.1 Reductase Domains

R domains (~350 amino acids) are found in fungal NRPS terminal mod-
ules and are responsible for the release of the polypeptide chain bound to
the final PCP domain and their successive macrocyclization. The reductive
cleavage of the thioester bond on PCP by the R domain requires NAD(P)H
as a cofactor.”® The resulting linear C-terminal alcohol or aldehyde moiety
of the freed peptide then non-enzymatically cyclizes via attack of either a
side chain or an N-terminal amino group to form a stable macrocyclic imine.
Wyatt and co-workers reported the structural and functional characteriza-
tion of the peptidyl aldehyde-producing R domain of aureusimine synthetase
(AusA).”* The in vitro chemoenzymatic synthesis of aureusimine analogues in
this study resulted in both pyrazinone products and diketopiperazine deriv-
atives. The AusA R domain possesses substrate preference for some amino
acid pairs, and it favors diketopiperazine formation through attack of the
free amine onto the thioester of the first amino acid. The sequence of the
AusA R domain is similar to the sequences of members of the short-chain
dehydrogenase/reductase superfamily, which includes other terminal NRPS
R domains. The crystal structure of AusA shows that the reductase adopts a
Rossmann fold that contains a central B-sheet surrounded by a-helices and
possesses a conserved Thr-Tyr-Lys active site catalytic triad. Further struc-
tural and biochemical studies are needed to fully assess the mechanism of R
domain-catalyzed reductive thioester bond cleavage.

3.3.3.2 Condensation(-like) Domains

In addition to R domains, some fungal NRPSs like cyclosporine or tryptoqui-
alanine synthases use condensation-like (Cy) terminal domains to release
the macrocyclic products.”*® The in vitro reconstitution and biochemical
characterization of the trimodular TqaA (tryptoquialanine synthetase) have
demonstrated that the C; domain catalyzes the release of a linear product
from the PCP domain that subsequently undergoes spontaneous cycliza-
tion.”® Efforts to probe the ability of C; domains to process mimics of the nat-
ural acyl-S-enzyme substrate of TqaA, like peptidyl-SNAC and peptidyl-CoA,
demonstrate that Ci-catalyzed cyclization requires interactions with the
partner PCP domain. Substrate mimics are not recognized as substrates, and
only the peptide tethered to the natural PCP partner was recognized as a sub-
strate. This C; domain dependence differs from TE domains, which accept
both peptidyl-SNAC and peptidyl-PCP as substrates.”” While preparing this
manuscript, the crystal structures of the TqaA C; and PCP-C; domains were
published.”® The overall structure of the TqaA C; domain adopts a pseudo-
dimeric open sandwich (V shaped) form, which shows high similarity
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to canonical C domains. These structures show that C; features a unique
N-terminal a1 helix and a shorter o2 helix than is observed in canonical C
domains. As a result, the acceptor site and the solvent channel are occluded,
which prevents nucleophilic attack on the peptide substrate by the solvent or
other adventitious nucleophiles. Since the C; domain is optimized for intra-
molecular cyclic condensation reactions and not linear peptide release, the
acceptor site of the C; domain is likely vestigial.

3.4 Mechanistic Insights into TE Domain-catalyzed
Peptide Cyclization and Release

TE domains catalyze two-step processes. In the first step, substrate peptides
are loaded onto the TE domain by transesterification of the PCP thioester.
Loading is then followed by product release.”® The general reaction mech-
anism is similar to the one of serine hydrolases apart from the situation of
product release by macrocyclization.

3.4.1 Loading Step

The nucleophilic active site Ser of TE domains attacks the carbonyl group of
the thioester of the peptidyl-S-PCP to form peptidyl-O-TE (Figure 3.4). This
serine residue is activated as a nucleophile by hydrogen bonding with nearby
His and Asp residues. In this catalytic triad, His acts as a general base depro-
tonating Ser as it reacts with the thioester moiety, thereby increasing the
nucleophilicity of its hydroxy group. Reaction of this His-Asp dyad-activated
hydroxy group with the thioester yields an anionic peptide-O-TE tetrahedral
adduct that is stabilized by an oxyanion hole, involving two backbone amide
N-H bonds. This tetrahedral intermediate then collapses with release of the
thiol-containing #olo-PCP.

3.4.2 Releasing Step

The second step of the TE-catalyzed reaction is the release of the TE-bound
peptide (Figure 3.4). The peptide-O-TE adduct is cleaved by attack of a nuc-
leophile on the ester carbonyl, again forming a tetrahedral intermediate.
Collapse of the tetrahedral intermediate releases the product. When the nuc-
leophile is a water molecule, linear peptides are released, as observed in the
biosynthesis of vancomycin and the p-lactam antibiotics.*>®' TE domains also
recruit intramolecular nucleophiles such as the side chain amine, hydroxy and
thiol groups of amino acids and other monomers to release cyclic products.
In the absence of a TE domain, the peptide thioester is recalcitrant toward
decomposition in aqueous solutions. This stability of the peptide thioester
bond demonstrates that the TE domain is essential to catalyze the hydrolysis
of this bond.*** Mechanistic insight into the TE-catalyzed macrocyclization,
which competes with hydrolysis, remains poorly understood. Considering the
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Figure 3.4 Mechanism of TE-mediated reaction for peptide loading and release.
[1] A mature peptide appended on the PPant of PCP reaches the active
site of the TE domain. [2] A Ser residue activated by the His-Asp dyad
attacks the thioester bond of the PPant of the PCP. [3] The anionic tet-
rahedral intermediate is stabilized by an oxyanion hole (red). Then
the thioether bond is broken and the PPant is removed from the TE
domain. [4] The ester bond is either attacked by a water molecule or
by an intramolecular nucleophilic residue. [5] An oxyanion hole (red)
stabilizes the tetrahedral intermediate again. [6] The peptide is released
from the TE domain and the active site of the TE domain is reactivated.

substrate preference, amino acid identity, and stereoselectivity of each cycliza-
tion, a general mechanism for this complex reaction may not exist, and instead
distinct TEs likely operate through related, but distinct mechanisms.

3.5 The Application of TE-I Domains for Synthesis of
Cyclic Peptide Analogues
Because truncated TE-I domains remain active in vitro, the use of these

domains in combinatorial synthesis of non-natural macrocyclic peptides has
emerged. Many studies have been carried out to characterize the function and
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structure of TE domains, as well as to develop chemoenzymatic approaches
to produce NRP analogues.

3.5.1 Excised TE-I Domains

The TycC TE domain was the first excised TE-I domain characterized exper-
imentally. The Walsh and Marahiel groups investigated the activities of the
excised TycC TE domain towards the macrocyclization of precursor peptides.’’
They demonstrated that the excised TycC TE domain efficiently catalyzes the
macrocyclization of linear tyrocidine-SNAC substrates and accelerates hydro-
lysis and cyclization by factors of 1 x 10° and 2 x 107, respectively. In addi-
tion, the TycC TE domain showed a high tolerance regarding the ring size
of the final macrocycle, catalyzing the formation of 6- to 14-membered rings
with a similar kinetic efficiency.®® The TycC TE domain is also quite permis-
sive in terms of the nature of substrate specificity, and a variety of synthetic
peptidyl-SNAC substrates could be processed by the enzyme (Figure 3.5a).
For each substrate, each amino acid in the tyrocidine decapeptide sequence
was replaced with Ala, which led to the identification of the key ‘recognition
residues’ of the peptide substrates. For the TycC TE domain, the p-Phel and
Orn9 positions of the peptide substrate are essential for macrocyclization. If
D-Phel is replaced with 1-Phe or D-Ala, no cyclization occurs; instead the pepti-
dyl-SNAC substrate is hydrolyzed by the enzyme, yielding linear oligopeptides
as reaction products. Interestingly, hydrolysis occurs with kinetic parame-
ters similar to the native tyrocidine substrate. Therefore, the replacement of
D-Phel with its enantiomer or a smaller aliphatic residue affects not the
loading of the substrate but the release of the product. Both Walsh et al.
and Marabhiel et al. also showed that the TycC TE domain could cyclize pep-
tide substrates with different amino acid lengths, as well as the gramicidin
S precursor. Further investigations on the TycC TE domain using tyrocidine
peptidomimetics in which amino acids are substituted or amide bonds are
replaced with PEG moieties or ester bonds confirmed that some backbone
functionalities are important for macrocyclization.®® Moreover, macrocycliza-
tion catalyzed by the TycC TE domain can be enhanced by addition of a non-
ionic detergent, resulting in 150- to 300-fold increases in the yields of cyclic
products.® Other excised TE-Is, from the gramicidin S synthetase (GrsB) and
SrfAC, have also been expressed and their catalytic activities for macrocycliza-
tion of each substrate peptide probed.®*%>¢

The key substrate residues for the macrocyclization catalyzed by the LicC
TE domain of lichenysin lipopeptide synthetase were identified using pepti-
dyl-SNAC analogues.®” These synthetic analogues with different configura-
tions of the p-hydroxy fatty acid and an amine group instead of the hydroxy
group of lichenysin showed the importance of the stereochemistry of the
B-hydroxy fatty acid and the presence of the hydroxy group for the enzymatic
macrocyclization. Furthermore, an Ala scan of the substrate peptides led to
the identification of Asp5 and Ile7 as the key ‘substrate residues’ recognized
by the LicC TE domain.
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Almost all excised TE-Is can react with the peptidyl-SNAC, apart from the
TE-Is from the fengycin synthetase (Fen) and the mycosubtilin synthetase
(Myc).%® To study the reaction of these excised TE-Is, peptidyl-CoA substrates,
which can be loaded on the apo-PCP by PPTase, were used instead of pep-
tidyl-SNAC (Figure 3.5b). Subsequently, the peptidyl-thiophenol was devel-
oped to overcome the limitations of peptidyl-SNAC as a substrate mimic
(Figure 3.5a).°° The improved leaving group ability of the thiophenol enables
the peptidyl-thiophenol substrate to react with the TE-I of both Fen and Myc.
With these new substrate mimics in hand, the excised TE-I domains pres-
ent an attractive means of generating cyclic NRP derivatives and macrocyclic
peptide libraries by cyclizing oligopeptides prepared using solid-phase pep-
tide synthesis (SPPS).

3.5.2 Chemoenzymatic Approaches to Generate Natural
Product Analogues

The macrocyclization of linear peptides in organic synthesis is often dif-
ficult because intermolecular oligomerizations often occur in competi-
tion with intramolecular macrocyclization. Traditionally, macrocyclization
of peptides is carried out at low substrate concentrations (10 °-10~* M)
to avoid this intermolecular reaction. In these cases, large volumes of
organic solvents can be required. Several chemical methods have been
developed to facilitate the synthesis of cyclic peptides.”®” The first exam-
ple of a chemoenzymatic strategy for the preparation of macrocyclic pep-
tides was reported by Walsh.”” Here a library of tyrocidine derivatives was
prepared using a combination of SPPS and the excised TycC TE domain
(Figure 3.5a). A collection of more than 300 linear decapeptide analogues
of tyrocidine immobilized on polyethylene glycol amide (PEGA) resin
through an ester linkage was prepared by automated SPPS in a 96-well for-
mat. These immobilized peptides were then cyclized using the TycC TE
domain. Assays of cyclization showed that TycC only reacts with substrates
that feature D-Phe - not its enantiomer - at position 4. This chemoenzy-
matic synthesis of a library of macropeptides identified two new bioactive
compounds featuring D-p-F-Phe and basic amino acids D-Arg or D-Lys at
the 1 and 4 positions of the peptide, respectively (Figure 3.5c). These com-
pounds demonstrated broad-spectrum activities against Gram-positive
and Gram-negative bacteria, as well as reducing the haemolytic activity
against human erythrocytes.

These chemoenzymatic strategies using the TycC TE domain led to the
synthesis of a number of glycosylated, (E)-alkene isosteric, PKS-hybrid and
chimeric tyrocidine peptide analogues, and remarkably novel integrin bind-
ing peptides (Figure 3.5¢).”*”7® To overcome streptogramin resistance, a
series of chimeric streptogramin-tyrocidine peptides were prepared by SPPS
and cyclized using the TycC TE domain.”” The chimeric peptides showed
broad-spectrum antibacterial activities including against streptogramin
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resistant species. Moreover, the modes of action of both the parent strep-
togramin and tyrocidine differ. Therefore, this chimeric macrocyclic pep-
tide can be defined as a new class of antibiotics. Another chemoenzymatic
approach to obtain streptogramin B analogues was conducted by Marahiel.”
The problem of epimerization at the C-terminal 1-Phg7 is recurrent in the
total chemical synthesis of streptogramin B. To achieve the synthesis of
enantiopure streptogramin B analogues, the TE-I domain of the pristinamy-
cin synthetase SnbDE was employed. SnbDE TE-I also showed remarkable
substrate promiscuity, tolerating modification at all seven positions of the
substrate, permitting the generation of new streptogramin B analogues. Of
particular note, SnbDE TE-I was shown to cyclize the only the r-isomer for
Phg at position 7; but the linear substrate racemizes in aqueous reaction
conditions. The solution was found in the cyclization of L-Phg7-PLP-SNAC,
which shifts the equilibrium of epimerization to provide a dynamic kinetic
resolution.

Daptomycin is an antibiotic used in the treatment of infections caused by
Gram-positive bacteria and belongs to a family of acidic lipopeptides that
includes calcium-dependent antibiotics (CDAs).*® These branched depsipep-
tides possesses a 5-amino acid macrolactone ring. Based upon this structure
similarity, the CDA TE-I domain showed surprising substrate tolerance to
the substitution of multiple residues in the peptide backbone, and multiple
daptomycin analogues have been prepared using the excised TE-I from CDA
synthetase.®’ The same group carried out the synthesis of analogues of the
acidic lipopeptide A54145.%> The truncated PCP-TE didomains from dapto-
mycin (Dap), CDA and A54145 synthetases were also expressed. These were
evaluated for their substrate specificities and the ratios of the rates of cycliza-
tion to hydrolysis. The A54145 PCP-TE could generate 9 to 11-membered lac-
tone rings, showing high cyclizing efficiency for the A54145 analogue with a
Val at position 13, with less than 10% of the hydrolysis product formed. The
activity of synthetic daptomycin analogues against B. subtilis revealed that
the residues Asp7 and Asp9 are essential to maintain the antibiotic activity.
The replacement of both Asp residues in A54145 also led to the complete loss
of antibacterial activity.®"**

On-resin enzymatic peptide macrocyclization has proven to be a conve-
nient method to generate macrocyclic peptide libraries. The enzymatic
accessibility of on-resin peptides also has been investigated by evaluating
the activities of hydrolases and proteases towards immobilized peptide sub-
strates.®® On-resin macrocyclization strategies have been successfully used
to synthesize new macrocyclic compounds with TycC, GrsB and cryptophy-
cin synthetase TE-1.7>7%%%% In all cases, the yields of ‘non-natural’ cyclic
peptides were lower than the yields of the cyclized native product. However,
sufficient materials for evaluation of biological activities were prepared.
Nonetheless, improvement of the efficiency and substrate promiscuity of
excised TE-I domains would facilitate the preparation of highly diverse cyclic
peptide libraries.
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3.6 Insight into the Interaction Between the TE-I
and PCP Domains

PCP domains play a central role in modular synthetases by shuttling the
growing peptidyl substrates/intermediates between catalytic domains in
type I NRPSs. Understanding the interactions between PCP and TE domains,
as well as other partner domains, is a prerequisite to engineering novel and
efficient biosynthetic pathways for cyclic peptides.

3.6.1 Interaction with the apo-PCP Domain

Frueh et al. reported the structure of the PCP-TE didomain of the entero-
bactin synthetase EntF (C-A-PCP-TE) subunit and the interactions between
the two partner proteins using protein NMR (Figure 3.6a).” To obtain the
homologous apo-protein, the active site Ser48 of the PCP domain was
mutated to Ala. This point mutation had no effect on the chemical shift
compared to the native apo-PCP-TE. The overall structure of the didomain
exhibited a well-defined relative orientation, including a hydrophobic
domain interface. Here the triple-helix bundle of the PCP domain is wedged
between the globular core and the lid (a4TE-a5TE) region of the TE domain.
The two helices of the lid region in the TE domain appear to cover both
the PCP and TE active sites. A distance of 17 A between Ser48Ala and the
active site Ser180 of the TE domain was estimated, which enables the 20 A
PPant prosthetic arm to access the TE active site. The surface of interac-
tion of the PCP domain was identified as involving residues found in the

Figure 3.6 Structures of the PCP-TE didomain of the enterobactin synthetase EntF
from Escherichia coli in the apo and holo forms where the PCP, TE and lid
region of the TE domain are colored in yellow, orange and forest green,
respectively. (a) Structure of the apo-PCP-TE didomain. S48A and the
catalytic triad residues of the TE domain are displayed as ball and stick
models (magenta). L3PCP is depicted in cyan. (b) Structure of the holo-
PCP-TE didomain. The o-hydroxyamide PPant (green) and the catalytic
triad residues of the TE domain (magenta) are displayed as ball and
stick models.
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beginning of a2PCP, including S48A toward the end of L3PCP and the single
turn helix a1’'PCP. This unique structure of a1’PCP has been observed in
related FAS and PKS acyl carrier proteins, but is absent in other excised PCP
domains.*® % This absence suggests that the motif may be responsible for
recognition of TE-I domains. In fact, point mutations of either Phe41 or
Phe42 in the a1'PCP resulted in the disruption of the interactions between
PCP-TE and the unfolding of the PCP domain. The PCP of the PCP-TE
didomain forms a conformation resembling the A/H state,”® although the
conformation was expected to be similar to the apo state. This indicates that
the TE domain appears to stabilize the PCP in the A/H state, in which more
hydrophobic amino acid residues protrude to form the PCP-TE interface.
Internal mobility of the PCP domain was observed, which leads to the low
intensity of the NMR signals for L3PCP and fast NH exchange. Reduced
intensities of the NMR signals were also shown in many residues of the lid
region of the TE domain, which indicates the slow modulation of this lid
region.

In this study, the interactions and dynamics between PCP-TE and other
partner enzymes were also reported. The titration of the promiscuous
PPTase Sfp against a solution of PCP-TE led to a change in the conformation
to the open form of the PCP-TE didomain, in which PCP:TE interactions
are either partially or completely disrupted. This result indicates that Sfp is
able to access the PCP’s conserved Ser residue by inducing dissociation of
the PCP-TE dimer. Also investigated was the interaction between the EntF
C domain and the PCP-TE didomain. As the interaction sites of PCP with
both the C and TE domains do not overlap, major chemical shift changes
by addition of the C domain to PCP-TE were observed at the C-PCP binding
interface, whereas minor changes in chemical shift were observed on the
TE domain. However, this study was performed with the apo-enzymes. It is
clear that the loaded PPant arm of the Z0lo-PCP domain will also influence
the structure and dynamics of both the PCP-TE dimer and the C-PCP-TE
complex.

3.6.2 Interaction with the holo-PCP Domain

In the biosynthesis of NRPs, all PCP domains undergo PPTase-catalyzed
post-translational modification to form the active form of PCP (kolo-PCP),
which has a PPant prosthetic arm on a conserved Ser residue.’” Therefore,
insights into the structural basis of the #olo-PCP-TE domain provide a better
understanding of the interactions, mechanism and conformation of these
domains during NRP assembly. The carrier protein is often disordered in
crystal structures due to its dynamic nature. To obtain the crystal structure
of the holo-PCP-TE domain, Liu et al. applied a synthetic CoA analogue with
an a-chloro-amide moiety, which would form a covalent bond with the active
site Ser or His of the TE domain (Figure 3.6b).”" Utilizing the a-chloro-amide-
CoA cross-linker, they were able to crystallize the crypto-PCP-TE domain of


http://dx.doi.org/10.1039/9781788010153-00033

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00033

View Online

Thioesterase Domain-mediated Macrocyclization of Non-ribosomal Peptides 51

the enterobactin synthase EntF and solve the structure with 1.9 A resolution.
The two proteins were observed in the asymmetric unit with a slight differ-
ence in the lid region, where a5TE of monomer B is disordered. Although the
disorder in the lid region has been observed in all crystallized TE domains
in NRPSs without the substrate, in monomer A only 4 residues (residues
1176-1180) could not be resolved. The phosphopantetheine arm attached to
Ser1006 of PCP lies in a channel leading toward the catalytic triad of the TE
domain. The cofactor forms a number of interactions with the TE domain.
In addition to the interaction of the phosphate group of the PPant arm and
a water molecule, Phe1077 and Trp1079 of the a1TE, as well as Ile1213 of the
lid a6TE form the hydrophobic pocket around the gem-dimethyl moiety of
the PPant arm. Mutation of Trp1079 abolished enterobactin production. The
two amide groups of the cofactor form hydrogen bonds with Ala1074 and
Ser1075 and are in van der Waals contact with GIn1080 of the TE domain.
Although the o-chloro-amide warhead of the cross-linker was expected to
form a covalent bond with the catalytic triad of the TE domain, the mass
spectral analysis of the crypto-PCP-TE showed that the structure was 18 Da
heavier than expected for a covalently modified crypto-PCP-TE complex. This
mass increase suggests that the a-chloro-amide moiety is hydrolyzed either
after forming the covalent linkage with the catalytic triad or during the time
needed for crystallization.

Compared to the NMR structure of the apo-PCP-TE EntF described in the
previous paragraph, the TE domain of the #0lo-PCP-TE reveals much more
about the structure of the didomain. Indeed, the helix a4TE is formed in the
lid region and the helices a7TE and a8TE in the core region. The structure of
the holo-PCP-TE also shows that the a1 and a2PCP helices move toward the
TE domain, while a5TE approaches the PCP domain. In addition, the interac-
tions between the lid region of the TE and the PCP domains can be more easily
distinguished in the presence of the cross-linker than in the apo-protein. To
summarize, cross-linkers can facilitate the resolution of these domains in
their catalytically active states.

3.7 Summary and Outlook

Natural macrocyclic NRPs and their derivatives display a broad range of
biological activity and are promising medicinal resources. Yet they are
underused drugs compared to conventional synthetic small molecules, in
part due to the complexity of their preparation.’* A better understanding of
the mechanism, dynamics, conformation and interactions of NRPS modules
and each domain will facilitate the application of NRPS enzymes to produce
bioactive natural product analogues.” In the synthesis of new macrocyclic
NRPs, the macrocyclization of linear peptides will remain a challenging step.
Although it has been demonstrated that TE domains have great potential
for producing natural product mimetic macrocyclic peptides, we cannot
yet engineer TE domains for specialized cyclization events. The restricted
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substrate specificities and low catalytic efficiencies of these enzymes dis-
courage organic chemists from utilizing a chemoenzymatic approach for
cyclic peptide synthesis. Thus far, studies on TE-mediated macrocyclization
have focused primarily on substrate recognition from the perspective of the
substrate. However there remains a lack of information regarding the resi-
dues or regions of the TE domain that are essential for the macrocyclization
to occur.**! Therefore, the identification of the specific amino acid residues
in the TE macrocyclization region, as well as the interactions between the
substrate peptide and the TE domain, may enable future engineering and
design of versatile TE domains for the development of novel macrocyclic
NRP analogues.
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The Biosynthetic Machinery
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Unnatural Cyclic Peptides
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4.1 Non-natural Cyclic RiPPs - Expanding the
Structural Space and Activities

From a structural viewpoint, many ribosomally synthesized and post-trans-
lationally modified peptide (RiPP) structures exhibit either a linear, mono-
or even multicyclic architecture of the peptide backbone. Cyclization as a
structural feature, i.e. the presence of macrolactone or macrolactam rings,
restricts certain conformations and thus is crucial in conferring bioactivity
and other molecular properties that secure the peptide’s function, e.g. higher
stability to proteolytic degradation or facilitated membrane transport.
Among the various members of the RiPPs, many comprise ring systems
and in fact they represent the vast majority, including the complex polycy-
clic lanthipeptides, the lasso peptides, and the branched cyclic thiopeptides,
as well as bottromycins, cyanobactins, microviridins, sactipeptides, amatox-
ins, phallotoxins, cyclotides, orbitides, and glycocins, in addition to some
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members of the conopeptides and autoinducing peptides." The core bio-
synthesis of all these ribosomally synthesized peptides first produces a lin-
ear precursor peptide with an approximate size limit of 10 kDa, which then
undergoes post-translational modification (PTM) guided to a specific part by
a leader peptide. Generally, the ribosomal synthesis of these peptides com-
monly involves a set of building blocks of 20 canonical amino acids (cAAs),
upon which the structural diversity can be massively increased by means of
PTMs.

Recently, it has been realized that the introduction of additional amino
acids into the above basic set, i.e. expansion of the biosynthetic repertoire
by so-called non-canonical amino acids (ncAAs), potentially could further
increase the structural diversity and give rise to additional novel chemical
functionalities (Figures 4.1 and 4.2). Hence, with this appealing approach,

lichenicidin BIip

capistruin nisin A
@ Pro analogues: @ Trp analogues:
(@ Met analogues: ) 9 (9 ED) (@ Met analogues:
@ Trp analogues:

Figure 4.1 Schematic representation of cyclic RiPPs: lichenicidin, capistruin, and
nisin A, of which the non-natural analogues have been generated by
ncAA incorporation using the SPI approach. Thp: L-thioproline, S-4F-
Pro: r-cis-4-fluoroproline, R-4F-Pro: L-trans-4-fluoroproline, 40H-Pro:
L-trans-4-hydroxyproline. Aha: 1-azidohomoalanine, Hpg: L-homoprop-
argylglycine, Nle: L-norleucine, Eth: 1-ethionine. 50H-Trp: 1-5-hydroxy-
tryptophan, 4F-Trp: L-4-fluorotryptophan, 5F-Trp: L-5-fluorotryptophan,
5Me-Trp: L-5-methyltryptophan, 7Aza-Trp: L-7-azatryptophan.
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@ v

lacticin 481 nukacin ISK-1

@ Orthogonal ncAAs: Orthogonal ncAA:
@ Orthogonal ncAAs: @ Orthogonal HOs:

Figure 4.2 Schematic representation of cyclic RiPPs: capistruin, microcin J25,
prochlorosin, lacticin 481, and nukacin ISK-1, of which the non-natural
analogues have been generated by ncAA incorporation using the SCS
approach. Nbk: Ne-5-norbornene-2-yloxycarbonyl-1-lysine, Alk: Ne-Alloc-
L-lysine, Ack: Ne-2-azidoethyloxycarbonyl-r-lysine, Pck: Ne-2-propyn-
1-yloxycarbonyl-I-lysine, Bok Ne-Boc-1-lysine, 3TFM-Phe: 3-trifluoro-
methyl-1-phenylalanine, 3-Br-Phe: 3-bromo-L-phenylalanine, 3-Cl-Phe:
3-chloro-r-phenylalanine, 3-Ni-Phe: 3-nitro-L-phenylalanine, Bzf: 4-
benzoyl-L-phenylalanine, HO-1: (S)-6-amino-2-hydroxyhexanoic acid,
Boc-HO-1: (S)-6-(Boc-amino)-2-hydroxyhexanoic acid, HO-2: (S)-3-(3-bro-
mophenyl)-2-hydroxypropanoic acid, HO-3: (S)-2-hydroxy-3-(4-(prop-2-
yn-1-yloxy)phenyl)propanoicacid, and O-Pr-Tyr (O-propargyl-L-tyrosine).

novel functional groups could allow for subsequent conjugation reactions
of labels or other ligands conferring new properties and functions to the
molecule.

As an alternative to the biosynthesis of RiPPs, Nature has evolved another
peptide biosynthesis pathway, performed by non-ribosomal peptide synthe-
tases (NRPSs), which deliver an even greater structural diversity. Remarkably,
genes or operons in the respective gene clusters dedicated to the biosynthe-
sis of non-proteinogenic amino acids provide additional building blocks,
which could be of interest for incorporation in RiPP biosynthesis. Process-
ing domains on NRPSs can introduce additional structural modifications,
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e.g. epimerization, and methylation. The recruitment of in trans acting
enzymes and a post-NRPS tailoring event can lead to an enormous struc-
tural diversity. Attempts to exploit and manipulate the modularity of RiPP
systems to alter and to design novel peptide structures have revealed these
systems to be even more sophisticated than expected (further details below,
Section 4.2).

While previous attempts to increase the structural diversity of in vivo pro-
duced RiPPs were mainly directed toward site-directed mutagenesis (SDM)
of the peptide sequence, more recently,>® more advanced technical methods
are at one’s disposal to perform the in vivo generation of non-natural RiPPs
by the incorporation of non-canonical amino acids.’® This in vivo incorpora-
tion of ncAAs into RiPPs is mainly achieved by two approaches: engineering
the genetic code by supplementation-based incorporation, and expanding
the genetic code by stop codon suppression.

4.1.1 The Supplementation-based Incorporation Approach

One main methodology used for genetic code engineering has been termed
“selective pressure incorporation (SPI)”, also known as “supplementation
-based incorporation” or “in vivo residue-specific substitution”.”*'® Nature
has evolved aminoacyl-tRNA synthetases (aaRSs) to distinguish between
cAAs in order to assure accurate translation into proteins and peptides.
However, aaRSs show a significant promiscuity towards isostructural ncAAs.
Hence, genetic code engineering is mainly based on the property of sub-
strate tolerance displayed by several aaRSs towards ncAAs (Figure 4.3). This
principle has been examined worldwide by many scientists for various dif-
ferent ncAAs.""""® Interestingly, what we now call genetic code engineering
was started before the genetic code itself was decrypted (1961-1964),'*"
and even before Crick proposed his “central dogma of molecular biology”
(1958)."® In 1957, Cowie and Cohen' used a Met-auxotrophic E. coli strain
to globally substitute Met with selenomethionine (SeMet). Ten years later,
Schlesinger performed the first study on an isolated protein congener, where
he substituted His with triazolealanine in alkaline phosphatase.?® Rediscov-
ery and amelioration of genetic code engineering by the SPI approach per-
formed by Tirrell”! and Budisa'® in the mid-90s paved the way for extended
applications in the field of protein engineering, X-ray crystallography and
nuclear magnetic resonance (NMR) studies, e.g. the structural investigation
of proteins by incorporation of SeMet and ’F-labeled amino acids.’

For genetic code engineering, the use of auxotrophic cells is mandatory
and this affords the inactivation of biosynthesis pathways of the correspond-
ing cAA. Briefly, the auxotrophs are grown until the second half of the expo-
nential phase. Then the dedicated cAA is depleted in the growth medium by
starvation. Subsequently, the new replacing ncAA is added and the expres-
sion of the gene of interest is induced (in the case of an inducible system).
The cAA depletion can be achieved by a media shift technique,>*! or by cal-
ibrating the cAA concentration in the used minimal medium to be totally
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Figure 4.3 General scheme for in vivo non-natural RiPP production using the SPI
and SCS approaches. NA: normal aminoacylation, SDM: site-directed
mutagenesis, SPI: selective pressure incorporation, and SCS: stop
codon suppression.

consumed by the mid-point of the exponential phase.®'* The media shift pro-
cedure is usually performed by growing the cells until the required growth
point is reached, upon which the cells are harvested by centrifugation and
resuspended in a minimal medium that lacks the cAA to be exchanged.’ The
cells are grown further in the minimal medium for a short starvation period
in order to deplete the target cAA from the cells, and then the ncAA to be
incorporated can be added.

A high incorporation efficiency achieved by this methodology is strongly
dependent on the control of the (inducible) expression system, such that the
expression of the target gene should only start when the cAA is depleted and
only the ncAA is available.**?*

Unlike proteins, to-date there are only a few examples of small peptides
from RiPP families containing non-natural amino acids. One early exam-
ple is the class II two-component lantibiotic lichenicidin from the lanthip-
eptide family (Figure 4.1), containing lanthionine (Lan) as a characteristic
structural motif. Lichenicidin is naturally produced by the Gram-positive
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bacterial strain Bacillus licheniformis 189 and consists of the two peptides Blia
and Blip. As a lantibiotic, lichenicidin has antimicrobial activities against
Listeria monocytogenes, methicillin-resistant Staphylococcus aureus, and van-
comycin-resistant Enterococcus strains. Blia and Blif synergistically interact
at nanomolar concentration against the targeted bacteria. Due to structural
homologies with other two-component lantibiotics, lichenicidin is proposed
to have a similar mode of action,* where Blia binds to the cell wall precursor
lipid II, thus inhibiting cell wall biosynthesis, followed by pore formation in
the cytoplasmic membrane via aggregation of the B-subunit to the Blio-lipid
II complex. The gene cluster of lichenicidin is composed of 14 genes that
regulate its biosynthesis. Upon gene expression of structural genes licA1 and
licA2, the resulting precursor peptides, Blia and Blif, undergo post-transla-
tional modifications by lantibiotic synthetases LicM1 and LicM2. These mod-
ifying enzymes recognize the N-terminal leader peptide of LiA1l and LicA2
and install Ser/Thr dehydrations and Lan/MeLan bridges in the C-terminal
core peptides. These PTMs are followed by export of the modified precursor
peptides outside of the cell by the transporter enzyme LicT. LicT concomi-
tantly has proteolytic activity targeting the double glycine motif, removing
the leader peptide and releasing the mature Blia and the premature Blif.>
Premature Bli still requires additional processing by the protease LicP in
the periplasmic space for removing an N-terminal hexapeptide and ulti-
mately releasing the mature Blip. Other genes in the lichenicidin gene clus-
ter encode self-immunity proteins (licFGEHI) or transcriptional regulators
(licXRY). While previously it proved difficult to heterologously express lan-
thipeptide pathways in E. coli as a versatile host, nearly the complete /ic gene
cluster was successfully cloned into the fosmid pLic5, and heterologously
expressed in the Gram-negative bacterium E. coli.*®

The successful establishment of the heterologous expression system of
the lichenicidin gene cluster in E. coli paved the way for the incorporation
of ncAAs into the two component subunits by SPI, since from E. coli sev-
eral auxotrophic strains are available. Thus, isostructural analogues of Pro
(r-thioproline (Thp), 1-cis-4-fluoroproline ((4S-F)-Pro), 1-trans-4-fluoroproline
((4R-F)-Pro), and L-trans-4-hydroxyproline ((4R-OH)-Pro)), and Met (r-ho-
mopropargylglycine (Hpg), L-azidohomoalanine (Aha), L-norleucine (Nle)
and r-ethionine (Eth)) (Figure 4.4) were incorporated into Blia by using the
pro-auxotrophic E. coli JM83 (Pro’) strain and the Met auxotrophic E. coli B834
(Met") strain, respectively.”” Trp surrogates (1-5-hydroxytryptophan ((5-OH)-
Trp), 1-4-fluorotryptophan ((4-F)-Trp), and 1-7-azatryptophan ((7-Aza)-Trp)
(Figure 4.4)) were incorporated into Blif} by using the Trp auxotrophic E. coli
WP2 (ATCC 49980) (Trp’) strain.” The purified congeners were analyzed by
high resolution HPLC-ESI-MS, and incorporation of the ncAAs was detected
based on the characteristic mass shift of the molecular masses of Blia and
Blip. The incorporation of the Pro, Met and Trp surrogates into the dedicated
positions within the B-C-D rings of Blio and Blip was further confirmed by
analysis of fragment spectra from HR-ESI-MS/MS. The mass spectrometric
analysis revealed high levels of incorporation for all the tested amino acid
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Figure 4.4 Chemical structure of ncAAs incorporated into cyclic RiPPs in vivo. (a—c)

Pro, Met, and Trp isostructural analogues (respectively) incorporated
using the SPI approach, and (d) orthogonal ncAAs incorporated using
the SCS approach.
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analogues. Subsequently the congeneric peptides were tested for their anti-
microbial activities, together with the complementary wild-type peptide, in
an agar-well diffusion assay against Micrococcus luteus. The majority of the
congeners retained their antimicrobial activities. However, an enhancement
in the antimicrobial activity was noticed for r-thioproline (Thp)-containing
Blia combined with the wild-type Blip, while a complete loss of the bioactivity
occurred upon the incorporation of r-cis-4-fluoroproline ((4S-F)-Pro) into
Blio.” As a proof of principle, an in vitro bio-orthogonal post-biosynthetic
structural diversification was applied on one of the Blia congeners contain-
ing Hpg instead of Met28. Hence a Cu'-catalyzed Huisgen 1,3-dipolar cyc-
loaddition (click reaction)*® was performed according to protocols described
previously.”” Synthetic coupling to the Blia peptide was achieved with 1-azido-
1-deoxy-p-D-glucopyranoside and azido-fluorescein, thus obtaining a glycol-
diversified and a dye-labeled lanthipeptide.’ Recently, another example
was published involving the incorporation of 3 different analogues of
Trp (5-fluorotryptophan (5-F-Trp), 5-hydroxytryptophan (5-OH-Trp), and
5-methyltryptophan (5-Me-Trp)) at 4 different positions of the lanthipep-
tide nisin A (Ile1, Ile4, Met17, and Val32) (Figure 4.1).”® Interestingly, this
study used Lactococcus lactis as a heterologous expression host, while to date
all other studies that used the SPI approach to generate unnatural cyclic
peptides have used E. coli as a heterologous expression host. However, all
produced nisin A congeners exhibited lower antimicrobial activities in
comparison with the wild-type peptide.*

4.1.2 Genetic Code Expansion

Although a wide variety of ncAAs have been introduced into proteins by the
above-mentioned genetic code engineering,'* this approach is confined to
the incorporation of isostructural analogues of respective cAAs, and is not
suited for more sterically demanding amino acids. Furthermore, the number
of amino acids simultaneously used in the same pool for the same culture
is still 20. In contrast, genetic code expansion aims to increase this num-
ber by adding an orthogonal ncAA under in vivo conditions to the standard
20 amino acid pool. The assignment of this ncAA in response to nonsense
(stop) codons requires its recognition by an orthogonal aminoacyl RNA
synthetase:transfer RNA,,, (aaRS:tRNA,,,) system. The orthogonality of the
aaRS:tRNA,, pair is an essential requirement for expanding the genetic
code, particularly in order to avoid cross-reactivity with the endogenous host
components. In other words, the endogenous host tRNAs must not interact
with the aaRS that aminoacylates the cognate tRNA,, with the ncAA, and
the endogenous aaRSs must not interact with the tRNA,, that recognizes
the nonsense codon. A further requirement is a high efficiency of tRNA,,
in reading the nonsense codon of choice for proper integration of a non-
canonical amino acid into the peptide of interest.*

The first attempts to develop a stop codon suppression (SCS) approach
(Figure 4.3) were started in 1997 by Schultz and co-workers using approaches
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of rational design and directed evolution to generate a GInRS:tRNA®" ., in
E. coli. However, initially, this enterprise was not entirely successful since the
employed GInRS was not orthogonal and was still able to recognize the endog-
enous tRNA®".23° One year later, Furter was able to evolve the first success-
ful amber stop codon suppression system in E. coli (PheRS:tRNA"™_,,) using
the yeast Saccharomyces cerevisiae, and he was able to assign 4-fluoro-Phe in
response to an amber stop codon.’® The Schultz group then followed this
approach and established a successful orthogonal scGInRS:sctRNA®",
system.’” Since then, a number of orthogonal aaRS:tRNA pairs have been
developed, of which a few have gained greater attention. The most import-
ant pairs are the PylRS:tRNA™-based ones, which are naturally orthogonal.
These are from bacteria or archaea (Methanosarcina mazei,”> Methanosarcina
barkeri,**”* and Desulfitobacterium hafniense®®) and are highly efficient in
nonsense codon suppression and incorporation of the amino acid pyrroly-
sine (Pyl). Furthermore, the high substrate promiscuity exhibited by tRNA™!
towards ncAAs allowed this suppression system to charge structurally differ-
ent non-canonical Pyl derivatives and even Lys analogues, whilst at the same
time keeping its orthogonality against other cAAs.""?’

While the majority of PylRS:tRNA™ pairs have been developed against
the amber stop codon (TAG),**?>% there are other PylIRS:tRNA™ pairs that
have been developed to address the other stop codons (opal (TGA) and ochre
(TAA)),* and even quadruplet codons are known.*" Various screening strat-
egies have been employed for the development of successful aaRS:tRNA,,
pairs including the recruitment of positive (based on a p-lactamase gene or
a chloramphenicol acetyl transferase gene that contains a stop codon) and
negative selection markers (e.g. the toxic barnase gene).”*** Fluorescence
activated cell sorting (FACS) was also used for improving the incorporation
efficiency of ncAAs."”* More recently, attempts have been devoted to engineer-
ing the translation machinery for the development of stop codon suppres-
sion systems,***® even for the incorporation of ncAAs into mammalian cells
by a PyIRS:tRNA.y, pair (engineering the eRF1)."” A comprehensive overview
and discussion of the most recent advances in genetic code expansion has
been highlighted by Davis and co-workers."!

The RiPP capistruin is a prominent member of the lasso peptide family
(Figures 4.1 and 4.2), and belongs to the class II lasso peptides. It is
produced by the Gram-negative bacterium Burkholderia thailandensis E264,
and its biosynthesis is genetically encoded by the capABCD gene cluster.*®
Capistruin is composed of 19 amino acid residues. The N-terminal nine
amino acids form a macrolactam ring, through which the C-terminal tail is
threaded. The overall course of capistruin biosynthesis follows that of other
RiPPs: the expression of the structural gene capA yields a precursor peptide
(47 residues) composed of a leader peptide (28 residues) and a core pep-
tide region (19 residues), that undergoes post-translational modifications
to yield the mature bioactive lasso-folded capistruin.*® The PTM machinery
consists of the cysteine protease (CapB), responsible for cleaving the core
peptide from the leader peptide, and the macrolactam synthase (CapC),
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responsible for isopeptide bond formation. The latter occurs via peptide
bond formation between the carboxylic side chain of Asp9 and the N-terminal
amino group of Gly1, which has been liberated upon cleavage of the leader
peptide.*®* The knot-like peptide structure (lasso) contains six residues
of the C-terminal tail trapped under the ring, while the remaining four
residues form the loop. This structure is firmly locked by the bulky side
chains of Arg11 and Arg15. The export and immunity protein (CapD) then
exports the mature lasso peptide outside of the cell.***° Capistruin shows
antimicrobial activities against closely related Burkholderia and Pseudomo-
nas strains (MIC 12-150 pM), as well as against the E. coli 363 wild-type
strain (MIC 25 uM)."® The main target of capistruin (similar to microcin
J25) known to date is the inhibition of bacterial RNA polymerase (RNAP).>’">?
In order to make capistruin amenable to the incorporation of ncAAs, the
capABCD gene cluster of capistruin was cloned from the chromosomal
DNA of B. thailandensis E264 into expression plasmids and heterologously
expressed in E. coli.*’

Engineering and expanding the genetic code by SPI and SCS approaches
was used for co-translational incorporation of ncAAs into the lasso peptide
capistruin. Two bioisosteric analogues of Met, L-homopropargylglycine
(Hpg) and r-azidohomoalanine (Aha), were used in the SPI approach (Figure
4.1), and five orthogonal ncAAs (Nbk (Ne-5-norbornene-2-yloxycarbonyl-1-
lysine), Alk (Ne-Alloc-L-lysine), Ack (Ne-2-azidoethyloxycarbonyl-I-lysine),
Pck (Ne-2-propyn-1-yloxycarbonyl-1-lysine), or Bok (Ne-Boc-1-lysine)) were
employed for site-directed incorporation using the SCS method (Figures 4.2
and 4.4). Site-directed mutagenesis (SDM) was used to modify the structural
gene capA and substitute the Met codon or amber stop codon correspond-
ing to the chosen positions within the core peptide of capistruin. All tested
ncAAs were successfully co-translationally incorporated in three strategic
positions of the peptide. Interestingly, based on HR-ESI-MS analytics, the
SCS approach in this particular example was proven to be more successful
compared to SPI. Interestingly, a significant increase in the antimicrobial
activity was obtained for some newly generated capistruin congeners in com-
parison with the wild-type peptide. The highest increase in antimicrobial
activity was obtained with the capistruin congener Cap_Hpg17 containing
the ncAA “Hpg” (1-homopropargylglycine) instead of Gly, where an increase
of 100-fold was observed.” Finally, bio-orthogonal chemistry was applied for
post-biosynthetic modifications of capistruin congener Cap_Alk10, contain-
ing the ncAA “Alk” (Ne-Alloc-L-lysine) instead of Ala. An in vitro metathesis
reaction between Cap-Alk10 and allyl alcohol was achieved by using a 2nd
generation Hoveyda-Grubbs catalyst as a mediator, and this was confirmed
by means of HR-ESI-MS analysis.® Such applications of orthogonal chemis-
try for ncAA-containing RiPPs in both previous examples of lichenicidin and
capistruin show the high potential of these approaches in increasing further
their structural diversity.

Microcin J25 (Figure 4.2) is another lasso peptide where the biosynthesis
pathway is similar to that of capistruin. The SCS approach was applied to
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incorporate 4 orthogonal analogues of Phe (3-trifluoromethyl-1-Phe (3-TFM-
Phe), 3-bromo-1-Phe (3-Br-Phe), 3-chloro-1-Phe (3-Cl-Phe), and 3-nitro-1-Phe
(3-Ni-Phe)) into the core peptide of microcin J25 (Figure 4.4).° The antimicro-
bial activity of the generated congeners was equivalent to that of the wild-type
peptide. However, no bioorthogonal chemistry was applied in this example.

The incorporation of a ncAA into RiPPs was reported by van der Donk
and co-workers, who used the SCS approach to replace Phe26 with 4-benzoyl-
Phe in the class II lanthipeptide prochlorosin precursor peptide (ProcA
3.2) using E. coli as a heterologous expression host (Figure 4.2).”* How-
ever, this system was partially in vitro since the congeneric prochlorosin
precursor peptides were designed to have a TEV protease recognition site
between the leader and the core peptides, which was used later to cut off
the leader peptide in vitro after His-tag-based immobilized metal affinity
chromatography (IMAC). Another example was published by Schultz and
co-workers regarding the incorporation of the same ncAA (4-benzoyl-L-Phe)
into cyclic peptides, where a method called “split-intein circular ligation
of proteins and peptides” (SICLOPPS) was used combined with an amber
stop codon suppression system in E. coli. Although the cyclic peptides pro-
duced by SICLOPPS are totally different in their origin from all other RiPPs,
this technique enables the in vivo generation of genetically encoded cyclic
peptide libraries of around 1 x 10® members. The SICLOPPS technique is
based on cyclizing an extein (peptide of interest) upon splicing it from two
flanking inteins (an N-terminal and a C-terminal intein) connecting the
two inteins in a rearrangement process of the PCC6803 DnakE trans inteins
(from Synechocystis sp. (Ssp)).>**® The aim of SICLOPPS in that experiment
was to evolve cyclic peptides that inhibit HIV proteases.’” Upon two rounds
of cellular viability-based selection, two of the three isolated cyclic pep-
tides were found to bear the keto amino acid “4-benzoyl-Phe” as a struc-
tural moiety. The most potent isolated cyclic peptide as an HIV protease
inhibitor was found to have the sequence GIXVSL (X = 4-benzoyl-Phe) (Figure
4.5). The inhibition was believed to occur through the formation of a
covalent Schiff base adduct of the 4-benzoyl-Phe residue on the side chain
amino group of Lys12 of the HIV protease.”’

The first application of the SCS approach for cyanobactins was published
by Schmidt and co-workers in 2012,*® where the group incorporated four
orthogonal Phe analogues (4-Cl-Phe (4-chloro-L-phenylalanine), 4-Br-Phe
(4-bromo-L-phenylalanine), O-Me-Phe (O-methyl-1-phenylalanine), and
4-Az-Phe (4-azido-L-phenylalanine)) replacing Leu5 in the marine natural
product patellin 2, and replacing Phe6 with 4-Br-Phe in the anticancer pep-
tide trunkamide. Similar to other cyanobactins, patellin 2 and trunkamide
are head-to-tail macrocyclic peptides with a thiazole moiety, in addition to
two Thr or Ser prenylations (Figure 4.5)."*” The heterologous expression
system used for this study has shown an optimal incorporation of 4-chloro-
Phe without induction. Thus, the peptide expression could not be fully con-
trolled, a shortcoming that future research will try to avoid upon expanding
the genetic code.
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Figure 4.5 Structures of the cyclic peptide GIXVSL that inhibit HIV proteases, thio-
cillin II, patellin 2, and trunkamide, showing positions where non-ca-
nonical amino acids were incorporated using the SCS approach.

Interestingly, the SCS approach has not only been used to incorporate
ncAAs into RiPPs, but also hydroxy acids.* This has been applied for two lan-
thipeptides, lacticin 481 and nukacin ISK-1 (Figure 4.2), where the hydroxy
acids were incorporated into the precursor peptides at position 1 of the core
peptide. The hydroxy acids that have been used are derivatives of Lys, Phe or
Tyr; HO-1 ((S)-6-amino-2-hydroxyhexanoic acid), Boc-HO-1 ((S)-6-(Boc-amino)-
2-hydroxyhexanoic acid), HO-2 ((S)-3-(3-bromophenyl)-2-hydroxypropanoic
acid), and HO-3 ((S)-2-hydroxy-3-(4-(prop-2-yn-1-yloxy)phenyl)propanoic
acid) (Figure 4.4). The researchers also incorporated the ncAA analogues of
the tested hydroxy acids (Bok (Ne-Boc-1-lysine) as an analogue of Boc-HO-1,
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3Br-Phe (3-bromo-1-phenylalanine) as an analogue of HO-2, and O-Pr-Tyr
(O-propargyl-1-tyrosine) as an analogue of HO-3) (Figure 4.4). The incorpo-
ration of hydroxy acids results in an ester linkage between the core peptide
and the leader peptide, which was subsequently cleaved later by a simple
hydrolysis to release mature lanthipeptides, but with two C-terminal ends.*

All of the examples of lichenicidin, trunkamide, capistruin and microcin
J25 previously mentioned have used E. coli as a heterologous expression
host. Recently, Schultz and co-workers reported the first incorporation of
three orthogonal ncAAs (Bok (Ne-Boc-L-lysine), Alk (Ne-Alloc-1-lysine), or
Pck (Ne-2-propyn-1-yloxycarbonyl-1-lysine)) into the branched cyclic thio-
peptide thiocillin by using the SCS approach in Bacillus cereus as a heter-
ologous expression host (Figure 4.5).°° The successful incorporation of the
amino acid PcK into thiocillin substituting Thr3 was followed by a post-bio-
synthetic modification (a copper-catalyzed azide-alkyne cycloaddition
reaction) by conjugating a fluorescein-PEG2_azide to the alkyne group of
the Pck residue,® which is along the lines of previous contributions on
lichenicidin.>®

The previous examples of the incorporation of ncAAs into RiPPs not only
show the ability of the translation machinery to accept ncAAs and to use
them as building blocks, but also exhibit the positive promiscuity shown by
the PTM machinery to accept these non-proteinogenic moieties in their sub-
strate peptides. Hence, Synthetic Biology recruitment reveals the potential of
in vivo production of new biologically active RiPPs from an expanded amino
acid repertoire.

4.2 Cyclic NRPs with New-to-nature Modifications

Non-ribosomal peptides (NRPs) represent one of the biggest and structurally
diverse groups of biologically active natural products. Their broad activity
spectrum has been extensively studied and is widely used in clinical appli-
cations, such as in immunosuppressants (cyclosporin A), antitumor agents
(bleomycin A2) or antibiotics of last resort (e.g. daptomycin).®’"* Conse-
quently, more recently, increasing efforts have been directed toward the
generation of peptide analogues with altered bioactivity or improved phys-
icochemical properties. While many drugs in therapeutic use are produced
by chemical synthesis or semi-synthesis, the complexity of some structures
motivates the search for alternative and sustainable methods of produc-
tion, alongside the testing of novel structures that may be discovered for
their bioactivities.®* Hence, there is growing interest in using biochemical
tools to generate novel peptide structures by making use of bioengineering
approaches.®*®’

Non-ribosomal peptides are commonly synthesized by large multimodular
enzymes known as non-ribosomal peptide synthetases (NRPSs). In addition,
they are often further modified by tailoring enzymes. The NRPS modules are
divided into at least three essential catalytic domains (Figure 4.6). Selection
and activation of the monomers takes place in the adenylation (A) domains
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and the monomers are further transferred onto phosphopantetheinyl carrier
proteins (PCPs), with amide bond formation taking place in the condensa-
tion (C) domains.®®”° In general, during the biosynthesis of the NRPs, each
module is responsible for incorporation of one building block into the grow-
ing peptide chain, which explains the enormous size of the NRPS proteins
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Figure 4.6 NRPS biosynthesis: (a) the crystal structure of the NRPS synthetase
AB3403 (PDB: 4ZXH), clearly showing the condensation, adenylation,
thiolation and thioesterification domains with the linkers between
each of them, (b) a general schematic representation of NRP biosynthe-
sis, and (c) catalytic events of adenylation, thiolation and condensation.


http://dx.doi.org/10.1039/9781788010153-00056

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00056

View Online

70 Chapter 4

or complexes thereof, e.g. the cyclosporine synthetase is 1.6 MDa in size.”
It is important to note that the substrates of NRPS are not limited to the 20
canonical amino acids. It is rather estimated that >500 monomers, including
non-proteinogenic amino acids, fatty acids and a-hydroxy acids, are used,
accounting for the impressive structural diversity synthesized by NRPSs.”>”?
A considerable number of attempts to expand the structural diversity of these
peptides have taken advantage of the modularity of the enzyme complexes.
Early research approaches focused on the incorporation of non-natural
building blocks via precursor-directed biosynthesis (PDB)’* or mutasynthe-
sis/mutational biosynthesis (MBS).”*> Additionally, over the past few decades,
combinatorial approaches have played an increasingly important role in
the field, facilitating the application of rational design approaches to engi-
neer NRPSs. This includes the swapping of entire NRPSs,”® or modules’” and
domains,”® module extension,” site-specific mutagenesis to modulate the
specificity of the A-domains®**! and pathway level recombination.?*® In the
following paragraphs, we will discuss the characteristic features of individual
approaches.

4.2.1 Precursor-directed Biosynthesis

Precursor-directed biosynthesis (PDB) is a relatively straightforward method
to generate new analogues of NRPs. In this derivatization approach, precur-
sor analogues that can be competitively used during the biosynthesis assem-
bly of the target peptide are added to the growth medium of the wild-type
peptide producing strain (Figure 4.7).”%”> As a result, a mixture of natural
peptides and non-natural analogues is obtained. However, there are possible
issues that have to be considered while using this method. A modified pre-
cursor will compete with the endogenous building block being the preferred
substrate, thus often resulting in poor yields of the desired compound.®
Consequently, the separation and purification of the unnatural analogue
becomes often a considerable obstacle for subsequent structure-activity rela-
tionship studies. This might be compensated by increasing the amount of the
added precursor,”*%¢ while maintaining its concentration below toxic doses
for the producing organism. Furthermore, some unnatural precursors could
show low membrane permeability,’* resulting in no or scant incorporation,
which might be falsely interpreted as low incorporation by the biosynthetic
machinery into the artificial precursor. Cell-free in vitro studies including
experiments with purified synthetases (chemoenzymatics) might give valu-
able information on the principal accessibility of the new building block.®”"*
However, they are applicable only in a limited number of cases. A clear
advantage of the PDB concept is its simplicity, as it does not require either
sophisticated genetic manipulation methods to create mutants or chimeric
strains. One of the first uses of the PDB approach to obtain novel analogues of
NRPs was presented on ergot peptide alkaloids from Claviceps purpurea. Two
research groups reported the successful incorporation of either b,L-p-chloro-
phenylalanine in place of p,L-phenylalanine,’® or L-thiazolidine-4-carboxylic
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Figure 4.7 Comparison of wild-type biosynthesis (a) with approaches leading to the
generation of unnatural NRP structures (b-d). Precursor-directed bio-
synthesis (PDB; b) is based on feeding of the wild-type bacteria resulting
in generation of a product mixture. In contrast, in mutational biosyn-
thesis (MBS; c) segments of NRPSs are inactivated and missing building
blocks are supplemented to yield a single product. Combinatorial bio-
synthesis (CB; d) is based on the recent Synthetic Biology approaches
used for module/domain swapping or A-domain engineering.

acid in place of proline residues in the L-amino acid derived side chain of
ergopeptins.” A well-studied example of PDB is the generation of new deriva-
tives of the immunosuppressant NRP cyclosporine.®* 8 First, the production
of minor natural cyclosporines differing mainly in the amino acid in posi-
tion 2 could be upregulated, when the amino acids of interest were fed into
the culture broth of the wild-type strain Tolypocladium inflatum.”” Later, the
same group succeeded in generating six new cyclosporines with amino acid
replacements in positions 1, 2 and 8.°* Although efforts to exchange amino
acids on the remaining positions via classical PDB failed, in vitro experiments
with the purified cyclosporine synthetase were found to produce formerly
undetectable analogues.?”**?>1% More recently, the PDB approach was used
to elucidate the biosynthesis and generate new analogues of other NRPs like
hormaomycin,®®'°"'? halogenated balhimycins'® or enniatins,*® emphasiz-
ing the utility of this method.

4.2.2 Mutasynthesis

An advanced variant of the PDB method is mutasynthesis, also called muta-
tional biosynthesis (MBS). Unfortunately, despite many reviews’>'*% on
this topic, the PDB term is often used to describe results obtained by apply-
ing MBS. The general idea of mutasynthesis is to create a mutant strain
that is blocked at a particular step in the biosynthetic pathway; with subse-
quent incorporation of the missing precursor by the feeding of a synthetic
analogue, the so-called “mutasynthon”, the new product will be formed. In
contrast, PDB makes use of a wild-type strain with a wild-type biosynthetic
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pathway. In this respect, successful MBS renders the desired analogue as the
only product, facilitating its downstream processing, which is the biggest
advantage over mixtures of metabolites obtained by PDB. Besides generating
new-to-nature peptides, mutasynthesis might also be applied to investigate
biosynthesis pathways when the natural substrate or its isotopically labeled
derivatives are used.

Initially the concept of mutasynthesis was developed by Birch'"” in 1963,
and it was successfully applied in studies on the aminocyclitol antibiotic
neomycin produced by Streptomyces fradiae.'*®'* By that time, the method
of choice to generate biosynthetic mutants was random mutagenesis. In
these studies on new neomycins, S. fradiae was treated with N-methyl-N"-ni-
tro-N-nitrosoguanidine, a mutagen that causes random point mutations in
the chromosomal DNA. This was followed by laborious screening for suit-
able mutants and subsequent feeding of mutasynthons. Recent significant
advancements in the genetic manipulation techniques in a number of cases
have overcome this problem, allowing the generation of directed mutants
in a comparably short time. However, one of the drawbacks of this approach
is the need for fundamental knowledge about the biosynthetic gene cluster
and, even more importantly, an appropriate genetic tractability of the pro-
ducing organism. The latter might be overcome by an alternative approach
of heterologous expression. In that case, the biosynthetic pathway lack-
ing unwanted genes is cloned and expressed in a suitable host organism.
However, as shown recently in a study on the generation of non-natural
derivatives of the NRP beauvericin, not all synthetic building blocks incor-
porated into the mutant producer strain Beauveria bassiana were accepted
by the heterologous host Escherichia coli.*® To overcome this problem, and
thus low production yields, a proper screening of possible hosts should be
conducted.">"

Over the past decades, mutasynthesis experiments have been conducted,
mainly to generate new derivatives of polyketide antibiotics.'?®10%127115
There are only a few examples on MBS applications to generate new deriv-
atives of NRPs; among them, the most prominent examples are on the van-
comycin-type glycopeptide antibiotic balhimycin and calcium-dependent
antibiotics (CDAs)."'*''® Vancomycin is one of the antibiotics of last resort
for the treatment of severe bacterial infections, including those caused by
methicillin-resistant Staphylococcus aureus (MRSA)."'*'*° The number of van-
comycin-resistant bacterial strains detected over the past few years has forced
scientists to seek new analogues.'*'*"'?> The semi-synthesis approach is an
option as shown for the glycopeptide derivative oritavancin approved in 2014
by the FDA for treatment of skin infections." However, oritavancin shows
only variation of the peripheral features of vancomycin, leaving the aglycon
intact. Our group realized that the core part of glycopeptide antibiotics can
be modified using mutasynthesis, which has been deeply investigated for
the vancomycin-type glycopeptide balhimycin (Figure 4.8). This technique is
mainly focused on two essential building blocks of the glycopeptide aglycon,
formed by the non-proteinogenic amino acids B-hydroxytyrosine (Hty) and


http://dx.doi.org/10.1039/9781788010153-00056

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00056

View Online

The Biosynthetic Machinery and Its Potential to Deliver Unnatural Cyclic Peptides 73

n 11 (| v \ Vi

\

OH P : o H
on i P2 ™ oy :
o P i AL s
H H Hor OH H

N H N H

N Vi : oOﬁH%N :

: o COH

H o H

H HN J o NH H

0 :

HOC.
HN 2 \“"kféo
HO,C"~
N

o &
oé/\/n 0 Oﬁ) ”’{)\OH
NH

.“( R \77/\N
------------ HNOC™N\ 0 H

H

CO,H
CDA
Br F F
— OH F. Z OH = OH OH
HO. S HO X HO. NS HO.
| Il F
OH OH OH OH
HzN HoN HoN HoN
o [e] [¢] [¢]
3-bromo-Hty 2-fluoro-Hty 3-fluoro-Hty  3,5-difluoro-Hty
o X
Ry R, HO.__0O n
N /\AL( NAC
HO
]l on v on \') o Vi on
H,N HoN n Ry
o o \/\/\W NAC o
R; = OH, OMe R4 = CF3, CH,CH; o - X=FH
R, =H, OH,OMe H R3=NH,, OH, O
Dpg 3-methyl-Glu Fatty acid chain Hpg
derivatives derivatives analogues derivatives

Figure 4.8 Chemical structures of balhimycin and CDA showing moieties that
have been changed by PDB (Nr. I) or by mutasynthesis (Nr. II - VI).

the C-terminal 3,5-dihydroxyphenylglycine (Dpg). In the first mutasynthesis
study, an in-frame deletion mutant of the bip perhydrolase gene, deficient in
Hty biosynthesis, was prepared.'** After successful restoration of balhimycin
production, upon feeding with Hty, supplementation with non-natural flu-
orinated Hty was conducted. Three mutasynthons (2-fluoro-, 3-fluoro- and
3,5-difluoro-B-hydroxytyrosine) resulted in the production of new fluorobal-
himycins with antibiotic activity against Bacillus subtilis. D/L-Tyrosine and
(fluoro-)phenylserines lacking the para-hydroxy group were not accepted as
substrates, showing the importance of the Hty-moiety as a building block for
balhimycin biosynthesis.''® In subsequent studies, Dpg was exchanged by
feeding analogues to the AdpgA mutant of A. balhimycina, in which the first
step of Dpg biosynthesis is blocked."”® Formation of balhimycin analogues
was restored by feeding the following mono- and di-substituted hydroxy and
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methoxy substituents of Dpg: 3-hydroxyphenylglycine (3-Hpg), 3-methoxy-
phenylglycine (3-MeOPg), 3-hydroxy-5-methoxyphenylglycine (HMeOPg),
and 3,5-dimethoxyphenylglycine (DMeOPg) (Figure 4.8).

Moreover, more than 20 metabolites with different glycosylation patterns
were observed. Interestingly, employment of the mono-substituted analogues
(3-Hpg and 3-MeOPg) resulted not only in the formation of antibiotically
active tricyclic derivatives, but also in bicyclic aglycons. It was concluded that
proper orientation of the aromatic rings is required, as the AB-ring can only
be established by the oxygenase OxyC when an electron-donating hydroxy or
methoxy substituent is placed in the ortho-position.""’

The second example of mutasynthesis to create non-natural analogues
of NRPs concerns CDA. CDA is a cyclic lipopeptide produced by Strep-
tomyces coelicolor A3(2)."*° 1t belongs to the acidic lipopeptide group of
non-ribosomally synthesized antimicrobials, together with other antibi-
otics including friulimycin, amphocin, and daptomycin.'*” Since 2003,
the latter has been in clinical use for the treatment of skin and soft tis-
sue infections caused by Gram-positive bacteria, including life-threaten-
ing methicillin- and vancomycin-resistant Staphylococcus aureus.'”” The
common features of acidic lipopeptide antibiotics responsible for their
biological properties are the N-terminal fatty acid acyl chain, and a deca-
peptide lactone or lactam ring with a number of acidic residues that are
likely involved in calcium binding."*® The high therapeutic potential of
lipopeptide antibiotics to combat pathogens with resistance to current
antibiotic treatments explains the trials to engineer future generations
of their non-natural derivatives by use of e.g. mutasynthesis. For CDA,
mutasynthesis was used to rationally perform engineering of three build-
ing blocks: the arylglycine residue,'"® glutamate residues'®® and the lipid
moiety (Figure 4.8)."*° To test the incorporation of arylglycine-mutasyn-
thons, a AhmaS mutant of S. coelicolor was generated, which is a gene inac-
tivation mutant in the biosynthesis operon of 4-hydroxyphenylglycine
(Hpg)."”” By feeding analogues bearing hydrogen or fluorine in the 4-posi-
tion of the aromatic side chain, it was possible to restore CDA production
yielding new derivatives (CDA2d and CDA2fb, respectively). More bulky
para-substituents, such as chlorine and methoxy, failed to yield detect-
able amounts of CDA analogues. In the mutasynthesis approach, feed-
ing of 3-MeGlu, a residue modulating toxicity and antimicrobial activity,
has yielded two new variants of CDA, Et-CDA3b and CF;-CDA3a/3b."%"3!
This was achieved by feeding 3-ethyl and 3-trifluoromethyl glutamic acid
derivatives to a AglmT mutant.'*® Following this, mutasynthesis has also
been used to modify the lipid moiety of CDA. In this approach, the pepti-
dyl carrier protein (PCP) domain of module 1 of the CDA synthetase was
blocked by mutation of the active site Ser to Ala to generate a mutant
strain (APCP1). A selection of synthetic N-acyl-1-serinyl N-acetylcysteam-
ine (NAC) thioester analogues was fed to growing cultures of this mutant.
Incorporation of short acyl chains (C5 and C6) could be detected, in con-
trast to the longer chains (C7 and C10), suggesting a tight specificity of
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the CDA assembly line for C6 or shorter acyl chains.'* Unfortunately, low
production yields in all described mutasynthesis approaches prevented
the testing of the biological activity of the newly generated peptides.

In summary, the mutasynthesis approach proved to be a suitable method
to generate new non-natural NRPs, which cannot be obtained easily by chemi-
cal methods. The biggest advantage of this method is the in vivo production
of the metabolite of interest with the only limitation that the preferred muta-
synthon has to be accepted by the biosynthetic machinery of the mutant
strain. Hence, mutasynthesis has biotechnological potential for scale-up and
extension of the potential drug candidate pool. However, mutasynthesis in
many cases results in two to three orders of magnitude lower yields of the
novel analogues.

4.2.3 Combinatorial Biosynthesis and Domain Engineering

Recent developments that can be summarized under the term Synthetic
Biology have provided powerful tools to perform combinatorial biosynthe-
sis (CBS) aiming at introducing structural diversity within non-ribosomal
peptides. CBS refers to any engineering method with the aim to change
the promiscuity of microbial anabolic pathways resulting in new chemi-
cal entities.’ It takes advantage of the modular architecture characteris-
tic of NRPS assembly lines. The CBS approaches investigated to date can
be divided into three major strategies: site-directed mutagenesis of active
sites or recognition domains of proteins (predominantly of adenylation
domains), NRPS module and domain exchange, and engineering of tailor-
ing enzymes.®”%

The least invasive approach is to incorporate point mutations in the active
site of the adenylation domains. The specificity towards certain building
blocks was shown to be encoded in a 10-amino acid code of highly conserved
residues.®”'** Changes of individual amino acids alter or relax the specificity
of the A-domain binding pocket allowing the incorporation of non-native
substrates. The first example of this approach to incorporate a non-natural
amino acid into the structure of NRPs involved mutating the A-domain from
module 10 of CDA synthetase.®" Introduction of a single mutation (K278Q)
changed the specificity of the A domain from Glu/3mGlu (3-methylgluta-
mate) to Gln/3mGln (3-methylglutamine), yielding a CDA molecule with a
Gln residue in position 10. To date, there are some more examples where
residues of the A domain binding pocket have been engineered to yield NRPs
with non-natural amino acids.”*'* In the case of engineered gramicidin
S and anabaenopeptin'® synthetases, researchers have focused on the
incorporation of “clickable” amino acids to create NRPs for biorthogonal
labelling.

The strategy of swapping entire subunits, modules and domains appears
as a more classical method of combinatorial biosynthesis. However, it is
even more challenging since this is severe interference with a complex
multi-domain and multi-modular system. This approach is based on the
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modular character of the NRPS enzymes and the fact that the sequence of
the non-ribosomal peptides is determined by the module and domain type.
Hence, shuffling of parts of NRPSs should result in new, non-native pep-
tides. In order to produce functional NRPS hybrid enzymes, it is of high
importance to make an appropriate choice of the linker regions in the mod-
ule and domains. This supposedly has a strong influence on protein fold-
ing and protein—protein interactions, and may also affect the proofreading
activity towards the peptide product encoded within the selective C-domain
acceptor site.”**'*” For NRPs, next to the Marahiel group (Germany), some of
the pioneers in this field were researchers at Cubist Pharmaceuticals (USA)
working on the lipocyclopeptide daptomycin, a drug with the trade name
Cubicin® approved in 2003 by the FDA to treat skin infections caused by
Gram-positive bacteria. Domain and module swapping with parts of related
NRPSs of the lipopeptides A54145 and calcium-dependent antibiotics
(CDAs) led to the generation of >70 compounds with different degrees of
structural diversity and antibacterial activity."**'*" Noteworthily, not only
exchange or deletion of the modules, but also insertion or extension of addi-
tional modules was successfully adapted to expand product diversity. This
was shown on the examples of balhimycin (in vivo)” and tyrocidine synthe-
tases (in vitro),"** respectively. One of the more recent studies focused on the
generation of novel hybrid structures of the medically relevant molecules
from the cyclodepsipeptide (CDP) class.'* In this study, the hydroxy-
acid-activating modules of three highly homologous cyclodepsipeptide syn-
thetases (CDPSs) were combined, including enniatin (ESYN), PF1022 (PSYN)
and beauvericin (BSYN) synthetases. Their products show broad activities
as insecticidal, phytotoxic, anthelmintic, antibiotic, antifungal and cyto-
static compounds for enniatin, anthelmintic compounds for PF1022 and
antitumor, antibiotic, antifungal, insecticidal and anthelmintic compounds
for beauvericin.'”® The N-terminal module of PSYN showed relatively high
substrate tolerance accepting both aliphatic (lactate, p-Lac) and aromatic
(phenyl lactate, p-Phe-Lac) amino acids.”’ Therefore, to create new CDP
structures, the C-terminal module of PSYN was exchanged with modules
of ESYN and BSYN, incorporating the amino acids L-Val or L-Phe, respec-
tively. Two heterologous expression hosts were tested, a bacterial Escherichia
coli strain and a fungal Tet-on expression system of Aspergillus niger,"'"'**
with the latter showing much higher expression yields. Characterization of
the peptides was performed by mass spectrometric peptide fingerprinting.
Upon feeding a Lac/PheLac mixture to the A. niger strains carrying genes
of chimeric CDPSs hPB-SYN and hPE-SYN (Aybrids PSYN-BSYN and PSYN-
ESYN, respectively) all four expected Lac/PheLac enniatins and two beauveri-
cin-type compounds were detected. This indicated that the proof-reading
activity of the C, domain of enniatin synthetases is less restrictive than that
of beauvericin.'*>'* Furthermore, only hexadepsipeptides were detected,
which correspond to the size of wild-type enniatin and beauvericin, but
not that of the octadepsipeptide type PF1022, suggesting that the ring-
size is determined by the C-terminal module.'*® The three chimeric CDPs
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produced in the highest yields were tested for their nematicidal activity and
showed either similar or slightly superior activity to the wild-type ennia-
tin.'* In future work, the authors plan to expand the structural diversity of
CDPs by incorporation of non-natural o-hydroxy acids that could serve as
substrates for post-biosynthetic modifications, such as cross-coupling reac-
tions or click chemistry.

Module or domain swapping often yields insoluble proteins incapable of
producing the non-natural peptides, which is mainly due to disruption of
inter-domain linker regions or overall protein structure.

Engineering of tailoring enzymes is an important method to create struc-
tural diversity; however, it causes only minor changes, not affecting the con-
stituents of the core peptide itself. The genes encoding enzymes responsible
for halogenation,'"” glycosylation,"*®'** acylation and sulfation'® are shuf-
fled between the genomes of the strains producing similar NRPs to create
new variants. Using this method, new chlorination patterns were shown
for the lipopeptide enduracidin upon the exchange or insertion of the similar
flavin-dependent halogenase from the related ramoplanin biosynthesis
pathway.'” The halogenase from the enduracidin biosynthesis pathway pro-
duces a dichlorinated compound, whereas the halogenase from the ramo-
planin pathway acts only once. Complementation of the Aorf30 mutant of
Streptomyces fungicidicus,” producing didechloroenduracidin, with the
ramoplanin halogenase resulted in singly chlorinated enduracidin. Inter-
estingly, complementation with the ramoplanin halogenase of the wild-type
S. fungicidicus gave a new trichlorinated enduracidin, pointing to a possible
cooperation of both halogenases. Although no improvement of antibacterial
activity was observed, new non-natural entities could be obtained by this CB
method.

The last method of combinatorial biosynthesis to generate non-natu-
ral cyclic peptides described here is directed evolution. It has already been
suggested that the great diversity within the NRPs is due to evolutionary
changes within the modular synthetases via point mutations, gene duplica-
tions, deletions or insertions.® Therefore, there are significant advantages of
applying directed evolution approaches to combinatorial biosynthesis. This
is mainly due to increase of the throughput by generation of a vast number of
mutant variants in comparison to a single enzyme variant obtained by classi-
cal domain swapping or point mutation.'”>™** Moreover, directed evolution
can be also applied when the mechanism and participating enzymes are not
entirely elucidated. The first directed evolution approach was accomplished
during studies on the production of enterobactin analogues. An A-domain
incorporating Serl was exchanged for another NRP - syringomycin - A-do-
main of the same specificity. The 30-fold loss in activity of this chimeric
domain could be restored with the use of directed evolution methods, in this
specific case after rounds of random mutagenesis during mutagenic PCR.">
Another example showed the utility of this method to generate new deriva-
tives after manipulation of A-domains in the biosynthetic pathway of a NRPS/
PKS hybrid peptide andrimid."> In this experiment, researchers were able to
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substitute Val at position 2 of the peptide with Ala, Phe, Leu, or Ile, and the
correct substitution was confirmed by means of electrospray ionization (ESI)
mass spectrometry.

In summary, combinatorial biosynthesis and domain engineering is a
powerful approach to generate novel non-natural cyclic peptides with the
potential to deliver compounds with enhanced bioactivities and pharma-
cological properties.®*'** In contrast to polyketide synthases, the era of fre-
quent manipulation of the NRPS biosynthetic pathways using the methods
described above has started rather recently.”>!9%112116-118156.157 fowever, one
should not forget about the common issues of CBS methods; it is often hard
to predict what impact the modifications will have on the performance of the
newly formed enzymes. Therefore, to fully exploit the potential of combina-
torial biosynthesis, a better understanding of the mechanism and interac-
tion of the key enzymes is required.'”®
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5.1 Introduction

The human protein-protein interactome is estimated to contain between
130000 and 650 000 protein—protein interactions (PPIs), forming highly com-
plex networks that constitute the basis of genotype-phenotype relationships
in organisms."” However, despite enormous scientific effort, only around
10-15% of the human interactome is currently known,’ and only a few PPIs

have been the target of drug discovery efforts.

In contrast to conventional drug targets (i.e. enzymes/receptors), PPIs pose
a considerable challenge due to their large contact areas* (1000-3000 A?) and
the lack of well-defined cavities that characterize protein interfaces, their
chemical space differing considerably from traditional drug-like compounds.®
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In addition, there are no endogenous small PPI ligands that can be used as a
starting point to design new inhibitors. Protein interactions are mediated by
regions in which a small subset of residues, the most relevant for the inter-
action, are often delocalized over multiple epitopes.® Despite accounting for
less than half of the interaction surface, these hotspots contribute most of
the free energy of binding.” Although time-consuming and labor-intensive,
alanine-scanning mutagenesis, consisting of systematic rounds of point
mutations and binding experiments, has been the most robust method to
map hotspot residues on protein interfaces. However, when PPI structural
data (such as that achieved using X-ray crystallography or NMR) are available,
the determination of hotspots is facilitated, and a number of computational
methods (discussed later) have been developed for this purpose.

PPIs can be peptide-mediated (a continuous binding epitope, often adopt-
ing a precise secondary structure, accounts for the binding to the partner
protein) or domain-mediated (Figure 5.1). In the latter, which are often
found in globular proteins, the hotspots tend to be scattered along the pro-
tein sequence, being brought into spatial proximity only by protein folding.®
Given the added difficulty of targeting such discontinuous protein-protein
interfaces,” it comes as no surprise that most studies in the literature have
been devoted to the modulation of peptide-mediated PPIs.

In this context, the use of linear peptide segments as PPI modulators has
a major disadvantage, namely that their high degree of flexibility results in a
negligible or random structure, thereby severely impairing recognition by a
well-structured protein target. In addition, linear peptides are prone to pro-
tease degradation, low membrane permeability, and metabolic instability.’
Peptide cyclization has been used extensively to overcome these problems,
resulting in better mimetics of protein interfaces."” The development of

Figure 5.1 (A) A peptide-mediated interaction: a short helical motif of p53 (in
orange cartoon) binds to the MDM2 oncoprotein (on the gray surface);
PDB code: 1YCR. (B) The domain-mediated interaction of IL-2 (in car-
toon) bound to its a-receptor (on the gray surface); note how several
regions of IL-2 contribute to the binding interface; PDB code: 1Z92.
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specific cyclic scaffolds, sometimes with additional molecular constraints,
has allowed the structural and functional mimicry of protein surfaces with
relatively small structures by means of robust synthetic methods. In the fol-
lowing sections, we will address some of the most successful strategies used
to design and develop bioactive cyclic peptides, going from structure-driven
approaches (mimicry of interface a-helices, B-strands, loops and turns) to in
vitro surface display techniques, all the way through to computational and
fragment-based tools.

5.2 Structure-based Design
5.2.1 “Classic” Cyclic Peptides

In Nature, examples of peptides with cyclic structures abound. These range
from hormones like oxytocin and insulin to microorganism metabolites
such as cyclosporine A or vancomycin, all of which are now available in the
pharmaceutical market. In most cases, ring structures are formed by disul-
fide bridges between cysteine residues. Other types of cyclization are head-
to-tail (the ring is formed via an amide bond between the N- and C-termini),
side-chain-to-side-chain (between two side chain functional groups), and
side-chain-to-head or side-chain-to-tail. In PPIs, one of the partners some-
times exposes a loop which makes the greatest contribution to the molecu-
lar recognition event. In these cases, loops with a ring-like structure cannot
be targeted by small molecules or by linear peptides, which have to pay a
high entropic price because of their flexibility. Indeed, a recent study demon-
strated that some PPIs can be targeted only by cyclic molecules, disclosing a
number of useful guidelines for macrocyclic drug design."

In addition to backbone cyclization, the flexibility of peptides can be fur-
ther constrained by other methods, such as the introduction of a proline
ring or an N-methyl group into the structure. N. Fujii’s group have recently
developed a cyclic pentapeptide that selectively targets the CXC chemokine
receptor 7 (CXCR?7), a protein that closely resembles CXCR4 (Figure 5.2A)."
Starting from a number of potent CXCR4 inhibitors, they systematically
explored individual modifications on the pentapeptide scaffold to switch
the activity from CXCR4 to CXCR?7. By introducing an N-methylated Arg resi-
due and mutating the Gly residue to Pro, they restricted the conformational
space considerably and showed how the activity can be tuned for peptides
with an identical combination of functional groups (phenol, two guanidine
groups, and naphthalene).

Experimental data on the binding of a peptide ligand, such as those pro-
vided by X-ray crystallography and NMR, are crucial for understanding the
molecular details of the interaction. The SPSB2 protein mediates the proteo-
somal degradation of inducible nitric oxide synthase (iNOS). Starting from
the N-terminal region of iNOS, the work of Yap et al.? is a nice example of
how a combination of biophysical tools can guide the design of potent cyclic
PPI inhibitors. Eventually, the authors came up with a cyclic octapeptide that
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Figure 5.2 (A) Binding mode of a highly constrained cyclic peptide to CXCR7 (ICs,
= 0.80 uM). The additional rigidity provided by Pro and N-MeArg make
it selective for CXCR7 over CXCR4. Reproduced with permission from
Oishi et al., J. Med. Chem., 2015, 58, 5218-5225, http://pubs.acs.org/doi/
abs/10.1021%2Facs.jmedchem.5b00216. Copyright (2015) American
Chemical Society. (B) A cyclic miniprotein (in green cartoon), derived
from the extracellular domain of EGFR, is able to bind EGF (on the gray
surface) and disrupt the EGF-EGFR interaction.

reproduces the conformation of N-terminal iNOS and binds to SPSB2 with
strong affinity (K, = 4.4 nM).

Larger cyclic peptides with a well-defined secondary structure are able to
mimic the hotspots of a particular receptor and maintain its original func-
tion. Using this approach, in our group we identified a cyclic subdomain in
EGFR that was critical for the recognition of EGE."* This cyclic miniprotein
had a very similar structure in solution to that of the receptor and was able to
bind to EGF with a uM K, (Figure 5.2B). Despite its lower affinity compared
to the natural receptor, the peptide was found to effectively disrupt the EGF-
EGFR interaction in cancer cells, thereby leading to a novel mechanism for
anticancer therapy.

5.2.2 Secondary Structure Mimetics

As previously discussed, in almost 40% of all known PPIs, the interacting
peptide in one of the partners adopts a specific secondary structure, nor-
mally an o-helix.® The stability of the secondary structure is closely linked to
its ability to interact with the target protein. In this regard, rigidification of
the peptide structure by cyclization is one of the main strategies to constrain
the folding of peptides into well-defined secondary structures.
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5.2.2.1 Cyclic Peptide Turns

Turns are motifs that reverse the direction of peptide helices and strands.
Depending on their size, turns can involve three, four or five amino acid res-
idues, and they are classified as vy-, B- or o-turns, respectively. When turns
are present in a PPI, the structure itself can be considered a rigid scaffold,
and it is usually the side chains that interact with the partner protein.” In
this regard, Hoang et al. recently developed a series of peptidic glucagon-like
peptide-1 receptor (GLP-1R) agonists with a cyclic motif that stabilized the
bioactive conformation.'® A disulfide bridge between homocysteine residues
2 and 5 resulted in a cyclic tetrapeptide adopting a type II B-turn structure
which, as revealed in NMR experiments, matched the turn structure of GLP-1
bound to its receptor.

5.2.2.2 Cyclic Peptide p-strands

B-sheets consist of extended polypeptide chains (B-strands) connected by
a precise hydrogen bonding network, with contiguous side chains facing
opposite sides of the backbone. B-sheets are generally not flat, but rather
the strands are twisted in a right-handed fashion, forming a 15-20° angle
between them.'” The B-sheet accounts for =30% of all protein secondary
structure. Although the p-sheet was long considered a mere scaffold in pro-
tein architecture, there are now many examples of its involvement in protein-
protein and protein-DNA interactions.'® Many proteases (e.g. HIV-1 protease)
work as dimers and are held together by the formation of inter-molecular
B-sheets.'”* Likewise, B-sheet formation is involved in some oncogenic PPIs,
like the Raf-Rap1 interaction that leads to tumor cell proliferation."*? Finally,
in many neurodegenerative diseases, such as Alzheimer’s and Huntington’s
disease, soluble proteins form B-sheet structures that aggregate into oligo-
mers and insoluble polymers.>*** Thus, peptides mimicking B-strands have
vast potential as therapeutic agents, thus explaining the immense research
effort dedicated to this field, ranging from early peptidomimetic scaffolds>>>
to more complex structures that efficiently orientate the peptide side chains
in a B-strand pattern.

Protease recognition of a B-strand motif has been successfully modulated
using macrocyclic templates that stabilize short peptides in their bioactive
conformation. This is exemplified by the work of Tyndall et al,” whose
design features a tripeptide chain that is successfully pre-organized by a
cyclic scaffold into a high-affinity protease substrate conformation, lead-
ing to low nM antagonists of HIV-1 protease (Figure 5.3A). In larger B-sheet
structures, artificial turns and template units are introduced to nucleate and
stabilize the B-strands (see reviews**??). Achiral a-aminoisobutyric acid and
D-Pro are typically used in the i + 1 position of the turn, in combination with
Gly, Ala or other units in the 7 + 2 position.***?> Two §-linked ornithine B-turn
mimics have also been widely used to promote B-sheet folding in water.**"*
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Figure 5.3 (A) A small cyclic scaffold is sufficient to pre-organize a tripeptide chain
into its bioactive conformation (top). The crystal structure of the inhib-
itor bound to the HIV-1 protease confirms its strand conformation,
which is key for protease recognition (bottom); PDB code: 1D4K. (B)
Structural features of an amyloid B (AB)-sheet mimic that reduces amy-
loid protein toxicity. In the lower strand, the Hao unit acts as the aggre-
gation blocker (top). The X-ray structure of the B-sheet peptide shows
a dimer in which the two recognition p-strands come together in an
antiparallel fashion.

Parallel B-sheet macrocycles are synthetically more demanding and have
received less attention.**>® In all cases, peptide solubility, strand length, and
amino acid pairing play an important role in the stability of the designed
B-sheet and should be carefully inspected.’”

The amyloid protein aggregation that characterizes many devastating dis-
eases, such as Alzheimer’s disease, Parkinson’s disease and type II diabetes,
involves a variety of B-sheet structures in which native proteins aggregate to
form oligomers and fibrils.**** To interfere with aggregation, a number of
B-sheet mimetic cyclic peptides have been developed as competitive inhibi-
tors of amyloid fibrillation**’ (see also reviews**°). Such inhibitors typically
feature a parallel B-sheet structure, in which one of the strands is comple-
mentary to the amyloid sequence, thus promoting recognition of the aggre-
gated protein, and the other one carries a modification that impedes further
growth of the fibril. Along these lines, Nowick’s group has achieved remark-
able results, ranging from the synthesis of simple B-sheet templates®** to
the development of a refined cyclic -sheet scaffold that dimerizes in aque-
ous solution.> A Hao unit, an unnatural amino acid that mimics a tripeptide
B-strand, is introduced into one of the strands in order to reduce its hydro-
gen bond functionality, thus preventing the aggregation of the peptide. Both
strands, oriented in an antiparallel fashion, are cyclized by two é-turns that
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restrain the conformation of the entire structure (Figure 5.3B). In a semi-
nal work,”* this scaffold was used to display a range of 18 amyloidogenic
sequences derived from amyloid proteins, including the amyloid B (AB) pep-
tide involved in Alzheimer’s disease. B-sheet folding in water was in most
cases confirmed by NMR experiments, which revealed the robustness of this
scaffold to a variety of sequences. Remarkably, one of these compounds,
featuring residues 16-22 of the AP peptide, delayed AP aggregation even at
sub-stoichiometric concentrations, thus confirming that this structurally
pre-organized artificial f-sheet binds more strongly to the early oligomers
than the AP unstructured monomers. This work is a promising precedent for
the future application of secondary structure mimetic peptides to efficiently
reduce amyloid toxicity.

5.2.2.3 Cyclic Helical Peptides

First discovered by L. Pauling in 1951, o-helices comprise the most abun-
dant class of protein secondary structure, mediating >60% of all PPIs gath-
ered in the PDB.’® The a-helix, featuring 3.6 residues per turn (i + 4 — {
backbone amide hydrogen bonds), accounts for ca. 90% of all helical struc-
tures. The 3;,-helix (i + 3 — i hydrogen bonding) and the n-helix (i + 5 — i)
are rarely found in protein interfaces and are not addressed here. While heli-
ces located deep in the core of proteins are crucial for the stability of their
tertiary structure, exposed o-helices on the protein surface are vital for the
molecular recognition of other proteins and nucleic acids. In such a context,
a ligand that successfully reproduces the key features of the helix is likely to
act as a competitive inhibitor of the interaction. In a detailed study of helical
interfaces,>® Jochim and Arora distinguished the following three main types
of interaction: (a) proteins with a well-defined cleft for helix binding, such as
p53/HDM2°*” and Bel-xL/Bak’® (Figure 5.1A); (b) extended interfaces mediated
by a number of helical motifs, which often involve more than one side of the
helix, such as the NOTCH transcription factor®® and the hexameric gp41;*°
and (c) low-affinity transient interactions lacking well-defined hotspots. Of
the three classes, a rational design approach, based on the interface struc-
ture, would be most feasible for the first class. This chapter will focus exclu-
sively on cyclic peptides, although there are excellent reviews covering other
types of o-helical scaffolds.®* %

Decreasing the structural freedom of linear peptides, by introducing a
specific cyclic constraint to promote helicity, enhances not only the binding
properties (due to the reduced entropic cost of adopting the bioactive con-
formation), but also the resistance to protease degradation, serum stability,
and cell membrane permeability.***> Numerous cyclization strategies, usu-
ally through the side chains of two residues, have been developed for helix
stabilization (Figure 5.4).

Lactam Bridges. Since their first application in the early 90s,°*®” lactam
bridges have been the approach most widely used to stabilize a-helical pep-
tides. A covalent side chain-to-side chain amide bond between lysine and
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Figure 5.4 Schematic representation of the main approaches used for covalent
helix stabilization. The artificial element is shown in blue.

glutamic/aspartic residues located on the same side of the helix (positions
i+4—i-oneturn,i+7 — i-two turns, i + 11 — i - three turns) can pro-
mote the helical folding of the peptide. For shorter peptides, which often
lack a secondary structure, Fairlie and co-workers performed a comparative
study of several cyclization linkers (Figure 5.4). They found that a Lys1 —
Asp5 lactam linker conferred the greatest helicity to a model pentapeptide in
water.®® Using this approach, this group successfully developed constrained
a-helices that effectively mimic helical epitopes of viral, bacterial and human
proteins, thus acting as competitive inhibitors.*® For instance, a 17-residue
helical peptide of HIV-1 Rev, which binds to RNA, is responsible for the trans-
port of viral mRNA from the nucleus to the cytoplasm of HIV-infected host
cells. By introducing two lactam-bridged cycles in the Rev peptide sequence,
they obtained a highly helical bicyclic peptide that showed nM affinity for
its target RNA. In these examples, helix pre-organization resulted in up to
a 10000-fold enhancement of affinity, compared to the linear analogues, as
well as increased stability to serum proteases.

Longer lactam linkers, i + 7 — i and i + 11 — i, often containing unsatu-
rated bonds and aromatic rings, have also been explored, but their applica-
tion for the modulation of PPIs has remained limited.”*”!

Ring-closing Metathesis. Hydrocarbon-stapled peptides were pioneered by
Verdine and co-workers in 2000.7* Olefinic staples have since proved to be a
valuable scaffold for targeting challenging PPIs and have become one of the
most thoroughly studied and successful peptide stapling techniques. The
biggest advantage of this technique is that it endows peptides with enhanced
ability to penetrate cellular membranes,” with staple-type and formal charge
being the two most relevant parameters for cell penetration.®” The staple is
usually introduced on the non-interacting face of the helix, although in some
cases the hydrophobic character of this linker has been used to achieve con-
tacts with the binding cleft of the partner protein.”*”> However, prediction
of the most stabilizing architecture and optimal site for staple introduction
is generally complex, so a detailed understanding of the binding process
is crucial for success.”® Usually, a-methylated amino acids are used in the
bridging amino acids, as they are known to better stabilize a-helical confor-
mations,””’® although a recent example showed that they are not essential
for helicity.”” Also, the length of the linker and absolute configuration of the
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Figure 5.5 (A) X-ray structure of B-catenin (on the gray surface) in complex with the
stapled peptide aStAx-35, showing that it binds at the same site as axin;
PDB code: 4D]JS. (B) A myoA-derived HBS peptide binds to a very narrow
groove in the MTIP protein, with all three faces of the helix contributing
to the PPI; PDB code: 4AMZL.

a-methyl a-alkenyl residues introduced have been examined in depth. In the
i +4 — i staple, two S-configured building blocks are required, together with
an 8-atom staple. For the longer i + 7 — i system, a cross-link containing 11
carbon atoms is preferred, and R and S amino acids should be used at posi-
tions i and i + 7, respectively.”>”®

Despite its relatively recent introduction, this stapling tool has been suc-
cessfully applied by chemical biologists to target disease-relevant PPIs for
which few or no ligands exist.**> The work of Grossmann et al. on the inhi-
bition of the oncogenic Wnt signaling pathway is an elegant example of
structure-based rational design.®® B-Catenin is the central hub in the Wnt
pathway, binding to several peptide ligands through extended PPIs that
have remained elusive to small molecule drugs. A series of stapled pep-
tides were designed based on the helical region of axin bound to p-catenin,
and their binding potency and cell permeability were improved through
systematic screening of stapling positions and phage-display optimization.
The best candidate (Figure 5.5A) was able to antagonize B-catenin with a Ky
in the low nM range and to selectively inhibit the growth of Wnt-dependent
cancer cells.

Selective modulation of transcription factors is also a major challenge in
the field of drug discovery, due to the intracellular location of these mole-
cules and the general absence of surface cavities suitable for binding.*” An
important advance in this field was the rational design of stapled a-helical
peptides acting as direct antagonists of the oncogenic transcription fac-
tor NOTCH1.*® The best candidate was an i — i + 4 stapled peptide, which
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showed 94% helicity in water. This peptide inhibited NOTCH1 by compet-
ing with the MAML1 coactivator. Also, it proved to be cell-permeable, and it
suppressed NOTCH1 signaling in leukemia cells and halted the progression
of this malignancy in animals. This case exemplifies the benefits of peptide
stapling in terms of enhancing cell permeability, target affinity, proteolytic
resistance, and plasma half-life. Not surprisingly, two stapled peptides,
ALRN-6924 and ALRN-5281, have reached clinical trials for the treatment of
solid tumors and growth hormone deficiency, respectively.”®

More recently, highly constrained bicyclic stapled peptides, developed
from previously described stapled peptides,® were designed as Rab8 GTPase
inhibitors.”® The additional cycle was shown to further stabilize the bioac-
tive conformation, resulting in a 3-fold increase in binding affinity to Rab8
GTPase, compared to the monocyclic analogue. Obtained through a novel
orthogonal ring-closing alkyne and olefin metathesis approach, this kind of
bicyclic architecture results in highly rigid conformations and has the poten-
tial to target especially challenging PPIs.

Hydrogen-bonding Surrogates (HBSs). Canonical o-helices are defined by
13-membered hydrogen-bonded o-turns. The HBS approach aims to con-
strain this feature by introducing a covalent N-terminal i — 7 + 4 cross-link.
In 1991, the pioneering work of Kemp showed how a constrained Pro-Pro
derivative at the N-terminus nucleated the formation of an o-helix’’—a dis-
covery that inspired the development of the first HBS approach, which used
a covalent { — i + 4 hydrazone cross-link.”” Since then, the properties of HBS
peptides have been improved by using more stable and readily synthesiz-
able alkenyl and thioether linkers. As with the other helical scaffolds, these
peptides have enhanced proteolytic resistance and cell permeability,”® with
the advantage that the topological features of the helix are not perturbed by
artificial modification, as all faces are untethered. This strategy has been suc-
cessfully applied by Arora’s group to a number of targets, such as HIV gp41,”
Bcl-xL,” p53,°° HIF-1a”” and Ras.’® In the latter, HBS-pre-organized cell-
permeable o-helices were designed to mimic the wild-type Sos helical domain
that interacts with Ras. The candidates that showed the greatest binding to
Ras were characterized by FP and "H-""N HSQC NMR, and cellular assays
proved their ability to block Ras signaling in response to receptor tyrosine
kinase activation.

In a recent study, Douse and co-workers designed a set of stapled and HBS
peptides mimicking the helical tail of the malaria parasite invasion motor
myosin (myoA) protein, a particularly challenging interaction, as revealed by
the X-ray structure of the complex.” In this regard, myoA is buried in a very
narrow groove inside its partner protein MTIP, with all three faces of the helix
contributing to the PPL'% Strikingly, the more encumbered stapled peptide
binds to MTIP with a similar affinity to the HBS analogue (ICs,s in the low pM
range for both). High resolution X-ray structures reveal that the pentenyl gly-
cine staple nicely replaces the interactions of Val807 and Ile811 in myoA and
that the mode of binding shown by the HBS peptide matches that observed
for the native protein (Figure 5.5B).
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Cycloadditions. Although less exploited than the above mentioned strate-
gies, the azide-alkyne 1,3-dipolar cycloaddition reaction, generally between
an azide-functionalized norleucine and a propargylalanine residue, at the
i and i + 4 positions, has been applied to develop helix-constrained pep-
tides.'”" According to Kawamoto et al., b-propargylalanine yields more heli-
cal peptides than its L isomer.'"” In their work, they targeted the interaction
between B-catenin and B-cell CLL/lymphoma 9 (BCL9) using triazole-stapled
BCL9-derived a-helical peptides. After an extensive optimization of the posi-
tions, length, and chirality of the linker, they generated a double-stapled
BCL9, which showed >90% helicity in aqueous solution, was stable to pro-
teolytic degradation, and demonstrated potent binding to B-catenin (K; = 0.41
uM). In a recent study, also by Wang’s group,'® the crystal structure of the
RAP1/TRF2 complex was the basis for the rational design of triazole-stapled
peptides targeting the RAP1/TRF2 interaction. Their most potent analogue
showed a K; value of 7 nM, which is >100 times more potent than the corre-
sponding linear TRF2 peptide.

Using the same strategy, D. R. Spring and co-workers developed an alterna-
tive stapling method involving two separate components, the peptide and a
linker, which are combined to form the final stapled peptide. Starting from a
single linear precursor, this efficient double-click method was applied to gen-
erate a range of stapled peptides that target the widely studied p53/MDM2
interaction.'® Cell permeability and inhibitory potency were significantly
improved by introducing cationic groups to the staple linkage, without mod-
ifying the peptide sequence. Additional modifications also led to a marked
effect on cellular activity.'® This two-component double-click approach was
recently described in detail.'*

Redox Reactions. Disulfide-bridged cyclic peptides, generally between cys-
teine residues spaced three amino acids apart, have been used to stabilize
helical conformations. A D- and L-cysteine at positions i and i + 3, respec-
tively, is the optimal combination for helicity.'”” This strategy was applied to
constrain short peptides containing the LXXLL nuclear receptor box motif,
which is known to adopt an a-helical conformation upon binding to estrogen
receptor o. The resulting analogues showed a low helical character in aque-
ous solution, but an X-ray structure confirmed that the peptide does bind in
the expected a-helical conformation, in a clear example of receptor-induced
folding of the peptide ligand. Interestingly, the i — 7 + 3 disulfide staple was
more potent (K; = 25 nM) than the i — i + 4 bridged lactam.

Although disulfide bridging was one of the first stapling techniques
reported, it has encountered limited application, its major drawback being
its intrinsic instability in reducing environments, which hampers its applica-
bility in in vivo models. A straightforward solution is the replacement of the
disulfide bond by a more stable thioether analogue'®*—an approach that is
used in an example, shown below, by Gerona-Navarro et al.'*® Another revers-
ible reaction, recently developed by Horne and co-workers,'"* involves the
formation of an oxime bond between the side chains of modified residues
placed at the i and 7 + 4 positions. However, its applicability to PPI modulation
remains to be seen.
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Photoswitchable Peptides. The introduction of a photo-sensitive cross-linker
between the side chains of residues placed at one, two or three turn distance
in the o-helix allows for reversible light-mediated control of the peptide con-
formation. In peptide helices designed to modulate PPIs, this property opens
up the possibility to regulate their activity, kinetics, and site of action with
temporal and spatial precision using light as an external stimulus.""'** The
photoinduced folding and unfolding mechanisms have recently been eluci-
dated in great detail using molecular dynamics (MD) modeling, which has
shown that the interactions between the peptide and the cross-linker play a
key role in regulating the change in the secondary structure of the peptide.'"?
The first example of a light-induced conformational transition of a peptide
reported the attachment of an azobenzene moiety to the carboxyl side chain
of a poly-Glu peptide—a strategy that, years later, inspired Allemann’s group
to develop several photocontrollable DNA-binding helical peptides.'**'" In
the field of PPIs, the same group introduced an azobenzene cross-linker via
cysteine residues on various positions of the BH3 helical domains of Bak and
BID to disrupt their interaction with the anti-apoptotic Bel-xL.'*®

This approach was applied by Nevola et al. to photoregulate clathrin-me-
diated endocytosis in living cells by engineering peptides based on the
C-terminal helical domain of B-arrestin.'"” In the design strategy, residues
separated by one, two or three helix turns on the non-interacting face of
the helix were replaced by cysteine pairs that were then cross-linked with
an azobenzene moiety, in such a way that the stability of the helix could be
reversibly altered using 380 nm or 500 nm light. The affinities of these cyclic
peptide inhibitors for their target protein were dependent on the trans/cis
isomerization of the azobenzene unit, thus allowing the selective and tem-
poral modulation of membrane receptor internalization in living cells using
light (Figure 5.6).

To date, peptides with conformations that can be reversibly controlled by
light are modified by introducing non-peptidic photoswitches, such as azo-
benzenes, into the side chains. Recently, however, a diarylethene scaffold
was introduced into the backbone of an antimicrobial cyclic peptide, and
the biological activity of this peptide was shown to be effectively regulated
by light.""® Indeed, substantial advances can be expected in the coming years
with respect to the specific spatiotemporal modulation of protein complexes
in response to external stimuli such as light.

As many of the above-mentioned examples show, some degree of optimi-
zation is usually needed to find a helix-constrained peptide with the desired
properties. Nevertheless, it has recently been reported that the most heli-
cal peptide does not always provide the highest target affinity."**'*° This
observation is not limited to any one stapling technique, but addresses
mechanistic questions regarding the binding mechanism and the effects of
structural pre-organization on protein-ligand interactions. Generally, con-
straining a peptide leads to entropically favorable binding, which is coun-
terbalanced by an often opposing enthalpy change attributed to the newly
formed unfavorable interactions involving the backbone and side chains.
This effect can be dominant when the ligand binding process is governed
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Figure 5.6 Photoswitchable peptides targeting the AP2 protein. (a) The azoben-
zene cross-linker, conjugated at cysteine residues 7 and i + 11, favors
binding in the ¢rans configuration. (b) The opposite effect is observed
by conjugating the cross-linker at positions i and i + 7. Reproduced
with permission from Nevola et al., Light-Regulated Stapled Peptides
to Inhibit Protein-Protein Interactions Involved in Clathrin-Mediated
Endocytosis, Angew. Chem., Int. Ed., Copyright © 2013 WILEY-VCH Ver-
lag GmbH & Co. KGaA, Weinheim.

by an induced fit mechanism, i.e. when the unstructured peptide is recog-
nized by the target protein and subsequently folds on the binding surface.
In this context, fixing the ligand conformation will limit the number of ways
through which the protein can bind, and this may impair binding potency.
In conclusion, in order to select the best strategy to stabilize the peptide
bioactive conformation, a detailed investigation of the binding process is
crucial to ensure that an optimal approach and degree of pre-organization
are achieved.

5.3 Insilico Approaches

High-resolution protein structures have become the cornerstone for the
design of peptides mimicking protein interface domains; however, there
are still far more predicted PPIs in the human interactome than complexes
available in the PDB. In the absence of experimental structures, homology
models and mutagenesis data can provide a solid foundation for the start
of a drug discovery process. Even when access to high-quality structures of
protein complexes is available, large protein interfaces—with a few hotspots
spread over the contact surface—are extremely challenging. Computational


http://dx.doi.org/10.1039/9781788010153-00086

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00086

View Online

Modulation of Protein—Protein Interactions Using Cyclic Peptides 99

strategies can be invaluable in guiding the rational design of peptide inhib-
itors—a process that covers a broad spectrum of applications, ranging from
the identification of relevant PPIs to the design and docking of peptide bind-
ers, through to the use of virtual libraries and the conformational prediction
of structures.

As previously mentioned, most PPIs take place on large interfaces in
which a few residues, often present in disconnected segments, provide
most of the binding energy.'*' Therefore the identification of such hotspots
is the first step towards narrowing the search space of relevant interface
peptides. In this regard, experimental methods based on systematic muta-
genesis and affinity determination provide reliable data; however, they are
slow, laborious and costly. A number of computational tools, often relying
on AAG or ASASA metrics, have been developed for measuring the rela-
tive importance of interface residues. AAG measures the change in binding
energy upon mutation of a residue to alanine, and it can be computation-
ally predicted from MD trajectories through MM-PBSA or MM-GBSA cal-
culations.'*®'** High positive AAG values reveal the critical residues for
binding. More importantly, AAG values can be directly correlated to affinity
constants (K or IC;,). In this regard, MM-PBSA outperforms MM-GBSA,
even for relatively short and inexpensive MD simulations,'** although the
latter may not be accurate enough to be used alone for predictive drug
design.'” On the other hand, ASASA measures the change in solvent-ac-
cessible surface area of two proteins upon binding, and it can be readily
decomposed on a per-residue contribution. Hotspots tend to be deeply bur-
ied inside the interface, thus ASASA is widely used in hot-spot prediction
because it is more straightforward to compute than AAG, in spite of its
relation with affinity constants being more distant. A selection of online
servers and databases that provide useful information about hotspots in
protein interfaces are shown in Table 5.1.

For protein-protein interfaces that lack high-affinity hotspots and/or
well-defined secondary structures, virtual screening can provide starting hits
that are unlikely to be derived from a rational design-based approach (Figure
5.7). In addition to the target structure, a library of candidate compounds
is needed for virtual screening. Although many libraries contain small mol-
ecules and fragments, virtual libraries of cyclic peptides are rare, and the
most direct way to create them is by combinatorial generation of the desired
amino acid repertoire. Alternatively, the software CycloPs is a useful tool to
generate cycle-constrained peptide libraries containing natural and non-nat-
ural amino acids.'® Once the libraries have been generated, three-dimen-
sional conformations have to be calculated for all molecules and those with
the lowest energy should be identified. For this task, a number of high-qual-
ity software packages are available, both commercial, such as Schrodinger,
MOE and OEChem, and open-source, such as RDKit, OpenBabel and CDK.
Online servers have also been developed for this purpose, some of which can
handle cyclic structures, such as PepLook,'** Pep-Fold'** and PEPstrMOD.'*
Nonetheless, molecules with a large number of rotatable bonds are difficult
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Table 5.1 Selection of online computational tools that provide useful data
regarding protein-protein interactions.

Name

Description

FTMap'?¢

PredHS'?”

LoopFinder'*®

iPred!®

PCRPi"°

HSPred!?

Robetta'®?
KFC2 133

PocketQuery***

HippDB,** SippDB,** DippDB**’

TIMBAL"®

PIFACE®®

PINT,'* SKEMPI'*!

Hotspot mapping server that calculates the
binding energy score for a series of small
organic probes, identifying regions on the
protein surface that contribute the most to
ligand AG.

Webserver that uses optimally structural
neighborhood properties to predict
hotspots on PPI interfaces

Identifies interface loops in protein-protein
complexes from the PDB that might be
amenable to mimicry by cyclic peptides

JAVA-based software tool that predicts poten-
tial protein-protein interface areas and
hotspot residues

Webserver that predicts hotspot residues
relying on the integration of 7 variables
that account for energy, structural and
evolutionary information, using Bayesian
networks

Webserver that uses a support vector
machine-based method to predict hotspot
residues

Webserver that provides both ab initio and
comparative models of protein domains

A web-based machine-learning approach for
predicting binding hotspots

Web service that clusters residues at the inter-
face of PPIs and yields AAG and ASASA
metrics

Secondary structure databases, catalogued by
the Arora lab, providing computational Ala
scanning and ASASA values for interfacial
residues

Database containing small molecules that
modulate a number of PPIs

Database that clusters PPIs on the basis of
their interface structures

Databases that contain thermodynamic
experimental data for a number of PPIs

to model computationally, so special attention must be paid in order to

generate accurate structures.

In the next step, the predicted topologies for the ligands are docked on the
binding region of the target. Docking consists of two iterative steps: pose gen-
eration, which positions the ligand within the predefined binding site, and
scoring, which estimates the binding affinity of each pose and ranks them.
Generally, the protein is assumed to be rigid during the docking process, and
only the ligand is allowed a certain degree of flexibility. The wide range of
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Figure 5.7 Schematic workflow of a computational approach to design struc-
ture-based peptide inhibitors of protein-protein interactions.

docking methods available, together with their limitations and future chal-
lenges, have been reviewed in detail.***'*

The bioinformatics approach has made a strong entry into the field of
PPIs in recent years. A number of success stories have provided chemical
tools in general, and cyclic peptides in particular, for targets previously con-
sidered undruggable. The transcriptional activation of p53 target genes is
mediated by the interaction between the CREB binding protein (CBP) and
p53. Starting from the NMR structure of this complex,'*® Gerona-Navarro
et al. identified a key B-turn motif in p53 that interacts with CBD.'” A MD
simulation of the B-turn binding to p53 suggested that introducing a cyclic
constraint in the linear peptide would stabilize the bioactive conformation.
Indeed, the replacement of two non-interacting residues by cysteines yielded
a disulfide-bridged active peptide (ICs, = 22.6 pM). The expected mode of
binding was confirmed by MD simulation and NMR studies. With this priv-
ileged information in hand, the peptide could be optimized to yield a more
potent and stable thioether analogue that effectively disrupted the p53-CBP
interaction in carcinoma cells.

Yin and co-workers used the Rosetta modeling software (recently upgraded
to support diverse cyclic constraints and p-amino acids)'* to design a series
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of cyclic peptides able to modulate the TLR4-MD2 interaction—a key event
in the activation of the innate immune response. Starting from peptides
derived from the binding region of MD2 (a protruding loop constrained by a
disulfide bridge), theoretical affinities towards TLR4 were calculated in silico
and were found to be even lower than that of the full-length MD2 protein, a
prediction that was further confirmed in experimental assays.””® In a later
article,”" they also used the Rosetta program to derive and model macrocy-
clic peptides targeting the MD2-binding region of TLR. Interestingly, and in
contrast to the previous study, the peptides obtained had an agonistic effect
on TLR4, although the precise mechanism of activation was not elucidated.

5.4 Fragment Screening and Combinatorial
Approaches

Fragment-based strategies are an effective way to target PPIs, especially
in cases where there is limited structural information and/or the relevant
hotspots are scattered across a disorganized region. Fragment-based meth-
ods have been widely exploited by the pharmaceutical industry, usually
identifying low-affinity fragments (<300 MW) that can be then optimized
or merged to obtain potent leads.'”* Cyclic peptides are large and structur-
ally complex, thus explaining why there are few cases of fragment-based
discovery of such compounds; however, the structure-activity relationship
information gathered in fragment screens can be extremely useful for the
efficient design of peptides. For instance, using this approach, Fesik’s group
identified two series of fragments with a moderate affinity for the DNA-bind-
ing protein RPA."® One fragment included a 3,4-dichlorophenyl moiety that
made key interactions with the protein. In the continuation of this work, this
valuable input was applied to refine a stapled peptide derived from ATRIP,
an endogenous a-helical protein that mediates the DNA damage response.'>*
In addition to traditional optimization methods (Ala scan, removal of irrel-
evant residues, use of distinct stapling patterns), the introduction of a
3,4-dichlorophenyl moiety, previously determined to occupy the same bind-
ing hotspot as the Phe side chain of the ATRIP peptide, produced a 175-fold
increase in binding affinity. This approach reflects how fragment screening
in a large peptide can identify specific mutations that enhance its binding
affinity.

Another related approach is combinatorial target-guided synthesis,
which comprises the discovery of peptide ligands, selected from peptide
libraries, by in situ click chemistry in the presence of the target protein.
Developed by Heath’s group, this strategy has been successful in iden-
tifying linear or macrocyclic peptides able to bind specific epitopes in
proteins with antibody-like affinities.’>™*” In this approach, a synthetic
epitope of the target (9-30 amino acid fragment) is prepared with a termi-
nally appended biotin, as well as an azidolysine click handle. Next, one-
bead-one-compound peptide libraries (comprehensive in 18 natural or
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non-natural amino acids, =2 x 10° sequences) featuring a propargylglycine
click handle, are screened, first against a scrambled version of the epitope
(to discard non-specific binders) and then against the synthetic epitope
itself. Library elements that bind the synthetic epitope in the correct ori-
entation undergo the cycloaddition reaction and are covalently linked
to the epitope. Finally, the library is washed to remove non-covalently
bound peptides and hit peptides are synthesized in bulk and tested
against the full-length protein to determine affinity values (Figure 5.8).
In a recent study, macrocyclic peptide libraries (one of them containing
stapled peptides) were used to target 12 therapeutically relevant protein
targets, achieving affinities in the pM-nM range in most cases.'*® Inter-
estingly, macrocycles yield average logEC;, values of >7, while for the
linear libraries that value is <6, proving their superior performance in
targeting PPIs.

In a similar way, the covalently bound ligand can be used as an anchor
to perform the screening of a second peptide library; in situ triazole forma-
tion leads to a bi-ligand and the process can be repeated to generate a high
affinity tri-ligand. This strategy was used to develop a highly potent inhibitor
of botulinum neurotoxin."” Two macrocyclic peptides, which bind differ-
ent subdomains of the neurotoxin, were identified from respective peptide
libraries. An in situ click screen was then performed with a library of linkers
that would connect the two macrocycles in the optimal orientation in order
to enhance the binding avidity. The resulting divalent inhibitor exhibited an
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Figure 5.8 General strategy to develop high-affinity cyclic peptides against specific
epitopes using target-guided combinatorial chemistry. Adapted from
Das et al., A General Synthetic Approach for Designing Epitope Targeted
Macrocyclic Peptide Ligands, Angew. Chem., Int. Ed., John Wiley and
Sons. © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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IC;, value of 165 pM and acted like a Trojan horse in cells, being internalized
by the neurotoxin endocytic machinery and, once in the cytosol, blocking the
catalytic activity of the toxin.

5.5 Invitro Methods

Although chemical synthetic methods have improved significantly both in
scale and coupling efficiency, they still have some important drawbacks.
Conventional peptide libraries generated using Fmoc or Boc chemistry
are prohibitively expensive for the library sizes required for drug discov-
ery purposes. In contrast, recombinant display systems are able to screen
libraries that are orders of magnitude larger than those obtained by chemi-
cal synthesis. These display technologies rely on the principle of directed
evolution, which is based on iterative cycles of gene mutagenesis, expres-
sion and screening or selection in order to perform an optimal sparse
sampling of a vast multidimensional sequence space. In these systems,
a genotype-phenotype link is exhibited by displaying the peptide with its
genetic material encapsulated in a virus particle (e.g. phage display), or on
the surface of a cell that contains genetic information (e.g. yeast or bacte-
rial display), or directly linked to the nucleic acid through non-covalent
or covalent interactions (e.g. ribosome display, mRNA display and CIS dis-
play) (Figure 5.9).

Encoded linear peptide libraries are several orders of magnitude larger
than classical chemical libraries, are more readily screened, and give rise to
higher affinity ligands. However, their use as drugs is limited by rotational
flexibility and by the poor number of natural amino acids. However, these
limitations can be overcome by means of chemical modification.'® In this
regard, several strategies have been developed to obtain cyclic and bicyclic
encoded peptide libraries. One of the most common is disulfide-bridged
peptides.’®' However, it is known that such bonds are susceptible to reduc-
tion and to disulfide exchange reactions.

Roberts et al. cyclized encoded peptides with an amide bond-forming
chemical linker by using disuccinimidyl glutarate (DSG) to connect the
a-amino group at the peptide N-terminus and the g-amino group of a
lysine residue (Figure 5.10a). Recently, this group has applied this strat-
egy for the in vitro evolution of serum-stable peptide ligand antagonists
of Gai1.'®

The use of unnatural amino acids containing chemical handles for
cyclization is another way to obtain cyclic peptides. Suga et al. developed
modified amino acids with a chloroacetamide functional group that spon-
taneously reacts with the sulthydryl group of a cysteine in the same pep-
tide, forming a thioether linkage (Figure 5.10b).'® Using this methodology,
cyclic peptides were isolated for a range of targets such as VEGF receptor
2.'%* They developed other cyclization strategies with unnatural amino acids
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Figure 5.9 Diagram showing different display technologies where the peptide is
expressed: (i) on the surface of a yeast or bacterium (yeast/bacterial dis-
play); (ii) in a bacteriophage (phage display); (iii) in complex with a ribo-
some (ribosome display); (iv) linked to RNA through puromycin (mRNA
display); or (v) bound to DNA through the cis activity of a DNA bind-
ing protein (CIS display). (Adapted from C. G. Ullman and L. Frigotto,
In vitro methods for peptide display and their applications, Briefings
in Functional Genomics, 2011, 10(3), 125-134, by permission of Oxford
University Press.)

also for application to mRNA-encoded peptide libraries, such as oxidative
coupling of 5-hydroxytryptophan and benzylamine linked to the a-amino
group of phenylalanine (Figure 5.10¢)'®* or the Michael addition of cysteine
to dehydrobutyrine.*®

Another approach for cyclizing mRNA-encoded peptide libraries was devel-
oped by Timmerman et al. This method uses the reagent o,a'-dibromo-m-
xylene to efficiently cyclize peptides with cysteines in aqueous solution (Figure
5.10d). Szostak et al. showed first that the reagent was suitable to cyclize
translated peptides in vitro. They applied this methodology to cyclize peptide
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Figure 5.10 Chemical modifications performed to obtain cyclic and bicy-
clic encoded peptide libraries. (a) Cyclization through an amide
bond-forming chemical linker; (b) and (c) use of unnatural amino
acids containing chemical handles for cyclization; (d) and (e) cycliza-
tion through cysteine residues using different reagents to obtain cyclic
and bicyclic peptides.

4

mRNA display libraries containing unnatural amino acids, in order to isolate
thrombin inhibitors based on peptides with natural (K = 1.5 nM) and unnat-
ural amino acids (Ky = 20 nM).'®” Winter and Heinis developed a phage dis-
play-based methodology for encoding and screening combinatorial libraries
of bicyclic peptides by cyclizing peptides with the sequence ACX;CX,CG dis-
played on a phage with the chemical linker 1,3,5-tris(bromomethyl)-benzene
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(TBMB)."*® These kinds of libraries have been described with all combina-
tions of ring sizes between three and six amino acids, as well as with novel
thiol-reactive trivalent chemical linkers 1,3,5-triacryloyl-1,3,5-triazinane
(TATA) and N,N',N"-(benzene-1,3,5-triyl)-tris(2-bromoacetamide) (TBAB).
These strategies were successfully applied to obtain entirely different fami-
lies of ligands against the target uPA (Figure 5.10e).'*°

More recently, light-responsive peptide ligands were developed by screen-
ing large combinatorial libraries using display techniques. Ito et al. intro-
duced an azobenzene moiety into linear mRNA-encoded peptides using the
unnatural amino acid e-(lysine)-azobenzene.””’ The groups of Derda and
Heinis independently developed phage display screening methods for pep-
tide libraries cyclized with an azobenzene linker."”*”'”? Split intein circular
ligation of peptides and proteins (SICLOPPs) has also been used to generate
cyclic peptide libraries and cyclic proteins."””*'”®

5.5.1 Cellular Approaches
5.5.1.1 Phage Display

Phage display was created by G. Smith in 1985'7° as a method for present-

ing polypeptides on the surface of lysogenic filamentous bacteriophages.
This approach is now one of the most effective ways to produce large peptide
libraries containing up to 10 x 10'° variants.

Phage display has been widely used to build diverse peptide libraries for
high-throughput screening, and it is a common tool in the field of PPIs.
This methodology has recently been used to discover bicyclic and a-heli-
cal cyclic peptides against B-catenin. For the design of bicyclic peptides,
phages displaying >4 x 10° peptides of the format ACX;X,CG were prepared
and then cyclized with three chemical linkers, namely TBMB, TATA and
TBAB, to obtain three libraries with a total diversity exceeding 12 billion
peptide macrocycles.'”” After biopanning against B-catenin streptavidin,
around 170000, 69000, and 84 000 clones isolated from the three peptide
libraries (TBMB, TATA and TBAB, respectively) were sequenced, revealing
many diverse consensus sequences. For peptides cyclized with TBMB,
TATA, and TBAB, 12, 5, and 4 distinct consensus sequences were found.
Representative peptides of the consensus groups were chemically synthe-
sized and labeled with fluorescein in the N termini to allow measurement
of binding to B-catenin by fluorescence polarization. Of the 22 peptides
tested, four were observed to bind with single-digit pM K, values, and two
showed K, values between 20 and 30 pM. They also performed competition
studies and found that the peptide macrocycles interact with B-catenin via
diverse peptide binding motifs and that they bind to various regions of the
target protein. The same group also developed a-helical peptide ligands
for the same target using phage display.'”® They designed phage-display
libraries based on the axin o-helix, which was mutated to different extents
based on structural data using the axin/B-catenin co-crystal structure'”’
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and sequence-activity relationship data reported by Grossmann et al.’® In
order to obtain the cyclic peptides, the cysteines of the purified phages were
reduced and modified by incubation with 100 pM DBMB or CDCB. They
synthesized the peptides obtained from phage display with an N-terminal
fluorescein and measured their binding to B-catenin as (i) peptides stabi-
lized with DBMB, (ii) peptides stabilized with CDCB, (iii) linear peptides,
and (iv) peptides cyclized by a disulfide bridge. Fluorescence polarization
assays revealed the linker-stabilized peptides to show good binding, with
dissociation constants in the low nanomolar range. The best ligands bound
B-catenin with a Ky of 5.4 and 5.2 nM, which was more than 200-fold greater
than that of the starting point.

This technique has experienced considerable improvements, such as
proteomic-peptide phage display (ProP-PD). This approach couples bioin-
formatics, oligonucleotide arrays, and peptide phage display to explore the
interactome of the human PDZ domain, and it has been applied in particular
to study cellular and pathogen-host PPIs.'®!

One of the most recent advances in this methodology is the use of “silent
barcoding”, developed by Derda’s group to introduce post-translational mod-
ifications in phage-display libraries. This strategy consists of encoding the
same amino acid sequence with a distinct set of genetic codons. It allows
simple encoding of a relatively small number of modifications (2-100), thus
permitting rapid diversification of readily available phage-display peptide
libraries. It is envisaged that silent barcoding will find future applications
in selections that use phage-displayed or mRNA-displayed peptide-derived
macrocycles (Figure 5.11).'%
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Figure 5.11 Redundant codons are used to encode chemical post-translational
modification with silent barcodes — e.g., (GGA), or (GGT); — to trace
multiple modifications within a mixed modified library. Libraries
bearing different barcodes are chemically modified and then com-
bined to yield a mixed library of chemically modified peptides. Repro-
duced with permission from ref. 182. Copyright (2016) American
Chemical Society.
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5.5.1.2 Yeast and Bacterial Display

Yeast cell display is an alternative method to phage display.'®® Foreign pep-
tides and proteins (including growth factors, antibody fragments, and cell
surface receptors) are usually fused to the Aga2p agglutinin subunit on the
surface of the yeast cell."®* Bacterial display is a technically related method
whereby peptides or proteins can be expressed on the surface of Gram-posi-
tive or Gram-negative cells in fusion with outer membrane proteins or on the
bacterial flagella.'®

Recently, Daugherty’s group developed a method for the de novo discov-
ery of bioactive cyclic peptides using the bacterial display technique.'®
As a proof of concept, they used libraries of the X;CX;,, X,CX,CX,, and
XCX,CX form containing either one or two cysteine residues to identify
cyclic peptides with desired specificity and affinity towards arbitrary target
proteins.

Camarero’s group was the first to describe the recombinant expression of
fully folded bioactive cyclotides inside live yeast cells using intracellular pro-
tein ¢rans-splicing in combination with a highly efficient split-intein.'®” They
successfully used yeast display to produce the naturally occurring cyclotide
MCoTI-I and the engineered bioactive cyclotide MCoCP4, which was shown
to reduce the toxicity of human o-synuclein in live yeast cells. These achieve-
ments demonstrate the potential of using yeast to perform phenotypic
screening of genetically encoded cyclotide-based libraries in eukaryotic cells
(Figure 5.12).

5.5.2 Non-cellular Approaches
5.5.2.1 Ribosome Display and mRNA Display

Ribosome display is an in vitro selection and evolution technology for
proteins and peptides from large libraries.'"®® mRNA display, like ribo-
some display, allows for the identification of polypeptide sequences with
desired properties from both a natural protein library and a combinato-
rial peptide library.'®® Both methodologies are useful for the production
of peptide libraries. However, for the synthesis of macrocyclic peptides
using the translation machinery, post-translational modifications have
to be developed. A reliable method for the construction of macrocyclic
peptides is based on the concept of manipulating the genetic code, an
approach known as genetic code reprogramming. In this strategy, desig-
nated codons are made vacant and then reassigned to non-proteinogenic
amino acids.

One of the most used methodologies for genetic code reprograming
involves ‘flexible’ tRNA acylation ribozymes, known as flexizymes.'*® Devel-
oped by Suga et al., flexizymes facilitate the preparation of a wide array of
non-proteinogenic aminoacyl tRNAs with almost unlimited choice. The
combination of a custom-made in vitro translation system with flexizymes,
referred to as the FIT (Flexible In vitro Translation) system, allows the
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Figure 5.12 Tertiary structure of the cyclotide MCoTI-II (PDB code: 1IB9) and pri-
mary structures of the cyclotides used in Camarero’s group, MCoTI-I
(X = D) and MCoCP4 (X = SLATWAVG). The CP4-derived peptide was
grafted onto loop 6, marked with an X. The backbone-cyclized peptide
is stabilized by the three-disulfide bonds (shown in yellow).

ribosomal synthesis of macrocyclic peptides using non-proteinogenic amino
acids capable of cross-linking with other proteinogenic or non-proteinogenic
residues.

Many successful selections of macrocyclic peptides using both ribosome
display and mRNA display and their variants have been reported. Szostak’s
group has reported an example of the capacity of selection approaches to
identify macrocyclic peptides against sortase A (Kg = 3 mM), in which they
used the lanthionine-like intramolecular cyclization method.”* The FIT
system has also been coupled to mRNA display, referred to as the RaPID
(Random non-standard Peptides Integrated Discovery) system, and applied
for the selection of highly isoform-selective inhibitors against the pro-
tein kinase Akt2 (IC;, = 110 nM and >250-fold and 40-fold higher IC;, for
Akt1 and Akt2, respectively).’®® Macrocyclic peptide inhibitors were also
selected against a eukaryotic ABC-drug transporter (IC5, = 65 nM) using this
strategy.'®

A major strength of the RaPID system is the ability to express N-methyl-
macrocyclic peptides and the selection of active species. One example
of such inhibitors has been published against VEGFR2.'®* In that study,
an updated method of RaPID, referred to as TRAP display,’** was used
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Figure 5.13 Strategy for the ribosomal synthesis of thioether-bridged bicyclic pep-
tides in E. coli. From N to C, the linear precursor polypeptide com-
prises the C-terminal domain of split intein DnaE (IntC), a Ser or Cys
residue at the IntC+1 site, the unnatural amino acid O-(2-bromoeth-
yD)-tyrosine (O2beY or 'Z’), a variable target sequence containing the
reactive cysteine (purple), and the DnaE N-terminal domain fused to
a chitin binding domain (IntN-CBD). The two envisioned pathways
leading to the bicyclic product are indicated. Adapted from N. Bionda
and R. Fasan, Ribosomal Synthesis of Natural Product Like Bicyclic
Peptides in Escherichia coli, ChemBioChem, John Wiley and Sons, ©
2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

to yield a potent inhibitor (Ky = 33 nM). In recent work, Fasan’s group
reported the use of ribosome display, together with split intein-catalyzed
head-to-tail cyclization, to synthesize natural-like macrocyclic peptides
(Figure 5.13).'%°

5.5.2.2 CIS Display

CIS display technology relies on DNA-based systems. Such systems have the
advantage of speed and stability over RNA templates, as the DNA template
is less sensitive to degradation. Libraries can be quickly generated by stan-
dard PCR procedures and outputs are rapidly analyzed by next-generation
sequencing.'®®

Ullman’s group has recently reported the use of this CIS display system
for the selection of a high-affinity WW domain against the extracellular
region of VEGFR-2. The isolated inhibitor has low nM affinity to VEGFR-2
and inhibits the binding of human VEGF to its receptor. The structure is
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amenable to cyclization to improve its proteolytic stability and has advan-
tages over larger protein scaffolds since it can be synthesized chemically
in high yields, thus offering potential for therapeutic and non-therapeutic
applications.'”

5.6 Final Remarks

Protein-protein interactions (PPIs) are crucial for the regulation of bio-
logical systems, and their role in the development of disease states is
nowadays widely documented. Despite this, small molecules that act by
directly disrupting the interaction between two proteins are relatively
rare. One of the main causes for this lies in the physicochemical nature of
PPIs. Unlike conventional targets, such as enzymes and receptors, protein
interfaces are typically large, flat and featureless. In this context, peptides
have emerged as privileged scaffolds to target PPIs; their size and modu-
larity allows them to accurately mimic protein surfaces, and at the same
time they can be readily obtained in the laboratory, both by synthetic and
by in vitro methods.

However, the use of linear peptides as PPI modulators has a chief dis-
advantage, namely that their high degree of flexibility results in negligible
or random structures, thereby impairing recognition by a well-structured
protein target. To overcome this issue, researchers have exploited the use
of cyclic constraints and non-natural amino acids, which promote the fold-
ing of peptides into well-defined topologies. In addition to having enhanced
binding affinity, cyclic peptides successfully tackle other drawbacks of linear
peptides, such as their susceptibility to proteolytic degradation and their low
cell-membrane permeability.

As we have shown, a great number of cyclization strategies have been
developed to promote the folding of peptides into precise secondary struc-
tures. The resulting designed peptides are able to adopt a bioactive con-
formation at a low enthropic cost, and their effectivity has been validated
in several therapeutically relevant PPIs. In most reported examples, the
availability of high-resolution structural data, together with a detailed
study of the binding process, provides a solid foundation for the devel-
opment of cyclic PPI modulators. In addition, the development of mod-
ern computational tools and fragment-based screening have enabled the
characterization of PPIs and the optimization of the overall design process.
Finally, genetic code reprogramming and directed evolution techniques
have granted access to a vast diversity of macrocyclic peptides generated
by in vitro methods.

On the whole, cyclic peptides have evolved into a promising class of PPI
modulators, both as chemical biology tools and therapeutics. In fact, several
constrained peptides have already entered clinical trials. Thus, although con-
siderable effort is required to achieve selective molecular recognition, cyclic
peptides are expected to achieve great success in the modulation of challeng-
ing PPIs.
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Argyrins
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6.1 Introduction

Argyrins A and B (6.1 and 6.2, Figure 6.1) were originally isolated by Selva
et al. from Actinoplanes sp. as A21459 A and B; however, at that time, the struc-
tural assignment wrongly positioned both tryptophan moieties and the posi-
tion of the methoxy group.’ The myxobacterial Archangium genus, which has
been a rich source for bioactive natural products, such as gephyronic acid,
the melithiazols, tubulysin and the archazolids, is also the origin of argyrins
C-H. These argyrins were originally isolated from Archangium gephyra, strain
Ar 8082, and then later also found in other strains thereof, as well as in strains
of the genus Cystobacter. So far, eight different argyrins (3-10) are known,
which consist of dehydroalanine, sarcosine, 2-(1-aminoethyl)-thiazole-4-
carboxylic acid, tryptophan, 4-methoxy tryptophan, glycin and either alanine
or homoalanine.>?
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S
H |
o NNYO Argyrin A (6.1): R'=Me; R%=H; R®=OMe; R*=Me
< R% HN Argyrin B (6.2): R'=Et; R?=H; R3=OMe; R*=Me
|
NH

N Argyrin C (6.3): R'=Me; R%=Me; R3=OMe; R*=Me
0R1 o HN Y0 Argyrin D (6.4): R'=Et; R>=Me; R3>=OMe; R*=Me
HN )J\/ﬂ Argyrin E (6.5): R'=Me; R?=H; R%=H; R*=Me
N . Argyrin F (6.6): R'=Me; R2=H; R3=OMe; R4*=CH,OH
o o R Argyrin G (6.7): R'=Et; R%=H; R3=OMe; R*=CH,0H
d Argyrin H (6.8): R'=Me; R2=H; R%=OMe; R*=H
HN

Figure 6.1 Structure of all natural argyrins.

Table 6.1 Structure activity relationship of all natural argyrins.

IC5, [pg/mL]

Argyrins P aeruginosa P, acidovorans KB-3.1
A 0.12 0.07 0.1

B 0.08 0.05 0.3

C 0.1 0.05 0.1

D 0.14 0.07 0.3

E 1.4 1.5 10

F 5 5 1.5

G 4 4 >20

H 0.8 0.5 >20

6.2 Biological Activity

So far, the argyrins have exhibited three distinctly different biological activ-
ities. After discovering the first argyrins, their high antimicrobial activity,
especially against Clostridium difficile, Mycoplasma gallisepticum and Neisseria
caviae, had scientists hoping that they had found a highly active antibiotic for
Gram-positive and Gram-negative bacteria. All argyrins are remarkably active
against intrinsically resistant Pseudomonas sp. at the nano- to micromolar
scale (Table 6.1), with argyrins A to D exhibiting extraordinary IC;, values
against P. aeruginosa and P. acidovorans. The drop in activity in an SAR-data-
set indicates the importance of the 4-methoxy-group of the tryptophan unit,
as well as the methyl group next to the thiazole moiety. The argyrins, there-
fore, are one of the few natural product classes that exhibit antibiotic activity
against Gram-negative bacteria.®

Even multidrug-resistant P aeruginosa strains are susceptible to treatment
with the argyrins, which combined with the lack of cross-resistance implied a
new mode of inhibitory activity. By analyzing the genome of argyrin-resistant
Pseudomonas strains, it has been shown that each strain has a singular
SNP within the fusA1-gene of elongation factor G. Three possible gain-of-
function mutations on domain III have been found within the B-sheet oppo-
site to domain IV and therefore are in close proximity to the binding sites
of another Pseudomonas antibiotic, fusidic acid (11, Figure 6.2). Opposite to
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Argyrin B

** GTP/ Fusidic acid binding site

Figure 6.3 The binding sites of argyrin B (4) and fusidic acid (11) in EF-G.”

fusidic acid, which seems to trap EF-G after GTP hydrolysis and transloca-
tion, the argyrins are expected to lock EF-G in a distinct conformation or
stop the enzyme from binding to the ribosome (Figure 6.3). Two other acti-
vating mutations are located at the contact interface between domain III and
V and seem to stabilize the interdomain contact between domains III and V.
This is supported by a corresponding SNP in Salmonella typhimurium, which
induces fusidic acid-resistance.*”

Another property of these cyclic peptides is their activity as an immuno-
suppressant, providing an opportunity to treat autoimmune diseases and
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Figure 6.4 Argyrin-induced growth inhibition of mammalian cell lines.® Repro-
duced from B. Nyfeler et al., PLoS One, 2012, 7, €42657. © Nyfeler et al.
Published under the terms of the CC BY 4.0 licence, https://creative-
commons.org/licenses/by/4.0/.

ease solid organ xenotransplantation. Argyrin B very effectively inhibits
murine T-cell-independent antibody formation, as well as the IgG production
of human B-cells.?

Next to their antimicrobial properties and their role as immunosuppres-
sants, the argyrins incompletely inhibit the growth of several mammalian
cell lines; they seem to be especially effective against a cell line of cervical
carcinoma (Figure 6.4). Evaluation of the proteasome inhibition and anti-
proliferative activities against SW-480 colon carcinoma cells of all argyrins,
as well as six analogues, showed the necessity of the exo-methylene group,
as well as of the 4-methoxy group of tryptophan Trp* for the biological
activity. Argyrin A and F herein have been found to be the most potent
derivatives among all natural argyrins and additional synthetic derivatives
(Figure 6.5). Remarkably, xenotransplanted tumors do not restart grow-
ing after a 21 day treatment with argyrin F, while argyrin A-treated tumor
growth resumed.®

The antitumor activities of the argyrins are in direct relation to their
inhibition of the proteasome. Since p27""P! is one of the most frequently
dysregulated cyclin kinase inhibitors in tumor cells without geneti-
cally encoded defunctionalization, the argyrins’ ability to stop p27P'-
degradation can be seen as a leap towards a new possible treatment of
cancer in patients with normal expression. It has been shown that argyrin
A can induce tumor regression and even apoptosis at a similar level to
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H S |
O N X, O
N 1 2. 3. 4 5 6.
- 6.10 R'=Et, R“=CH,0H, R°=H, R*=H, R°>=CH,0H, R°=CH,
N

\ 6.11 R'=Et, R>=H, R3=H, R*=H, R%=CH,OH, R®=CH,
Rf%/go 10 N Yo NH 6.12 R'=Et, R?=H, R®=H, R*=H, R%=Me, R®=CH,

R H 6.13 R'=Me, R?=Me, R%=H, R*=OMe, R%=CH,0H, R®=CH,
7 6.14 R'=Me, R?>=H, R®=Me, R*=OMe, R%=CH,OH, R®=CH,
o M RRQ y 6.15 R'=Me, R?=H, R3=H, R*=OMe, R%=Me, R®=H,

Figure 6.5 Structure of all tested argyrin analogues.®

Y
/g( \/B(OH /¢ \)J\ o
@ a
H HN N
Cl
6.16 6.17 6.18

Figure 6.6 Known proteasome inhibitors.

bortezomib (18, Figure 6.6), a clinically used p27*P'-independent prote-
asome inhibitor, without having the same serious side effects, such as
malaise and weight-loss. Astonishingly, even tumor cells that have been
brought to cell-cycle arrest in vitro could be treated afterwards in vivo by
the same compound. It has also been observed that even a single injection
of argyrin A inhibits angiogenesis and interferes with the focal adhesion
of tumor endothelial cells. This seems to be due to the fact that the small
GTPase RhoA is directly controlled by p275P* and therefore is prevented
from facilitating the growth of new vessels for the tumor cells.”

Structural analysis of the argyrins has shown that the exo-methylene
group adds conformational fixation, because argyrin analogues lacking
this moiety show broadened signals in their spectra. To check the struc-
ture of the argyrin/S20 proteasome complex, neither crystallographic nor
direct NMR data could be obtained, so a competition experiment between
argyrin and the B-subunit ligand MG-132 (19), as well as the a-unit ligand
chloroquine (20), was set up. Due to the changed cross-peak intensities of
the transferred Nuclear Overhauser Effect (NOE) peaks, it was concluded
that argyrin A binds to the proteasome B-subunit of the human protea-
some. A molecular modelling approach assuming that the bioactive confor-
mation of argyrin A is the same as the free peptide and using the structure
of a humanized yeast proteasome holo structure showed that the relevance
of the methoxy-group of Trp? can be explained by hydrogen-bonding with
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S118 in the caspase- and chymotrypsin-like binding pockets.® Further
insights gained by modelling include the hydrogen bonding of T1 and G47
anchoring the argyrins at Gly’ and p-Ala* at the bottom of the S1 pocket, as
well as an illustration of the improved activity of argyrin F, which does not
take the solubility into account, explained by a hydrogen bond between
the OH next to Ala-Thiaz’ and G23, therefore stabilizing the complex. Fur-
ther docking simulations showed a high selectivity of argyrin A towards
the B1 site, while argyrin F is more selective towards B2 and highly spe-
cific for f5 due to the specific interactions at the active site of the prote-
asome. Argyrin A forms a n-n-interaction with Y168 of B1, and argyrin F
interacts with Y129 at B2, as well as forming an ionic hydrogen bond with
D51 and G116, therefore having a stronger impact than usual on hydrogen
bonding.’

Having determined the details of argyrin binding to the proteasome, it
became possible to design analogues in silico and check their theoretical
binding affinities to the three binding sites of the proteasome. By modifying
D-Ala* with hydrogen-bond donors in the a-position, a bonding interaction
to E22 of B1 could be induced. This calculated interaction would be specific
for 1 and not be relevant in binding to the f2 and B5 sites. The addition
of a hydroxyl and an amine moiety, respectively, supported this hypothesis
by displaying a 30- to 67-fold increase in binding specificity compared to
argyrin A (Table 6.2).° Miiller et al. also postulated the possibility of binding

Table 6.2 Calculated inhibition constants and specificity parameters for argyrin A

analogues.’
O
HN JY
R O oM

6.3
K [pM] Specificity parameter

Compound p1 B2 B3 p1 B2 B3
Argyrin A 2.5 133 0.7 1.0 1.0 1.0
(R=H)

Argyrin F (8) 9.8 296 0.5 0.4 1.3 12.1
R=0H 0.4 310 1.2 30.2 0.1 0.2
R=NH, 1.6 572 6.3 66.7 1.4 0.3

R =NHMe 3.2 546 2.4 11.8 1.1 1.4
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to the mitochondrial EF-G, which shares 40% of its sequence with the
bacterial EF-G.*

6.3 Synthesis

6.3.1 Biosynthesis

The biosynthesis of the argyrins (Figure 6.7) was described by Miiller
et al.,'® who proposed the start of the biosynthesis by loading of alanine
followed by serine. Condensation with glycine and subsequent action of
a methyl transferase introduces the sarcosine unit. After condensation of
another alanine, the heterocyclization domain forms a thiazoline ring by
condensation with cysteine, which is afterwards oxidized to the thiazole.
Addition of two tryptophan moieties and another glycine provides the lin-
ear, PCP-bound precursor. Upon activation of the thioesterase, cyclization
takes place to generate pre-argyrin (21), which is post-translationally modi-
fied by elimination of the serine hydroxyl group, as well as by modification
of the tryptophan.

load module 1 module 2 module 3 module 4 module 5 module 6 module 7

e f i 2: ’ﬁ 2:""% C°
o~ o:Ng (\Ls o=
Pain!

H,N HO NH — NH N
o:g_ (Ls
/ "
HN HO NH —N NH
l o 2:0 O:S
/"
H,N HO NH  —N

H

j/ H,N HO  NH
?H\N HN \ O:S—
/,,,KJ:O NH HoN

(0] H HN™ ~O )
HN\[((NJ\/N > Argyrin A (6.1)
H

pre-Argyrin (6.19)

Figure 6.7 Proposed biosynthesis of the argyrins (R = 3-methylindole moiety)."
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6.3.2 Ley’s Total Synthesis

In 2001, Ley et al."* completed their total synthesis of argyrin B, which they
retrosynthetically divided into three fragments (Figure 6.8): the thiazole unit
(22), as well as the tripeptides 23 and 24. The 4-methoxytryptophan moiety
was generated by enzymatic kinetic resolution, while the installation of the
dehydroalanine moiety was achieved by elimination of a selenophenyl-
substituted amino acid.

For the synthesis of thiazole fragment 22 (Scheme 6.1), Boc-protected ala-
nine (25) was transformed into the corresponding thioamide (26), which was
then treated with bromoethyl pyruvate and TFAA. For the bistryptophan frag-
ment 24 (Scheme 6.2), a strategy for the synthesis of the unusual 4-methoxy
tryptophan was needed, which was found by treating racemic 27 with peni-
cillin G acylase. Cbz-protection and subsequent coupling with glycine methyl
ester led to dipeptide 29, which could be further transformed by hydrogeno-
lytic deprotection and coupling with Cbz-protected tryptophan to the tripep-
tide 24. The last tripeptide fragment (Scheme 6.3) was synthesized by starting
from Boc-protected serine (30), which was first converted to the p-lactone 31
using Mitsunobu conditions, and then reopened to the selenide for coupling

ool I o
\ S
TR
SN HNI\E@
(6]

YJ: o |, HN"So TNH
HN A N

H® OMe
O (0] ~

HN

H
PhSe/\/&O MeO)J\/N
OMe
HN._O )
T 1
BocHN HN
6.21 6.22

Figure 6.8 Retrosynthetic analysis of argyrin B.
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o 1.) DCC, HOBt, NH,, 97% S
BocHN BocHN
\‘)kOH 2.) Belleau's reagent, 78% \HkNHZ
6.23 6.24
i.) bromoethyl pyruvate, KHCO3;, DME S |
BocHN \N OEt
ii.) TFAA, 2,6-lutidine, 41% o
6.20

Scheme 6.1 Synthesis of the thiazole fragment 22 of argyrin B (4).

Ph Ph
L NH, L
HN" 0 HO HN" S0
HOW/L\% penicillin G acylase oMe Ho%-.,
O "’
o OMe z OMe
d HN ° 7
HN HN
rac-6.25 6.26 (R)-6.25
NHCbz
1.) CbzCl, NaHCO3, 44% 02s
6.26
2.) H-Gly-OMe, EDC, HOBt, 94%
CszNI\EQ
1.) Hy, PdIC

2.) Cbz-Trp-OH, EDC, HOBt, DIPEA, 81% 02s MeO ?
6.22

Scheme 6.2 Synthesis of the southeastern fragment 24 of argyrin B (5).

with ethyl sarcosine, deprotected and coupled with Boc-protected aminobu-
tyric acid to form the selenide fragment 22.

With the fragments in hand, 22 could then be coupled with 24 by depro-
tection and subsequent coupling (Scheme 6.4). The thiazole-tripeptide frag-
ment 34 was saponified and the tripeptidic selenide was deprotected in order
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NHBoc BocHN
6.28 6.29

N

" 1) TFA A(&
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HoN
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Scheme 6.3 Synthesis of the deprotected western fragment 33 of argyrin B (4).

to be coupled to the linear precursor 35. Deprotection of the acid and amino
termini and subsequent macrolactamization gave macropeptide 36, which
could be eliminated to argyrin B (4) using periodate oxidation and bicarbon-
ate treatment.

6.3.3 Kalesse’s Total Synthesis

The Kalesse total synthesis of argyrin F® (8) uses an analogous retrosyn-
thetic approach compared to Ley et al, but differs in the construction of the
building blocks. The thiazole fragment 39 was synthesized from N-Boc-O-
tBu-serine (37) in an analogous manner via transformation to the thioam-
ide (Scheme 6.5). Due to the unavailability of the previously used acylase, a
catalytic asymmetric hydrogenation (Scheme 6.6) of the olefin 40 led to the
fully protected 4-methoxy tryptophan 41 with 99% ee. The installation of the
dehydroalanine moiety (Scheme 6.7) was already performed from dipeptide
43 by copper(1)-catalyzed elimination and was followed by coupling with sar-
cosine. Interestingly, the dehydroalanine moiety is chemically stabilized by
substitution with an electron-withdrawing group at the amino moiety.

With the fragments in hand, the thiazole 39 and the tripeptide 24 were
deprotected and coupled to form fragment 46 (Scheme 6.8). After its sapon-
ification, coupling with the dehydroalanine fragment 45 led to the linear
precursor 47. Deprotection and macrolactamization gave 48, which was
transformed to argyrin F (8) by acid-catalyzed ¢Bu-ether cleavage.

6.3.4 Jiang’s Total Syntheses

For the argyrins A and E, a different retrosynthetic approach was pursued by
Jiang’s group' (Figure 6.9). Their three fragments were the tripeptide 49, the
thiazole-peptide hybrid 48 and the dipeptides 51 and 52, respectively. For the
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Scheme 6.6 Catalytic, asymmetric hydrogenation of dehydrotryptophan 40.
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Scheme 6.7 Synthesis of the tripeptide 45.
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Figure 6.9 Jiang et al.'s retrosynthetic approach to argyrins A and E.

first fragment (Scheme 6.9), the thiazole 22 was saponified and coupled with
protected tryptophan to give the dipeptide fragment 50.

Protected 4-methoxy tryptophan 56 was prepared starting from 3-methoxy
aniline (53, Scheme 6.10). Boc-protection, ortho-lithiation, iodination and
finally deprotection provided the 1,2,3-functionalized aniline 54, which
could be converted to indole 56 by palladium(0)-catalyzed heteroannulation
with aldehyde 55. A single Boc-deprotection, saponification and coupling
with glycine methyl ester gave dipeptide 57. The simple tryptophan-
glycine dipeptide was prepared by coupling of Boc-protected tryptophan (58,
Scheme 6.11) with glycine methyl ester. Deprotection of both tryptophans
gave the amines 57 and 59, respectively.

The synthesis of the final fragment (49) started from Boc-protected alanine
(25, Scheme 6.12), which was coupled with serine methyl ester. The dipeptide
43 was subjected to mesylate-mediated elimination, saponification and cou-
pling with sarcosine ethyl ester.
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Scheme 6.9 Assembly of the dipeptide 50.
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Scheme 6.10 Synthesis of the functionalized tryptophan-glycine dipeptide 57.
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Scheme 6.11 Synthesis of methyl tryptophylglycinate (59).

Coupling of the deprotected analogues of 49 and 50 gave the thiazole-
containing tetrapeptide. After deprotection of the acid 60, coupling gave the
linear precursors 61 and 62, which were converted to the desired argyrins by
global deprotection and macrolactamization (Scheme 6.13).

6.3.5 Chan’s Approach to Argyrin Analogues

Other than the previous approaches, Chan et al. synthesized argyrin A, as
well as several derivatives, by solid-phase peptide synthesis (SPPS)."* There-
fore they started from differently substituted indoles 63 (Scheme 6.14),
which were subjected to Vilsmeier-Haack formylation and homologation by
an enol-Wittig reaction. An asymmetric Strecker synthesis gave the desired
a-aminonitriles 67 in favor of the desired diastereomer after testing three
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Scheme 6.13 Synthesis of the argyrins A (3) and F (7).
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Scheme 6.14 Asymmetric synthesis of substituted N-protected tryptophans 69.
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Figure 6.10 Chiral auxiliaries for asymmetric Strecker syntheses.

auxiliaries, 65, 70 and 71 (Figure 6.10). Oxidation of the nitrile and hydrog-
enolytic cleavage of the auxiliary gave the aminoamides 68, which could be
transformed to the corresponding Fmoc-protected amino acids 69. Hydrog-
enolytic cleavage of the halogenated tryptophans leads to dehalogenated
indole cores, so the use of the acidolytically cleavable para-methoxy-a-ben-
zylamine (71) as a chiral auxiliary was inevitable.

The SPPS (Scheme 6.15) started from Fmoc-protected sarcosine loaded
onto a 2-chlorotrityl polystyrene resin and led to the linear precursor still
attached to the resin. Acid treatment cleaved both the protecting group and
the resin from the oligopeptide, which was then lactamized and eliminated
to form argyrins A and E, and differently substituted derivatives.

In conclusion, the argyrins are promising bioactive peptides with antibi-
otic, antitumor and immunosuppressant properties. These properties are
linked to their interaction with the bacterial elongation factor G, the human
proteasome and eventually unidentified cellular targets. Altogether, four total
syntheses have been achieved by the groups of Ley, Kalesse, Jiang and Chan.
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Scheme 6.15 SPPS-assisted total syntheses of argyrins A (3) and E (7), and deriva-
tives thereof (75-80).
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7.1 Introduction

Understanding the structure of a given molecule is essential in deducing
how it functions in the biological world. A biochemist knows that structure
imparts function, and that without any particular structure, there is noth-
ing special about a given assortment of atoms. Small molecules are gener-
ally rigid, lacking many degrees of freedom due to stereochemical, multiple
bonding, and steric constraints. This rigidity imparts function by locking the
conformation of the molecule, thus facilitating reproducible interactions
with macromolecules, in a typical lock-and-key-type association. Proteins,
on the other hand, are large polymers with thousands of degrees of freedom.
At this scale, individual stereochemical and steric constraints matter less in
maintaining a particular global conformation. Rather, hundreds of weak,
non-bonding interactions within proteins cumulatively impart secondary,

Chemical Biology No. 6

Cyclic Peptides: From Bioorganic Synthesis to Applications

Edited by Jesko Koehnke, James Naismith and Wilfred A. van der Donk
© The Royal Society of Chemistry 2018

Published by the Royal Society of Chemistry, www.rsc.org

141



Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00141

View Online

142 Chapter 7

tertiary, and quaternary structures. When a protein becomes denatured and
loses its structure due to changes in environmental conditions, it also loses
its ability to function. Between these two extremes, however, lies a valley of
conformational flexibility where most small peptides are found. Small pep-
tides (<50 amino acids, approximately) are large enough that rotational flex-
ibility gives rise to hundreds of degrees of freedom, but small enough that
secondary and tertiary structures cannot play a stabilizing role in the pep-
tide conformation. This lack of conformational stability can be a significant
problem if the peptide must carry out a specific function that is important
for the fitness of the producing organism. For this reason, many organisms
install covalent cross-links into small peptides to reduce the degrees of free-
dom and impart to these molecules a rigid structure, and hence function.

A number of different types of cross-links have been observed in peptidic
natural products throughout the years, often involving amide, ester, thio-
ether, or thioester bonds.! This includes N-C macrocyclization of peptides
and the related construction of lasso peptides, formation of thiazole and oxaz-
ole rings, creation of thioester and oxo-ester cyclized products, and synthesis
of the thioether-containing lanthipeptides, where a cysteinyl sulfur atom is
covalently bonded to the B-carbon of another residue. These, and most pep-
tide cross-links studied to date, are formed by enzymes that utilize various
kinds of heterolytic chemistries. There are some important peptide cross-
links, however, whose biogenesis necessitates radical chemistry. Included in
this class are some of our most potent antibiotics, the biosyntheses of which
make use of transition metals to carry out difficult transformations. Here,
we describe three main classes of transition-metalloenzymes and the radi-
cal mechanisms that they use to install complex C-N, C-S, C-O, and C-C
covalent bonds, which in turn impart fascinating architectural complexity
and exquisite bioactivity to their molecular products. These three classes of
enzymes are mononuclear non-heme iron enzymes, cytochrome P450s, and
radical S-adenosylmethionine (SAM) enzymes. These enzyme families are
responsible for some of the most important chemical transformations of the
last century, notably the biosynthesis of penicillins and glycopeptides (e.g.
vancomycin). Less important from a medical perspective, but nonetheless
intriguing biochemically, are the sactipeptide antibiotics, pyrroloquinoline
quinone, and streptide (Figure 7.1). We will discuss the molecules that con-
tain these novel cross-links, the structural features of the metalloenzymes
involved in their biosyntheses, and the chemical mechanisms by which the
radical transformations take place.

7.2 Penicillin Antibiotics

Penicillins are archetypal antibiotics, and the first microbially-derived mole-
cules approved to treat bacterial infections.? The discovery of penicillin G by
Sir Alexander Fleming has acquired legendary status as one of the key events
of the 20th century, and its story of serendipity has been a source of motiva-
tion and encouragement to scientists of all ranks.? Since its initial discovery,
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Streptide

NH

0//"\0H

Penicillin G
Subtilosin A PQQ

Figure 7.1 Structures of selected peptidic natural products biosynthesized by
metalloenzyme-mediated radical reactions. All cross-links discussed
are highlighted in red.

the class of penicillin antibiotics has expanded, as variations on the original
motif have been found elsewhere in Nature, and second, third, and fourth
generation penicillins have been semi-synthesized in the laboratory to com-
bat the spread of penicillin resistance.*

7.2.1 Penicillin Biosynthesis

The fundamental motif common to all penicillins and related antibiotics is
the p-lactam ring, a strained four-membered nitrogen-containing heterocy-
cle, which is often fused with a five- or six-membered ring that may contain
a chalcogen atom.>® Different mechanisms have been implicated in B-lactam
ring formation,” but the most common, and arguably the most elegant, is
one that generates the fused thiazolidine and B-lactam rings of isopenicillin
N by a single multi-step reaction.” Despite the relatively long history of peni-
cillin’s use in clinical settings, only in the last few decades have the mysteries
of this transformation begun to be unraveled, with new results still being
published even within the last year.

Penicillins are synthesized from §-(1-a-aminoadipoyl)-1-cysteinyl-D-valine
(ACV), a non-ribosomally-synthesized tripeptide that includes two non-ca-
nonical amino acids (Scheme 7.1).>° The core penam structure, which com-
prises the fused B-lactam and thiazolidine rings, is formed directly from this
starting peptide by making covalent bonds between the amide nitrogen of
D-valine and the B-carbon of 1-cysteine, as well as the f-carbon of p-valine
and the y-sulfur of 1-cysteine.®'*'" The enzyme responsible of the creation of
these bonds is isopenicillin N synthase (IPNS), and it uses non-heme iron to
catalyze the reaction shown in Scheme 7.1."
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Scheme 7.1 IPNS catalyzes the oxidation of ACV to isopenicillin N by installing
intramolecular cross-links, denoted in red, to form a bicyclic penam
structure.

7.2.2 Isopenicillin N Synthase

IPNS falls into the canonical family of non-heme iron enzymes, which con-
sist of a cupin fold that protects the active site and provides the His-Asp-
His facial triad for binding the iron co-factor (Figure 7.2A)."*"" Unlike other
non-heme iron enzymes, IPNS does not need a sacrificial co-factor, such as
o-ketoglutarate, to generate the high-valent Fe(1v)-oxo intermediate."*'® This
is because IPNS, by catalyzing a four-electron oxidation of ACV, is able to
use ACV as both a substrate and co-factor. This enzymatic reaction has been
extensively studied using isotope effects, substrate analogues, X-ray crystal-
lography, and various spectroscopic techniques to support a mechanism pro-
posed two decades ago.”"”

7.2.3 IPNS Mechanism

IPNS was first purified and characterized by the research group of Jack
Baldwin in 1984."* Over the next decade, researchers led by Baldwin would
carry out countless enzymatic assays with IPNS, using a variety of tech-
niques to assess the details regarding its reaction mechanism. A number
of thorough reviews offer an in-depth treatment of the early mechanis-
tic insights.'®'” The consensus mechanism that has emerged from these
experiments begins with ACV and dioxygen binding to the iron co-factor
in the active site of IPNS (Scheme 7.2, step a).”?° ACV binds to Fe(11) via the
cysteinyl sulfur ¢trans from a histidine ligand, with a water molecule occu-
pying the fourth equatorial coordination site.”’>* O, binds to the axial site
of iron and generates the oxidized Fe(111)-superoxo intermediate. Anoxic
crystal structures of IPNS revealed this starting ligand arrangement, using
NO as a catalytically inert substrate mimic for O, (Figure 7.2B), and were
consistent with solution spectroscopic data.” Recently, stopped-flow spec-
troscopic experiments using ACV with deuterated cysteine have offered
the first direct experimental observations of this initial reaction complex
with ACV bound to the Fe(111)-superoxo species."”

The superoxo radical initiates catalysis by abstracting a hydrogen atom
from the p-carbon of cysteine (Scheme 7.2, step b), which rapidly re-hybridizes
the sulfur-iron bond, generating an Fe(11)-hydroperoxo intermediate and a
thialdehyde (Scheme 7.2, step ¢).”'”** Though this intermediate has not been
directly observed, it has been supported by computational studies using
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\
ACmC

intermediate

Figure 7.2 X-ray crystal structures of IPNS reveal protein structures and inter-
mediates during the catalytic cycle. IPNS is rendered in a ribbon
diagram with important residues and substrates shown as sticks.
Oxygen is colored red; nitrogen, blue; sulfur, yellow. Iron is shown
as an orange sphere, and the water ligand is shown as a small red
sphere. Protein carbons are colored white and dark green, whereas
ACV carbons are colored light blue. (A) The non-heme iron active site
is located within a cupin barrel (colored dark green), with Fe ligated
by two equatorial histidine residues and one axial aspartate residue.
Exogenous ligands are omitted for clarity (PDB ID: 1BLZ).” (B) The
structure of IPNS with ACV and NO bound in the active site revealed
a six-coordinate Fe atom with NO oriented toward the -carbon of the
Cys residue in ACV (PDB ID: 1BLZ).” (C) Incubation of IPNS with O,
and ACmC allowed formation of the B-lactam ring, followed by nuc-
leophilic attack by the methyl-Cys sulfur onto the reactive Fe(1v)-oxo
intermediate, thus forming a monocyclic sulfoxide. This sulfoxide
product was captured in the structure (PDB ID: 1QJF).?° (D) Crystal
structure of IPNS with isopenicillin N ligated to the Fe center via the
thiazolidine sulfur (PDB ID: 1QJE).*

combined QM/MM methods.***® The precise order of events in the follow-
ing step is unclear, but can be best described as a concerted circular flow
of electrons, in which formation of the reactive Fe(1v)-oxo intermediate is
coupled to heterolytic O-O bond cleavage, whereby the resulting hydroxide
ion facilitates p-lactam ring construction (Scheme 7.2, step d). The Fe(1v)-oxo
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Scheme 7.2 The proposed radical mechanism for isopenicillin N formation by
IPNS. See text for a description.

intermediate has been characterized by various spectroscopic methods,"” and
fits well within the established mechanism for non-heme iron enzymes.'
Initial evidence for this specific intermediate came from a combination of
biochemical and crystallographic studies. Using the ACV analogue 8-(L-a-ami-
noadipoyl)-L-cysteinyl-L-S-methylcysteine (ACmC), Baldwin and co-workers
were able to trap the Fe(1v)-oxo intermediate via nucleophilic attack by the
methylcysteine sulfur, which gave the monocyclic sulfoxide product, ligated
to the now reduced Fe(11) co-factor (Figure 7.2C).* It was not unreasonable to
assume that only an Fe(1v)-oxo intermediate would be electrophilic enough
to attract the weak thioether nucleophile, thereby providing indirect evidence
for this intermediate.

At this point in the catalytic cycle (Scheme 7.2, steps a-d), the ACV
substrate has undergone the loss of two electrons and primed the Fe
catalyst for creating the second ring in the penam structure. The potent
Fe(1v)-oxo intermediate next abstracts the hydrogen from the pB-carbon of
valine (Scheme 7.2, step e), forming a Fe(111)-hydroxo species and a sub-
strate-based tertiary radical. Finally, this tertiary radical recombines with
an electron from the Fe-bound sulfur atom, forming the thiazolidine ring
of the isopenicillin N product and regenerating the Fe(11) catalyst (Scheme
7.2, step f). This IPNS-product complex has also been captured crystallo-
graphically (Figure 7.2D). The last two steps of the catalytic cycle account
for the final two electrons that are removed from the substrate for the com-
plete reduction of O, to two molecules of water. Together, the combined
biochemical and structural analyses of IPNS have provided a detailed pic-
ture of how this enzyme installs a C-C and C-S bond in a regio- and ste-
reospecific fashion.
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7.2.4 Impact of Penicillin and Its Biosynthesis

The importance of penicillin cannot be overstated. Its biggest impact, with-
out a doubt, has been the countless lives saved through its clinical use, as
well as the motivation it provided to discover and develop subsequent natural
product antibiotics. In addition, the impetus to understand the biosynthe-
sis of penicillin nurtured the field of natural product biosynthesis, especially
the involvement of metalloenzymes that create bonds at unactivated carbon
centers. Metalloenzymes come in all shapes and sizes, and among these,
mononuclear non-heme iron enzymes are seemingly simple, requiring no
complex co-factors or rare metals. But even within this class of enzymes, IPNS
is uniquely elegant, requiring only a single iron atom to affect the transfer of
four electrons from its substrate, ACV, to dioxygen. By using the full oxidative
power of O,, IPNS is able to form two peptide cross-links - one of these gener-
ating the strained and potently bioactive -lactam ring. While penicillin and
IPNS have been in the spotlight now for some time, the track record suggests
that there is still more to learn and discover from this important molecule
and the enzymes that make it.

7.3 Glycopeptide Antibiotics

By the early 1950s, not long after the introduction of penicillin, erythromycin,
and tetracycline, resistant strains of Staphylococcus began to appear, against
which the available therapies were ineffective.’® In response to this growing
crisis, Eli Lilly and Co. began a worldwide search for new antibiotic-producing
organisms. After receiving soil samples from the jungles of Borneo, Edmund
Kornfeld, a chemist at Eli Lilly, isolated Amycolatopsis orientalis (initially clas-
sified as Streptomyces orientalis), which produced a molecule that was active
against antibiotic-resistant staphylococci. This molecule, once purified,
became known as vancomycin, and it is still in use today as a drug-of-last-resort
against methicillin-resistant Staphylococcus aureus (MRSA), though reduced
susceptibility and even resistance have led to a decline in its efficacy.”*

7.3.1 Oxy Enzymes in Glycopeptide Biosynthesis

Vancomycin is the founding member of the class of molecules known as
glycopeptide antibiotics. Like ACV in penicillin biosynthesis, glycopeptides
are the products of non-ribosomal peptide synthetases (NRPSs). By utilizing
NRPS pathways rather than ribosomal synthesis, bacteria are able to incor-
porate more than the 20 canonical amino acids into the growing peptide
chain of natural products.*>*® Vancomycin, for example, is a 7mer that con-
tains six unnatural amino acids. Its sequence, prior to modifications, con-
sists of D-Leu-D-Tyr-1-Asn-D-Hpg-D-Hpg-L-Tyr-L-Dpg, where Hpg and Dpg
are 4-hydroxyphenylglycine and 3,5-dihydroxyphenylglycine, respectively.
The central Hpg in vancomycin becomes adorned with an O-linked van-
cosamine-glucose disaccharide.’”*® Before glycosylation, the vancomycin
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aglycone undergoes a number of site-specific modifications, the order of
which is still being investigated. In addition to N-methylation of b-Leu, each
Tyr residue is hydroxylated at the pro-R position of the B-carbon and chlori-
nated at the 3-position on the ring. Most impressive, however, are a series of
oxidative cross-coupling reactions involving the aromatic side chains: two
C-0-C bonds, known as bisaryl ether cross-links, connect the central Hpg at
the 3- and 5-positions to the phenol-hydroxyl groups in both Tyr side chains
(Figure 7.1). Equally impressive is an aromatic carbon-carbon linkage, a
biaryl cross-link, formed between the fifth and seventh residues, Hpg and
Dpg, at the 3- and 2-positions, respectively. This characteristic cross-stitch-
ing provides vancomycin with its rigid, cup-shaped topology, which is essen-
tial for its potent antibiotic activity. While other glycopeptides may differ in
amino acid composition, sugars, and modifications, the aromatic side chain
cross-links are a structural hallmark and essential feature of this particular
class of natural products.

The biaryl and bisaryl ether bonds found in glycopeptides are installed by
heme-utilizing cytochrome P450 enzymes, generally referred to as CYP, and
in GPA biosynthesis, as Oxy enzymes.***° In vancomycin biosynthesis, the
two bisaryl ether linkages to the central Hpg residue are installed by OxyB,,,
and OxyA,,,, in that order.*’™® The last cross-link, which connects Hpg5 to
Dpg7, is installed by OxyC,,, (Scheme 7.3). Glycopeptides may have as few as
two (complestatin) or as many as four (teicoplanin) biaryl connections, and
the biosynthetic gene cluster for each glycopeptide generally includes one
Oxy enzyme per cross-link. The one exception is the recently sequenced bio-
synthetic gene cluster of kistamicin A, which only encodes two Oxy enzymes
for the installation of three cross-links, thus implicating a bifunctional Oxy
enzyme that may carry out two disparate aromatic cross-coupling reactions.’

1;5?%

HO' OH
1. OxyB
2. OxyA H\
3.0xyC TE, GTFs
VhaA

Scheme 7.3 Bisaryl ether and biaryl cross-links are inserted by OxyB, OxyA, and
OxyC enzymes during vancomycin biosynthesis. These cross-linking
reactions occur on the PCP-tethered peptide substrate. Though the
order needs to be determined, it is thought that the cross-linked Tyr
residues are then chlorinated by VhaA, and the peptide is cleaved from
the PCP domain by a thioesterase (TE), and glycosylated via glycosyl-
transferases (GTFs), resulting in the final vancomycin product.
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7.3.2 Structural Characterization of Oxy Enzymes

OxyB,., from A. orientalis was the first enzyme within this family to be struc-
turally characterized (Figure 7.3A). It was found to be homologous to other
CYP enzymes, albeit with a larger active site cavity for the accommodation
of the large peptide substrate.*® Like other CYPs, OxyB is a predominantly
a-helical protein, with two conserved helices that play an important role in
catalytic turnover. The L-helix is located below the heme and provides the
proximal Cys ligand that is a conserved feature of all CYPs. The I-helix lies
above the heme co-factor, spanning the length of the enzyme, and provides
a series of important catalytic residues, including Ala and Asn residues that,
via backbone (Ala) and side chain (Asn) amides, provide hydrogen-bonding
interactions to the distal water ligand of the heme (Figure 7.3B). In other
CYPs, substrate binding induces a rotation of the I-helix, destabilizing the
distal water ligand, and thus opening up the sixth coordination site for
dioxygen binding.*® The Asn residue of the I-helix is also thought to play an
important role in shuttling protons to the active site to facilitate the reduc-
tion of dioxygen and the formation of the potent Compound I reaction inter-
mediate, described below.>**!

Since the structural characterization of OxyB,,,, the structures of OxyC,,,,*>
OxyE,;,”* and OxyA,.;,>* the latter two corresponding to CYPs responsible for
the second and third cyclizations in teicoplanin biosynthesis,> have been

d |

Figure 7.3 The X-ray crystal structure of OxyB from Actinoplanes teichomyceticus
(OxyBy;, PDB ID: 4TX3). This structure is similar to that of OxyB involved
in vancomycin biosynthesis. (A) The full-length protein is shown as
white ribbons, with the I- and L-helices colored dark green, the former
spanning the length of the protein above the heme co-factor, and the
latter lying underneath the heme co-factor and providing the proximal
Cys ligand. (B) A close-up view of the heme co-factor in the resting state
of the enzyme shows the distal water ligand, depicted as a red sphere.
The heme co-factor is shown as sticks, with carbons colored light blue;
nitrogens, blue; oxygens, red; and the heme iron as an orange sphere.
The proximal cysteine ligand, as well as active-site alanine and asparag-
ine residues that help stabilize the distal water ligand, are also shown
as sticks, with sulfur colored yellow.
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determined. These structures have confirmed the conservation of a large
active site and the noted I-helix residues, as well as some other features that
are hypothesized to be involved in protein-protein interactions with other
domains in the NRPS pathway. However, the active site landscapes are oth-
erwise not obviously conserved, and further studies are required to better
understand exactly how these enzymes bind their peptide substrates.*®

7.3.3 Mechanistic Proposals for Oxy Enzymes

To date, no rigorous mechanistic studies have been carried out to examine the
mechanism by which the Oxy enzymes install the various cross-links in gly-
copeptides. The simple explanation for the absence of these kinds of studies
is the complexity of the substrates on which Oxy enzymes act. Only a handful
of enzymes have been shown to be active in vitro when supplied with various,
mostly artificial, substrates. OxyB,,,, the enzyme that installs the first bisaryl
ether bond in vancomycin, was able to accept simplified hexa- and hepta-
peptide substrates, lacking the C-terminal Dpg in the former instance, and
all modifications on the Tyr residues in both cases.**® Similar success has
been found using the teicoplanin enzymes on various simplified substrates,
with OxyB;,”” OxyA;,’® and OxyE,.;** all forming bisaryl ether cross-links. To
date, the enzymatic activity of a C-C-bond-forming Oxy enzyme has not been
recapitulated in vitro.

One of the key findings of these experiments, both in the vancomycin and
teicoplanin systems, is that the Oxy enzymes preferentially act upon peptide
substrates that are attached to the peptidyl carrier protein (PCP) in the pen-
ultimate or ultimate module of the NRPS, which is responsible for adding the
sixth or seventh amino acid. Moreover, a previously uncharacterized NRPS
domain immediately following the last PCP-domain, the so-called X-domain,
was found to be essential for OxyA.; and OxyE, activity in vitro, while at the
same time improving OxyBy; activity. The X-domain, which shares homol-
ogy with NRPS condensation domains, has been postulated to play a role in
mediating interactions between the PCP-bound peptide substrate and the
Oxy enzymes.”’

Without any detailed kinetic experiments, the precise mechanism by which
aromatic cross-links are installed in glycopeptide antibiotics remains in the
realm of hypothesis. A number of potential mechanisms can be imagined,
and one of the first to be proposed involves a putative biradical generated by
two sequential hydrogen atom abstractions.’® Recombination of these radi-
cals would then result in the various cross-links observed in glycopeptides.
While this is certainly a possible mechanism, we prefer a single-radical mech-
anism such as that shown in Scheme 7.4. In this proposed scheme, the PCP-
bound peptide substrate binds to the Oxy active site with the aryl rings to be
cross-linked adjacent to one another. The first steps of our proposed catalytic
cycle are akin to those of canonical CYPs.®*®" Accordingly, upon substrate
binding to the resting ferric state of the co-factor, which forms an out-of-plane
high spin ferric heme, reduction to the ferrous form ensues (Scheme 7.4A,
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Scheme 7.4 Proposed reaction mechanisms for the Oxy-catalyzed bisaryl ether
cross-links in vancomycin biosynthesis with (A) Compound II serving
as an electron acceptor (and possibly a Brensted base - see text), or (B)
Compound II participating in H-atom abstraction, in a rebound-like
process, to re-aromatize the cross-linked product. Note that steps a—e
and step £ in panel (B) are identical to those in panel (A).

steps a and b). The source of the electrons is typically a small redox protein,
such as ferredoxin. Binding of O, concomitant with a second reduction step
gives Compound 0, a ferric hydroperoxo intermediate (Scheme 7.4A, step c).
Heterolytic O-O bond cleavage and the concurrent production of water give
rise to the highly oxidative Compound I intermediate (Scheme 7.4A, step d),
an Fe(1v)-oxo porphyrin cation radical species, which abstracts a hydrogen
atom from the phenolic-OH of Tyr (Scheme 7.4A, step e). This generates a
tyrosyl radical and Compound II, an Fe(1v)-hydroxy intermediate. Radical
addition into the n-system of Hpg would lead to the formation of the ether
cross-link between the Tyr and Hpg side chains (Scheme 7.4A, step f). Subse-
quent deprotonation of Hpg and electron transfer back to the heme allows for
re-aromatization of the Hpg ring, completing the cross-linking reaction and
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returning the co-factor to the original Fe(111) oxidation state (Scheme 7.4A,
step g). The deprotonation step could be carried out by an active site base,
or alternatively and intriguingly, by Compound II, which has recently been
shown to be fairly basic.®*** Finally, elimination of the product would reset
the active site for another turnover (Scheme 7.4A, step k).

An alternative rebound-like mechanism may also be envisioned, in which
Compound II abstracts an H-atom from the cross-linked radical interme-
diate to facilitate rearomatization and concurrently generate a molecule of
water and the ferric state of the heme co-factor (Scheme 7.4B, steps fand g).
Clearly, the orientation of the substrate would differ in this case compared
to that shown in Scheme 7.4A. Mechanistic and structural studies will likely
illuminate the details of aryl-ether cross-link formation in the future.

As mentioned above, an Oxy-catalyzed C-C-bond-forming reaction has not
yet been reconstituted in vitro. Nonetheless, one can imagine a similar mech-
anism for the formation of biaryl Hpg-Dpg and Hpg-Trp cross-links (Scheme
7.5A and B). For these cross-links, the two aromatic side chains may form
an off-center stacking interaction.®>® Following H-atom abstraction by Com-
pound I from the Hpg phenol (Scheme 7.5, step e), overlap between the Hpg
and Dpg/Trp n-systems would allow for C-C bond formation between the two
aryl rings (Scheme 7.5, step f). Deprotonation of the upper ring and radical
transfer to the heme would return the catalyst to its original Fe(111) oxidation
state (Scheme 7.5, step g). Finally, tautomerization of the lower ring would
deliver the cross-linked Hpg-Dpg and Hpg-Trp products (Scheme 7.5, step g).
Again, alternative roles for Compound II, as discussed above, may come into
play in these cross-links as well.

Scheme 7.5 Proposed mechanisms for the formation of biaryl Hpg-Dpg (A) and
Hpg-Trp (B) cross-links in glycopeptide biosynthesis. Steps a-d are
analogous to those in Scheme 7.4A.


http://dx.doi.org/10.1039/9781788010153-00141

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00141

View Online

Peptide Cross-links Catalyzed by Metalloenzymes in Natural Product Biosynthesis ~ 153

While hypothetical, the foregoing discussion highlights that Oxy enzymes
are a fascinating system in which to explore the structural and chemical fea-
tures that underlie metalloenzyme-mediated peptide cross-links. Outstand-
ing structural aspects include the interaction of Oxy enzymes with the X-PCP
di-domain as well as the mode of substrate binding at the heme co-factor.
Chemically, it remains puzzling as to why Nature would use highly oxidative
Compound I intermediates, with an estimated reduction potential of 1.2-1.4V,
to oxidize phenolic groups with significantly lower radical reduction potentials
(~0.8-0.9 V).”"%° Finally, from a small molecule perspective, the discovery of
new glycopeptides remains an attractive source of potentially new therapeutic
molecules. These and other issues show that there is still a lot to learn regard-
ing the chemistry, biosynthesis, and biology of glycopeptide antibiotics.

7.4 Radical SAM Enzymes Involved in
Intramolecular RiPP Cross-links

The examples of metalloenzyme-catalyzed cross-links discussed so far have
been studied for over half a century. Here, we examine a class of enzymes
and natural products about which our understanding has rapidly expanded
in the last two decades. The natural products are part of the ribosomally-syn-
thesized and post-translationally modified peptides (RiPPs) and the enzymes
belong to the radical SAM enzyme superfamily.

The explosion of genome sequences has revealed over 150000 radical
SAM enzymes in the genome database. Despite the wealth of sequence infor-
mation, these enzymes remain sparsely studied, owing, no doubt, to their
extreme oxygen sensitivity, necessitating strict anoxic conditions for protein
preparation and assays. Radical SAM enzymes have been identified that play
key roles in central metabolism, including the reduction of nucleic acids by
class III ribonucleotide reductases and the synthesis of the vitamins thia-
mine and biotin.”*”* The role of radical SAM enzymes in the production of
RiPPs, however, has only begun to be explored.

RiPPs begin as precursor peptides that are encoded directly in the genome,
usually in an operon or gene cluster along with enzymes responsible for the
maturation and transport of the final product.' The precursor peptide typi-
cally consists of an N-terminal leader sequence followed by a core sequence.
Additional elements, such as a ‘follower’ sequence C-terminal to the core,
may also be present. The leader peptide is required for binding to the mod-
ification enzymes. The core sequence is modified by tailoring enzymes and,
upon removal of the leader, secreted as the mature product. Cyclic RiPPs are
common; they are formed usually via heterolytic chemistries involving intra-
molecular amide, ester, thioester, or thioether bond formation, among oth-
ers. A few RiPPs, however, have been found to employ radical SAM enzymes to
install cross-links involving unactivated, aliphatic carbons. The best studied
of these systems are those involved in the biosynthesis of the redox co-factor
pyrroloquinoline quinone (PQQ), sactipeptides such as the antibiotic subti-
losin A, and the recently characterized streptide.”*”””
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7.4.1 PQQ

PQQ was initially characterized as the redox co-factor used by primary alco-
hol dehydrogenases found in methylotrophic bacteria, though since then it
has been found widely in Nature.”®”” Recent reviews can offer a better scope
of the breadth of PQQ distribution and function in biological processes
spanning all kingdoms.”®”® A decade after the discovery of PQQ, the first
steps in elucidating its biosynthesis were taken with the demonstration that
it is generated from the amino acids Tyr and Glu.**"*> Not long after, the pqq
biosynthetic gene cluster was identified, and a gene, later named pgqA, was
hypothesized as a possible precursor peptide, providing both the Tyr and
Glu residues necessary for PQQ biosynthesis.®»** With the substrate iden-
tified, the question remained as to how the Tyr and Glu residues are trans-
formed into the final product. Of particular interest was the carbon-carbon
bond that is formed between the y-carbon of Glu and the 3-position of the
Tyr phenol. PqqE became the primary candidate for the formation of this
particular cross-link when it was shown to be a radical SAM enzyme, and this
hypothesis was recently confirmed in vitro (Scheme 7.6A).5%%

7.4.2 Sactipeptides

In 1985, a new cyclic peptide was isolated from Bacillus subtilis. This mol-
ecule, named subtilosin A, in addition to having antibiotic activity had an
enigmatic and intriguing structure.?” Nearly two decades later, the full NMR
structure of subtilosin A revealed three unprecedented cross-links between
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Scheme 7.6 Cross-links formed by radical SAM enzymes in the biosynthesis of
PQQ (A), subtilosin A (B), and streptide (C).
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the sulfur atoms of Cys residues and the a-carbons of two Phe and one Thr
residue (Figure 7.1).%® Since the discovery of subtilosin A, other sactipeptides
(“sacti-” being derived from sulfur to alpha-carbon) have been characterized,
including the sporulation killing factor, SKF, also from B. subtilis, as well as
various thuricins and thurincin H, from Bacillus thuringiensis.*>*° In each
instance, a radical SAM enzyme is responsible for installing these unique
thioether bonds, and the mechanisms for AIbA and SkfB have been proposed
by Marahiel and co-workers (Scheme 7.6B).”"%*

7.4.3 Streptide

Within the last three years, a third class of radical SAM cross-linked RiPPs
has been characterized. The representative new molecule, called streptide
due to its discovery from streptococcal bacteria, contains a core peptide that
is cyclized by a covalent bond between the B-carbon of lysine and the 7-car-
bon of the indole side chain of tryptophan (Scheme 7.6C).”” Unlike PQQ and
subtilosin A, there is no known biological function for streptide. However,
some insights can be gleaned from how streptide production is regulated.
Adjacent to the streptide biosynthetic gene cluster in Streptococcus spp. is a
divergently expressed shp-rgg locus.”*°* These genes, which encode a short
hydrophobic peptide (SHP) and a Rgg type transcription factor, represent a
common quorum sensing (QS) system in Streptococci. In agreement with
this observation, streptide is produced at considerable quantities only when
S. thermophilus is grown to high cell densities, a hallmark of QS-activated
secondary metabolites. Furthermore, it has been shown that certain cyclic
peptides are capable of inhibiting Rgg-type transcription factors, raising the
possibility that streptide too could participate in modulation of QS-regulated
processes.”

The biosynthesis of streptide requires expression of the precursor peptide,
StrA; aradical SAM enzyme, StrB, which installs the Lys-Trp cross-link; and a
transport/protease protein, StrC, which is ostensibly responsible for cleaving
the leader peptide and transporting the mature streptide out of the cell. We
will delve into streptide biosynthesis in greater detail, after a discussion of
the general mechanisms underlying radical SAM enzymes.

7.4.4 Mechanisms of RiPP Cyclizations by Radical SAM
Enzymes

The catalytic cycle of a typical radical SAM enzyme begins with a reduced
[4Fe-4S]" cluster, which is usually bound at the N-terminus of a partial TIM
barrel and, in most cases, ligated by a conserved CxxxCxxC motif. The three
Cys residues in this motif ligate three of the four irons in the reduced Fe-S
cluster. The fourth so-called unique Fe is open and serves as a binding site
for SAM via its a-amine and carboxylate groups (Figure 7.4). Upon binding
of SAM, the enzyme catalyzes homolytic cleavage of the bond between the
methionine sulfur and the 5-carbon of deoxyadenosine to form methionine,
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Figure 7.4 Structure of the SPASM-domain-containing radical SAM enzyme anSME
involved in post-translational modification of a target protein. (A) The
structure of anSME from Clostridium perfringens (PDB ID: 4K39), shown
in a ribbon diagram. Two auxiliary [4Fe-4S] clusters can be seen in addi-
tion to the radical SAM cluster bound in the partial TIM barrel, which is
rendered in dark green.”” The C-terminal portion, including the SPASM
domain, is colored light pink. The clusters are shown as ball-and-stick
models, with iron colored orange and sulfur colored yellow. SAM is
shown in stick representation, with carbons colored light blue; nitrogen,
dark blue; and oxygen, red. (B) The active site of anSME contains a [4Fe-
4S] cluster that is bound by the CxxxCxxC motif. SAM binds to the unique
Fe within this cluster via its c-amine and carboxylate groups. The first
auxiliary cluster can be seen at a distance of 16.9 A from the SAM cluster.
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Scheme 7.7 Reductive homolytic cleavage of S-adenosylmethionine to form 5'-dA.,
catalyzed by radical SAM enzymes.

a 5'-deoxyadenosyl primary radical (5'-dA+), and the oxidized [4Fe-4S]** clus-
ter (Scheme 7.7). The fact that this radical species is also produced by ade-
nosylcobalamin-dependent enzymes has led some to argue that SAM is an
evolutionary precursor of the much more complex corrinoid B12 co-factor.”
Once the 5-dA. has been generated, it is capable of abstracting a hydrogen
atom from the substrate, which is positioned nearby, initiating the chemi-
cal transformation to the product. Following completion of the reaction, the
resulting product radical may abstract a hydrogen atom from 5'-dA, which can
regenerate SAM and [4Fe-4S]". Alternatively, depending on the reaction, the
electron may be transferred to an auxiliary iron-sulfur cluster, or to an exog-
enous electron receptor. In the first instance, SAM is catalytic, while in the
latter two cases, SAM is a co-substrate, with methionine and 5'-dA as reaction
side products.”"

In addition to the SAM-binding cluster, the RiPP-modifying radical SAM
enzymes covered in this review also have other common features, notably a


http://dx.doi.org/10.1039/9781788010153-00141

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00141

View Online

Peptide Cross-links Catalyzed by Metalloenzymes in Natural Product Biosynthesis ~ 157

C-terminal Fe-S cluster binding motif, known as a SPASM domain (for subti-
losin A, PQQ, anaerobic sulfatase, and mycofactocin), as well as an N-terminal
RiPP precursor peptide recognition element, or RRE domain.””*® The C-ter-
minal SPASM domain is widely found across radical SAM enzymes that cata-
lyze various reactions. The primary purpose of the SPASM domain appears to
be binding of up to two additional [4Fe-4S] clusters, also known as auxiliary
clusters. These auxiliary clusters, in turn, are proposed to carry out a variety of
functions, which include binding of the substrate and electron transfer.*®°"%
They may play both of these roles in the intramolecular peptide cross-links
that occur in sactipeptides, PQQ, and streptide, and it has been shown that
knocking out the auxiliary cluster in StrB renders the enzyme catalytically
inactive.”” While not a RiPP-modifying enzyme, the anaerobic sulfatase
maturating enzyme (anSME) also contains a SPASM domain and is the only
structurally-characterized member of this subgroup (Figure 7.4). The crys-
tal structure clearly shows two fully-ligated [4Fe-4S] clusters, consistent with
biochemical and spectroscopic data.'®®'°* The distance between the SAM
cluster and the first and second auxiliary clusters was shown to be 16.9 and
26.7 A, respectively, consistent with their involvement in electron transfer to
and from the SAM cluster.

The N-terminal RRE domain has been implicated in binding the precursor
peptide through recognition of its leader region. The RRE is usually fused to
the N-terminus of the core TIM barrel fold, but can be found at the C-termi-
nus or as a separately translated protein. In PQQ biosynthesis, it was found
that the protein PqqD is a stand-alone RRE domain, and is required for the
formation of the Glu-Tyr cross-link catalyzed by PqqE.'”* No crystal structure
of an RRE domain in aradical SAM enzyme has yet been determined, and how
this seemingly essential domain participates in substrate recognition and
orientation for modification in the active-site remains poorly-understood.

As an example of how this class of radical SAM enzymes can install cross-
links in RiPPs, we now return to the mechanism for Lys-Trp cross-link forma-
tion in streptide biosynthesis. Following translation, the precursor peptide
StrA binds StrB, with an as-yet unknown mechanism of involvement by the
RRE domain. Once bound, homolytic cleavage of SAM generates the active
5'-dA« (Scheme 7.8, step a), which abstracts a hydrogen atom from the B-car-
bon of an internal Lys residue (Scheme 7.8, step b). The resulting lysyl rad-
ical reacts with the n-system of Trp, forming a bond to the 7-carbon of the
indole ring (Scheme 7.8, step c). Subsequent deprotonation at the 7-position
of the indole and electron transfer to the auxiliary cluster gives the final Lys-
Trp cross-link, as well as a reduced auxiliary cluster (Scheme 7.8, step d).
Electron transfer from the auxiliary cluster to the radical SAM cluster could
return StrB to the proper oxidation state, ready to carry out another round of
turnover (Scheme 7.8, step e). This process may alternatively occur via small
protein redox partners that bind to StrB. As with the Oxy enzymes, our knowl-
edge regarding many aspects of this class of radical SAM enzymes is in its
infancy and future studies will certainly provide additional mechanistic and
structural insights.
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Scheme 7.8 Proposed mechanism for the StrB-catalyzed Lys-Trp cross-link forma-
tion on StrA during streptide biosynthesis.

7.5 Conclusions

Herein we have highlighted the mechanisms and structures of selected
metalloenzymes that are involved in intramolecular peptide cross-linking
reactions. The fact that the three enzyme classes discussed all employ differ-
ent forms of an Fe co-factor is a testament to iron’s versatility and utility in
enzymatic systems. Notably, the key oxidizing intermediates are different in
each of the three reactions. IPNS utilizes a ferric superoxide and an Fe(1v)-oxo
intermediate to carry out two oxidative reactions. The Oxy enzymes probably
use the well-known Compound I intermediate, an Fe(1v)-oxo porphyrin cat-
ion radical, while radical SAM enzymes catalyze reductive cleavage of SAM,
mediated by [4Fe-4S]"", to generate the oxidizing 5'-dA«. The first two acti-
vate O, using Fe, while the radical SAM enzymes generate a powerful oxidant
under anoxic conditions. These occurrences show that the involvement of
iron-bearing metalloenzymes in peptide modification reactions is prevalent
and that additional transformations along with their chemical mechanisms
and structural underpinnings will likely be discovered in the future. At the
same time, Nature has utilized other transition metals, especially Mn, Co,
Ni, or Cu, to carry out reactions that are also performed by iron metalloen-
zymes; this is well-document in primary metabolic reactions. To name some
examples among many, ribonucleotide reductases use a variety of metallo
co-factors, containing Fe, Mn, or Co, and further, nitrogenases come in three
varieties, bearing Fe, Mo, or V transition metals.'®'% As such, we may also
expect to find peptide-modifying metalloenzymes with alternative metals as
investigations into NRP and RiPP biosyntheses continue and deepen in years
to come.
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Double-click Stapled Peptides
for Inhibiting Protein—Protein
Interactions

K. SHARMA?, D. L. KUNCIW?, W. XU, M. M. WIEDMANN?,
Y. WU, H. F. SORE?, W. R. ]. D. GALLOWAY?, Y. H. LAU?,
L. S. ITZHAKI® AND D. R. SPRING**

*University of Cambridge, Department of Chemistry, Lensfield Road,
Cambridge, CB2 1EW, UK; "University of Cambridge, Department of
Pharmacology, Tennis Court Road, Cambridge, CB2 1PD, UK
*E-mail: spring@ch.cam.ac.uk

8.1 Introduction

Protein—protein interactions describe the biochemical events during which a
protein’s activity and function are modulated by one or more separate inter-
acting proteins. PPIs lead to measurable effects such as altering the kinetic
properties of enzymes, allowing for substrate channeling, changing between
active and inactive conformations, creating new binding sites, or serving as
regulators in upstream or downstream events." Complex networks of PPIs
are intrinsic to most cellular functions of living organisms, and abnormal
behavior of these proteins is often correlated with the commencement of var-
ious human diseases, like cancer.” Therefore, numerous studies have been
carried out to assess the therapeutic potential of this target class and to dis-
cover novel PPI inhibitors.
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PPI contact surfaces are often large (approximately 1500-3000 A%) com-
pared to those of protein-small molecule interactions (approximately 300-
1000 A?), and PPI interaction surfaces are usually flat and lack the grooves
and pockets of proteins, which engage in small molecule binding.’ Due to
the aforementioned reasons, twenty years ago PPIs were considered to be
“undruggable”.® Over the past two decades, there has been a considerable
amount of research in this area and a number of different approaches have
been reported for inhibiting PPIs.” One such approach is peptidomimetics,
which utilizes molecules designed to mimic the three-dimensional structure
of peptides or proteins, while having the ability to interact with the biologi-
cal target in the same way as the natural peptide or protein from which their
structure was derived. While native peptides provide an accessible start-
ing point for the design of peptidomimetics, peptides in isolation are poor
contenders. On their own, short peptides often do not retain their native
conformation, and hence binding capability, as there is a lack of structure
inherently provided by the rest of the protein. Additionally, peptides are sus-
ceptible to rapid proteolysis and often suffer from poor cell permeability.

Many studies have focused on cyclic peptides as competitive inhibitors of
PPIs as they are capable of selectively mimicking the protein contact.® There
are many effective peptidomimetic strategies described in the literature.””
In particular, stapled peptides, pioneered by Grubbs,'’ Verdine,' Walensky,'
and Sawyer," present a promising strategy to target “undruggable” thera-
peutic targets. Stapling as a form of macrocyclization refers to the process
in which certain amino acid side chains of a peptide are covalently bonded
for the stabilization of often, but not exclusively, a-helical structures in short
peptide sequences.' In theory, if the resultant length, position, and charac-
teristics of the staple are optimal, the problems with short peptides in isola-
tion may be overcome and binding affinity restored. Stapling can reinforce
a-helical secondary structures if the non-native amino acids are positioned
specifically on the same face of the helix, such as i, i + 4 and 7, i + 7 ° residues,
or simply provide a means of macrocyclization for unstructured peptides.
There are two general approaches: one-component and two-component sta-
pling techniques. Whilst one-component stapling involves the direct linking
of amino acid side chains, two-component stapling requires the use of a sep-
arate bi-functional linker to bridge the side chains of two non-proteogenic
amino acids (Figure 8.1).

One-component stapling was the first to be proposed, starting with mac-
rocyclization by lactamization via the incorporation of proteogenic amino
acids Lys and Glu/Asp.”” Seminal work on hydrocarbon stapling by Grubbs
and Blackwell led to the use of ring-closing metathesis as a method of sta-
pling utilizing olefin-bearing amino acids." Other techniques include the
reversible formation of disulfide bonds between two enantiomeric Cys res-
idues,' the use of an alkyne-bearing side chain and an azide-containing
side chain for macrocyclization by Cu(1)-catalyzed azide-alkyne cycloaddi-
tion (CuAAC)," and the formation of thioether bridges via a covalent linkage
between Cys and a-bromo amide side chains.?
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Two-component
& » f
—_—

Figure 8.1 One- and two-component stapling techniques. Reproduced from ref. 16
with permission from The Royal Society of Chemistry.
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Scheme 8.1 Cu(1)-catalyzed double-click peptide stapling. Reproduced from ref. 16
with permission from The Royal Society of Chemistry.

Two-component stapling relies on two steps: the intermolecular coupling
of the bifunctional linker and peptide followed by an intramolecular cou-
pling to complete the cyclization. An alternative, competing pathway, which
is not possible in one-component stapling, results in double addition of the
linker forming a linear peptide. Advances in this area have led to coping
mechanisms such as conformational preorganization, varying the reacting
side chain positions, and dilutions.'® Despite this complication, there are
many advantages of two-component stapling, such as the ability to incorpo-
rate diverse staple linkages efficiently without the need to synthesize com-
plex side chain-bearing amino acids for use in solid phase peptide synthesis
(spps).

The Spring Group have devised a two-component stapling strategy termed
the “double-click” approach to peptide stapling (Scheme 8.1).%' The approach
is based on the robust nature of CuAAC, the archetypal click reaction
reported by Sharpless®* and Meldal*® and based on the original 1,3-dipolar
cycloaddition developed by Huisgen.** This technique calls for the incorpo-
ration of two non-proteogenic azido amino acids into the peptide sequence of
interest. Dialkynyl linkers then allow the formation of bistriazole-containing
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macrocyclized peptides.*® A large variety of stapled peptides can be synthe-
sized by reacting the linear peptide with a library of dialkynyl linkers in a
divergent manner. Furthermore, the required azido amino acids are easy to
synthesize and are compatible with Fmoc chemistry and can be incorporated
into the peptide chain via regular Merrifield spps.?® In addition, the azide
functionality allows chemospecific reactions and is tolerant to many other
functional groups.

The remainder of this chapter will focus on the work of the Spring Group
in the area of two-component “double-click” stapling, specifically:

e Efficient synthesis of Fmoc-protected azido amino acids.

e Optimization of the peptide sequence and use of functionalized staple
linkages to modulate the cellular activity of stapled peptides.

e Metal-free strain-promoted peptide stapling.

e Theapplication of double stapling in targeting the substrate-recognition
domain of tankyrase to antagonize Wnt signaling, and the transcription
factor HNF1p/Importin a PPI, by using constrained non-a-helical pep-
tide inhibitors.

It is important to note that the stapling approach developed by the Spring
group has been used not only to constrain near-native peptidomimetics into
a-helices as in the p53/MDM2 PPI, but also to provide the benefits of mac-
rocyclization to unstructured peptidomimetics to target Tankyrase/Wnt and
the HNF1p/Importin o PPI.

8.2 Non-proteogenic Amino Acid Synthesis

Non-proteogenic amino acids containing azide groups are known to be use-
ful in the design of synthetic peptides and proteins as a biorthogonal han-
dle allowing for further functionalization via Staudinger ligation or CuUAAC
reactions. Azido amino acids have been used previously for the synthesis of
peptidomimetics including triazole-containing macrocycles via CuAAC.”’

Since each coupling during spps requires multiple equivalents of pure
amino acid, we sought to create a route to azido amino acids that was short,
scalable, and high yielding, starting from inexpensive, commercially avail-
able compounds. Although there are existing literature procedures® > for
the synthesis of azido amino acids, we decided to use copper-catalyzed
diazotransfer chemistry to design a more straightforward and atom-efficient
pathway.

To this end, amine bearing precursors, such as Fmoc-Dap’-OH (3),
Fmoc-Dab*OH (4), and Fmoc-Orn’-OH (8), were prepared. Primary amines
3 and 4 were synthesized via Hofmann rearrangement of readily available

"Dap = 2,3-diaminopropionic acid.
Dab = 2,4-diaminobutyric acid.
$0rn = Ornithine.
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Scheme 8.2 Synthesis of Fmoc-protected azido amino acids. Reproduced from
Y. H. Lau and D. R. Spring, Synlett, 2011, 1917-1919 ** with permis-
sion from Thieme; Copyright © 2011 Georg Thieme Verlag KG.

amino acids 1 and 2 (Scheme 8.2). Fmoc-Orn-OH (8) was synthesized via
the acid deprotection of Fmoc-Orn(Boc)-OH (7). Imidazole-1-sulfonyl azide
hydrochloride was chosen as the diazotransfer reagent as it is relatively less
explosive than triflyl azide, its synthesis is scalable, and it is stable over the
long term when stored at 4 °C.*!

From the primary amines and the diazotransfer reagent, a route was devel-
oped using a biphasic solvent mixture of H,0, MeOH, and CH,Cl, adjusted to
pH 9 with potassium carbonate to afford the azido amino acid 9 via CuUAAC
in relatively high yields. The synthesis can be performed on multigram scale
with >98% chromatographic purity following an aqueous workup.*> This
work serves as the sturdy foundation of all our experiments.

8.3 Peptide Sequence Optimization and Use of
Functionalized Staple Linkages for Modulating
the Cellular Activity of Stapled Peptides

By applying the double-click stapling concept to the p53/MDM2 interac-
tion, a validated target for anticancer therapeutics, it was shown that Pro-27
replacement by the staple is the most suitable position (P1, Figure 8.2a)" and
Orn(N;,) is the ideal side chain length to attain optimal binding affinity (3.21 +
0.38 nM) and cellular activity, when stapled with linker 10 (P1-10).* Substi-
tuting Orn(N;) with Aha and Lys(N;) as the side chain led to a decrease in the
binding affinity of the stapled peptide to 10.5 + 0.76 nM (P9-10) and 9.63 +
0.87 nM (P10-10), respectively. Moreover, it was observed that activity could
be induced in an otherwise impermeable p53 stapled peptide by incorpo-
rating a tri-arginine motif (11) on the staple linkage, rather than adjusting
the peptide sequence (Figure 8.2a).>" A series of linear aliphatic staples (12-14)

YAha = Azidohomoalanine; Lys = Lysine.
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Figure 8.2 (a) Diazido peptides for stapling with dialkyne linkers 10 and 11 (repro-
duced from ref. 33 with permission from The Royal Society of Chemis-
try). (b) Linear aliphatic dialkyne linkers (from Y. H. Lau, P. de Andrade,
G. J. McKenzie, A. R. Venkitaraman and D. R. Spring, Linear Aliphatic
Dialkynes as Alternative Linkers for Double-Click Stapling of p53-De-
rived Peptides,” John Wiley and Sons, Copyright © 2014 by John Wiley
& Sons, Inc.). (¢) A multifunctional linker for peptide stapling and pho-
toaffinity labelling (from Yuteng Wu, Lasse B. Olsen, Yu Heng Lau,
Claus Hatt Jensen, Maxim Rossmann, Ysobel R. Baker, Hannah F. Sore,
Suil Collins, David R. Spring, Development of a Multifunctional Benzo-
phenone Linker for Peptide Stapling and Photoaffinity Labelling, John
Wiley and Sons,*® Copyright © 2016 by John Wiley & Sons, Inc.).

that complement the aromatic linkers were also developed.”® Optimization
of the combination of staple and sequence suggested that the aliphatic scaf-
folds can lead to enhanced binding in vitro and superior p53 activation in
cells when combined with a phage-display-derived®® sequence PDO (Figure
8.2b). The results suggest that different staple linkages can lead to very dif-
ferent peptide bioactivity in cells.

A benzophenone moiety was also incorporated into our dialkyne linker
for photo-cross-linking. This novel multifunctional linker, 15, serves as both
a peptide stapling reagent and a photoaffinity probe with pulldown poten-
tial (Figure 8.2¢).*® The linker 15 can be accessed in four steps and the TMS
group was conveniently removed under click conditions to reveal the termi-
nal alkyne. Subsequent reaction with a biotinylated azide demonstrated its
pulldown capability. As a proof of concept, this methodology was applied to
a p53-dervied peptide, which was effectively cross-linked with MDM2 after
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UV irradiation. Current work is underway to extend this strategy to MDM2
labelling and pulldown in cell lysates or live cells, as well as applying it to
study other PPIs.

8.4 Metal-free Strain-promoted Peptide Stapling

In 2003, Carolyn Bertozzi founded the field of bioorthogonal chemistry,
involving reactions that can occur inside of living systems without interfer-
ing with native biochemical processes.’” Despite the widespread utility of
biorthogonal CuAAC reactions, their use inside living systems is limited due
to the cytotoxicity of the Cu(1) catalyst involved (Figure 8.3a). In vitro and cell
culture studies have demonstrated that metals like copper have the potential
to cause oxidative damage to the cell and disrupt critical cellular functions.*®
Therefore, a copper-free click reaction was developed by Bertozzi in 2004,
by utilizing a high-energy strained cyclooctyne molecule to increase the rate
of reaction without the need for a catalyst.*® As the ring strain of the cyclic
molecule drives the click reaction forward, the reaction is also referred to as
a strain-promoted azide-alkyne cycloaddition (SPAAC) (Figure 8.3b).*

Since then, a number of strained molecules have been synthesized and
applied to undergo metal-free click reactions in vitro and in vivo.*® In 2002,
Orita and co-workers""** reported the synthesis of strained Sondheimer-Wong
diyne® 16 by following a one-pot double-elimination protocol (Scheme 8.3).

This protocol was utilized by the Spring group to develop a metal-free dou-
ble-click peptide stapling methodology (Scheme 8.4).** The double-click sta-
pling of a p53-based diazidopeptide 17 with linker 16 in 1:1 ‘BuOH/H,0O gave
stapled peptide 18 in 60% yield.

N =) ==y —Ns+©—>N@
N \
N-N N—
\ N N\

Strained
alkyne

(a) (b)
Figure 8.3 (a) General schematic of the Cu(1)-catalyzed click reaction by Sharp-

less and Meldal. (b) General schematic of the copper-free click reaction
developed by Bertozzi.

PhO,S
CIP(O)(OE); (1.2 eq) =
©j\302Ph LiHMDS (2.0 eq) OQO LDA (5 eq) OOO
CHO 78°C,05h~rt,1.5h -78°C,2h —
THF THF

SO,Ph 16 61%

Scheme 8.3 Orita’s synthesis of a Sondheimer-Wong diyne. Reprinted with per-
mission from ref. 42. Copyright (2014) American Chemical Society.
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Scheme 8.4 Metal-free double-click peptide stapling.
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Figure 8.4 In situ strategy combining stapling and a primary biological assay in a
single step.**

HPLC analysis of the reaction mixture indicated that along with the major
product 18, there were other minor by-products with the same mass. These
were suggested to be non-interchanging conformations of syn and anti regio-
isomers of the stapled peptide. Later on, X-ray crystallography studies on the
MDM2-bound stapled peptide demonstrated the major isomer 18 to be the
anti-regioisomer, which also confirmed the a-helical conformation of the sta-
pled peptide. The stapled peptide 18 was found to be a potent helical inhibi-
tor of the p53-MDM?2 interaction. This methodology was extended to staple
multiple MDM2-binding peptides in parallel, directly in the culture medium
of a primary cell-based 96-well assay (Figure 8.4).** This in situ screening
process led to the rapid selection of an optimal candidate with nanomolar
binding affinity and enhanced proteolytic stability. This technique provides
a faster way of screening a large peptide library avoiding the need to perform
a separate stapling reaction for each peptide variant.

Two limitations of this stapling methodology are the poor water solubility
of the linker leading to its precipitation during stapling, and the lack of
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functional groups to which other motifs could be attached. Hence, current
work is underway towards the synthesis of different heteroatom-substituted
variants of the Sondheimer-Wong diyne 16, with the aim of improving its
solubility and providing a handle for further reactivity. Functionalization of
the linker will hopefully also impart novel properties to the stapled peptide
modifying its activity in cells and its binding affinity with MDM2.

8.5 Constrained Macrocyclic Non-o-helical Peptide
Inhibitors

Peptide stapling to date has mainly focused on the stabilization of a-heli-
cal peptides'"'>*>*” and B-sheets.”® >’ Generating mimetics of short peptide
sequences that have no clear secondary structure prior to association with
their binding partner is challenging,’® but has been achieved through mac-
rocyclization and hence stabilization of the short peptides to give so-called
constrained peptides. Constrained peptides can be synthesized through
head-to-tail, head-to-side chain, side chain-to-tail or side chain-to-side chain
cyclization (Figure 8.5).>

Numerous examples of such macrocyclic peptides with high potency and
cell permeability exist in nature,”® such as cyclosporin A,”*** antimicrobial
polymyxins®® and the hormone oxytocin.* In addition to mono-macrocyclic
peptides, naturally occurring bicyclic peptides®’™° have inspired the syn-
thesis of synthetic bicyclic drug compounds.®”®" Macrocyclization of these
peptide sequences may be less efficient due to high conformational flexibility
compared to a-helical peptides and there are no structure-based rules to
follow (such as placing unnatural amino acids at i, i + 4 or i + 7 positions
for stapling the same face of a helical turn),"* as every irregularly structured
peptide is unique in its secondary structure when bound to the target pro-
tein. It is also difficult to predict the optimum linkage length for cross-link-
ing such peptides, since computational approaches become less accurate
in comparison to predictions for stapling o-helical peptides. Nevertheless,
synthetic stapling or macrocyclization allows the peptides to be constrained
in their bioactive conformation resulting in a lower entropic loss upon bind-
ing.®” Chemical modification of these irregularly structured peptides using

head-to-tail

side chain-to-side chain

|
w A R
" naind

head-to-side chain side chain-to-tail

Figure 8.5 Peptide cyclization strategies.
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Figure 8.6 Design of constrained peptide inhibitors with a non-o-helical structure.

side chain-to-side chain double-click macrocyclization can potentially help
to increase peptide stability towards proteasome-mediated degradation in
cells, as well as their cell-penetrating capability. Using in silico analysis to
scan through a peptide sequence for potential macrocyclization positions
can minimize the number of peptides and linkers to be synthesized, and fol-
lowing a rational approach to improve the macrocyclic peptides using the
information gained from protein crystallography and screening assays can
efficiently provide potential peptide inhibitors that are protease-resistant,
highly selective and bioactive in cells (Figure 8.6).

8.5.1 Design of Macrocyclic Peptide Inhibitors to Target
the Substrate-recognition Domain of Tankyrase and
Antagonize Wnt Signaling

Tankyrase (TNKS) is an ankyrin repeat-containing protein with a catalytic
poly(ADP-ribose) polymerase (PARP) domain (Figure 8.7).°*** The ankyrin-
repeat domain, known as an ankyrin repeat cluster (ARC), is responsible for
substrate recognition,®® whereas the PARP activity of TNKS proteins plays a
key role in controlling the axin level, a concentration-determining compo-
nentof the B-catenin destruction complex in Wnt signaling.®®*® It has been an
attractive therapeutic target for regulating B-catenin in many Wnt-dependent
cancers, such as colorectal cancer, gastric cancer, breast cancer, and hepato-
cellular carcinoma, where accumulation of B-catenin is often observed.®*””
Small molecules developed for PARP inhibition of TNKS proteins prevent
the PARylation and thereby degradation of axin via the ubiquitin-proteasome
system, and axin in turn promotes the activity of the destruction complex,
which phosphorylates pB-catenin for degradation. However, potential drug
resistance and target-specificity of these small molecule inhibitors remain
challenges in this field, as many other members of the PARP family share
homology in the PARP domain.”®® Peptide inhibitors that instead target the
substrate-recognition domain of TNKS represent an alternative approach to
intervene in Wnt signaling. An unstructured motif, REAGDGEE, recognized
by the TNKS ARC domain was determined by Guettler et al.®' and provided
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Figure 8.7 Domain architecture of TNKS1 and TNKS2, comprising a homopoly-
meric run of histidine, proline and serine (HPS) residues, the ankyrin
repeat cluster (ARC), a sterile alpha motif (SAM), and catalytic PARP
domains. The structure of human TNKS2 ARC4 (grey cartoon) is shown
in complexwith a substrate peptide LPHLQRSPPDGQSFRS (purple; PDB
ID: 3TWR);*! for clarity, only the central part of the peptide (in bold) is
labelled. Adapted from Wenshu Xu, Yu Heng Lau, Gerhard Fischer, Yaw
Sing Tan, Anasuya Chattopadhyay, Marc de la Roche, Marko Hyvohen,
Chandra Verma, David R. Spring, and Laura S. Itzhaki, Macrocyclized
Extended Peptides: Inhibiting the Substrate- Recognition Domain of
Tankyrase, The Journal of American Chemical Society, 2017, 139, 2245-
2256,% © 2017 American Chemical Society. Published under the terms
of the CC BY 4.0 licence, https://creativecommons.org/licenses/by/4.0/.

the initial sequence basis for developing TNKS-specific peptide inhibitors to
disrupt the TNKS-axin interaction in order to abolish the subsequent axin
PARylation. In this work, the two-component double-click strategy has been
applied to macrocyclize the TNKS-binding peptides and lock their conforma-
tion in the active form, which is an extended, non-helical structure. The mac-
rocyclized peptides showed enhanced binding affinities, proteolytic stability
and cell permeability compared with the linear peptide, and one exhibited
dose-dependent inhibition of Wnt signaling in cells.

One challenge for the initial macrocyclized peptide design was to deter-
mine the cross-linking positions in the sequence as the TNKS-binding
peptides are non-helical and therefore the conventional rules for stapling
a-helical peptides do not apply here. Computational alanine scanning was
first carried out to assess which positions would be amenable to replacement
by an azido-functionalized unnatural amino acid (UAA) in the consensus
peptide (REAGDGEE, pep1 thereafter) without compromising the binding
interaction with the ARC domain of TNKS (Figure 8.8a). Based on the in silico
analysis, the first panel of peptides were synthesized, each with a pair of
azido-functionalized UAAs (Figure 8.8b and d) at different positions in the
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sequence. The successful double-click reaction (Figure 8.8c) was confirmed
by IR spectroscopy and high-resolution mass spectrometry, where only a sin-
gle product was present where the two azide groups on the peptide reacted
with one dialkynyl linker. From the first round of screening using a compet-
itive fluorescence polarization (FP) assay, the sequence containing UAAs at
positions 3 and 7 (cp4: REXGDGXE, where X stands for the UAA) was found
to provide the highest binding affinity among the series (Figure 8.8d), and
therefore this sequence was used for further optimizing the lengths of the
UAA side chain, as well as the dialkynyl linker (Figure 8.8b).

To rationally improve the macrocyclic peptide for binding to the ARC domain
of TNKS, the crystal structure of TNKS2 ARC4 in complex with a tight-bind-
ing macrocyclic peptide, cp4n4m5, was solved at 1.35 A resolution (Figure
8.9b). The crystal structure suggested that the flexibility of the cross-linking
allowed the peptide to adopt the same non-helical bioactive conformation as
the linear peptide, though the lengths of the linker as well as the side chains
of the UAAs could be shortened to provide more constraint and reduce the
entropic cost during the binding. A second panel of macrocyclic peptides were
then synthesized based on the optimal sequence cp4, in which the lengths
of the side chain in the azido-functionalized UAAs and the dialkynyl linker
were varied (Figure 8.9a and 8.8b). Two peptides, cp4n2m3 and cp4n2m3c,
with shorter and more constrained cross-linking moieties were shown to bind
more strongly than cp4n4mb5 and also the linear pep1 to TNKS2 ARC4 in an FP
assay (Figure 8.9a) and in isothermal titration calorimetry (ITC). The crystal
structure of TNKS2 ARC4 in complex with the tight-binding cp4n2m3 (PBD
ID: 5BXO) was subsequently solved at 1.33 A resolution, confirming the design
rationale that the smaller macrocycle size reduced the flexibility in the peptide
and improved the binding affinity (Figure 8.9b). Similar to a stapled a-helical
peptide, these macrocyclic peptides were shown to be much more resistant to
proteolytic degradation than the linear peptide when treated with AspN pepti-
dase, which cleaves between Gly-Asp of the sequence.

(peptide: cyan, linker: green) and cp4nd4m5 (peptide: orange, linker:
red). PBD IDs: 5BXO and 5BXU.* (c¢) Chemical structure of the active
peptide cp4n2m3c-Antp. (d) Confocal images of U20S cells after incuba-
tion with 10 pM of TAMRA-labelled peptides for 4 hours. Bar represents
10 pm. The linker of cp4n2m3c-Arg, contains a polyarginine CPP and
that of cp4n2m3c-Antp contains a penetratin peptide. (e) Dual-lucifer-
ase reporter assay showing the luciferase signal corresponding to the
B-catenin level in Wnt3a-activated HEK 293T cells treated with a selec-
tion of unlabeled peptides. Macrocyclized CPP-conjugated cp4n2ma3c-
Antp showed dose-dependent inhibition of luciferase activity. Adapted
from Wenshu Xu, Yu Heng Lau, Gerhard Fischer, Yaw Sing Tan, Anasuya
Chattopadhyay, Marc de la Roche, Marko Hyvonen, Chandra Verma,
David R. Spring, and Laura S. Itzhaki, Macrocyclized Extended Peptides:
Inhibiting the Substrate- Recognition Domain of Tankyrase, The Journal
of American Chemical Society, 2017, 139, 2245-2256,52 © 2017 American
Chemical Society. Published under the terms of the CC BY 4.0 licence,
https://creativecommons.org/licenses/by/4.0/.
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The cell-penetrating capabilities of the macrocyclic peptides were
enhanced by coupling the linker to a selection of cell-penetrating peptides
(CPPs); this did not disrupt the peptide-protein interaction because the
cross-linking unit was pointing away from the protein surface according to
the two crystal structures (Figure 8.9b) The CPP-conjugated macrocyclized
peptides had significant cellular uptake even at 10 pM (Figure 8.9d) com-
pared to the unconjugated macrocyclic peptides and the linear pepl. The
unlabeled CPP-conjugated macrocyclic peptides did not exhibit any cytotoxi-
city at 100 puM. Treating HEK 293T cells in Wnt-activated conditions showed
that cp4n2ma3c-Antp, a macrocyclic TNKS-binding peptide conjugated with
the penetratin sequence (Figure 8.9c), antagonized Wnt signaling by decreas-
ing the B-catenin level in a dose-dependent manner (Figure 8.9¢). This is the
first example of a peptide inhibitor that directly targets the TNKS-axin bind-
ing interaction to antagonize Wnt signaling instead of blocking the catalytic
PARP activity of TNKS. This proof-of-concept method provides guidance
to develop future peptide inhibitors for TNKS in treating Wnt/B-catenin-
dependent cancers, and may overcome issues related to target-specificity
and off-target effects of small molecule PARP inhibitors.*

8.5.2 Development of Cell-permeable, Non-helical,
Constrained Peptides to Target a Key Protein-Protein
Interaction in Ovarian Cancer

Ovarian clear cell carcinoma (CCC) is a subtype of ovarian cancer.®** Prog-
nosis for patients with advanced stage or relapsed disease is poor due to
intrinsic resistance to platinum-based chemotherapy and the lack of tar-
geted therapies for CCC.*>* The development of novel, targeted therapeutics
for CCC is therefore of high priority. Transcription factor HNF1f is overex-
pressed in most, if not all, CCC cases®”* and proliferation in CCC cell lines
drops upon HNF1p knockdown, caused by induced apoptotic cell death in
CCC cells.®® Drugs targeting HNF1p have yet to be developed.

Human HNF1p protein consists of 557 amino acids and a nuclear localiza-
tion signal (NLS), which directs the nuclear import of the protein by interact-
ing with structured binding sites on the nuclear import protein Importin o,
is contained within the DNA-binding domain of HNF1p.%*™

Transcription factors are generally considered inferior drug targets,’* but
are highly attractive as key regulators of gene expression.”>™” Interestingly,
49% of transcription factor sequences consist of intrinsically disordered
domains (IDDs).”® Therapeutic targeting of the nuclear import of transcrip-
tion factors provides a strategy for inhibiting transcription factor function,
since activity depends on successful localization to the nucleus for transcrip-
tion to take place.”'* Competitive inhibition of the HNF1f NLS-Importin
a PPI by a constrained peptide inhibitor that is based on the HNF18 NLS
sequence may interfere with HNF1p transcription factor function as shown
in Figure 8.10. The self-inhibitory domain of Importin o binds to Importin
B to free up the NLS-binding sites on Importin o. The constrained peptide
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Figure 8.10 Targeting scheme of the nuclear import of transcription factor HNF1f
with a constrained peptide inhibitor based on the NLS sequence.
From Mareike M. Wiedmann, Yaw Sing Tan, Yuteng Wu, Shintaro
Aibara, Wenshu Xu, Hannah F. Sore, Chandra S. Verma, Laura Itzhaki,
Murray Stewart, James D. Brenton, David R. Spring, Development of
Cell-Permeable, Non-Helical Constrained Peptides to Target a Key
Protein-Protein Interaction in Ovarian Cancer,'* © 2016 The Authors.
Published by Wiley-VCH Verlag GmbH & Co. KGaA. Published under
the terms of the CC BY 4.0 licence, https://creativecommons.org/
licenses/by/4.0/.

competes with the HNF1 protein for Importin o binding, which is in com-
plex with Importin B in the cytoplasm. The trimer is imported through the
nuclear pore complex (NPC) in the nuclear envelope (NE) into the nucleus,
where it is released by RanGTP binding to Importin .

The HNF1B NLS peptide, which is located in a flexible surface loop in
between the two DNA-binding domains, was stapled to stabilize the NLS
in its binding conformation. The crystal structure of the mImportin a1l
AIBB with the HNF1fB NLS peptide was determined and the HNF1f NLS
peptide sequence was used as a starting point for constrained peptide
design (Figure 8.11).

Three independently performed molecular dynamics (MD) simulations
revealed the most important binding interactions of the HNF1 NLS peptide
with two flanking residues on either side (1-TNKKMRRNRFK-11) with the
mImportin ol protein. Two discrepancies between the obtained crystal struc-
ture and the MD simulation results were identified. In the crystal structure,
the backbone carbonyl group of Thr1 interacts with Arg238 on Importin a,
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Figure 8.11 Crystal structure depicting interactions of the HNF1f NLS peptide
with mImportin a1 with tryptophan stacking. Generated by Dr Shin-
taro Aibara and reprinted with kind permission.®?

whereas in two out of three MD simulations, this interaction is lost and
H-bonding with Asp270 is observed instead (Figure 8.12A and B). Secondly,
Arg9 forms a salt bridge with Glu465 on Importin a in the crystal structure,
whereas a salt bridge with Glu107 was observed instead in all three MD sim-
ulations (Figure 8.12C and D). The results highlight the importance of using
MD simulations to eliminate the effect of crystal packing and non-physiolog-
ical contacts with neighboring proteins in the crystal, and to restore the pro-
tein structure in solution.'® In summary, the results suggest that residues
Thr1l and Arg9 should be retained to maintain the binding potency of the
constrained peptides.

The contribution of each HNF1B NLS residue to the binding was then
assessed by binding free energy decomposition.'” Residues Phe10 and
Lys11 contribute almost 0 kcal mol™ to the total binding free energy sug-
gesting that they can be removed from the peptide with minimal disruption
of the overall binding. Hence, the peptides are based on the following pep-
tide sequence: 1-TNKKMRRNRNR-9. Computational alanine scanning on
structures extracted from the MD simulations was then used to determine
suitable stapling locations. Each residue was mutated to alanine and the dif-
ference in the binding free energy between mutant and wild-type was cal-
culated, allowing the identification of residues that have little or negative
contribution to the binding. The analysis revealed that Thr1, Lys4, Arg6, Arg7
and Arg9 are the most important residues for binding, whereas Asn2, Asn8,
Phe10 and Lys11 only make negligible contributions to the binding. Since
the staple is preferably placed on residues with side chains that have little or
negative contribution to the binding, the staple may hence be placed at res-
idues Asn2 and Asn8, Phe10, or Lys11 which contribute almost 0 kecal mol™
to the total binding free energy. Based on the obtained crystal structure
(Figure 8.11), the staple is preferentially placed at residues Asn2 and Asn8 as
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Figure 8.12 Binding interactions of the HNF1B NLS peptide (orange) with mIm-
portin a1 (white) determined from X-ray crystallography and MD sim-
ulations. Trajectory structures shown are snapshots taken from the
end of the simulations. (A) Backbone carbonyl oxygen of Thr1 hydro-
gen bonds with the side chain of Arg238 in the crystal structure. (B)
Side chain of Thr1 hydrogen bonds with the side chain of Asp270 in
the MD simulations. (C) Arg9 forms a salt bridge with Glu465 from
a neighboring protein chain (pink) in the crystal structure. (D) Arg9
forms a salt bridge with Glu107 in the MD simulations. From Mareike
M. Wiedmann, Yaw Sing Tan, Yuteng Wu, Shintaro Aibara, Wenshu
Xu, Hannah F. Sore, Chandra S. Verma, Laura Itzhaki, Murray Stewart,
James D. Brenton, David R. Spring, Development of Cell-Permeable,
Non-Helical Constrained Peptides to Target a Key Protein-Protein
Interaction in Ovarian Cancer,'* © 2016 The Authors. Published by
Wiley-VCH Verlag GmbH & Co. KGaA. Published under the terms of
the CC BY 4.0 licence, https://creativecommons.org/licenses/by/4.0/.

their side chains point towards each other in the bound peptide, to minimize
constraint of the constrained peptide’s bound conformation by the staple.
The peptide sequence is therefore TAMRA-Ahx-*"TX, KKMRRX R**®, with X,
referring to non-proteogenic azido amino acids used for stapling.

All linear peptides are synthesized using Fmoc-spps and then stapled
using Cu(1)-click chemistry with three symmetrical dialkynyl linkers (Figure
8.13A and B). A direct fluorescence polarization assay is used to determine
the binding constants. The dye, in this case TAMRA-5, reports a lower mobil-
ity of the dye-labelled ligand as it binds to the much heavier and hence less
mobile protein, resulting in a higher degree of fluorescence polarization.'*
The linear HNF1f NLS peptide sequence (Ac-TNKKMRRNRFK-NH,) binds
mImportin a1 with a K; of 1.7 pM. TAMRA-5 alone binds mImportin o1 with a
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Figure 8.13 (A) Synthesized peptide sequences containing azido amino acids and
linkers A-C. (B) General structure of bis-triazole constrained peptides
with n =1 or 2 and m = 1-3. (C) Direct FP assay binding affinities for
(constrained) peptides in pM. From Mareike M. Wiedmann, Yaw Sing
Tan, Yuteng Wu, Shintaro Aibara, Wenshu Xu, Hannah F. Sore, Chan-
dra S. Verma, Laura Itzhaki, Murray Stewart, James D. Brenton, David
R. Spring, Development of Cell-Permeable, Non-Helical Constrained
Peptides to Target a Key Protein—Protein Interaction in Ovarian Can-
cer,'”" © 2016 The Authors. Published by Wiley-VCH Verlag GmbH &
Co. KGaA. Published under the terms of the CC BY 4.0 licence, https://
creativecommons.org/licenses/by/4.0/.

K, of approximately 125 pM, and is a useful control to establish if binding
takes place via the peptide motif or is attributed to the dye. Compared to the
linear wild-type peptide PepO there was a 2.5-fold improvement in the bind-
ing of Pepl. Constrained peptides Pep1A-Pep1C follow a rough trend with
the binding affinity increasing with increasing linker length (Figure 8.13C).
Constrained Pep2A bound with slightly improved binding affinity compared
to linear peptide Pep0 and bound more tightly than its unconstrained precur-
sor Pep2. This confirmed that an entropically-driven gain in binding affinity
was achieved for Pep2A.

The cell permeability of the synthesized TAMRA-labelled linear and con-
strained peptides was assessed in the normal ovarian cell line IOSE4 using
live-cell fluorescence microscopy. Pep1 and Pep2 displayed good cell perme-
ability, which was retained upon stabilization (Pep1B, Pep2A). In conclusion,
this work represents the first example of constraining an NLS peptide to tar-
get the nuclear import pathway. Further structural information on transcrip-
tion factor HNF1p binding to Importin a is required for the future design of
Importin o isoform-selective inhibitors.
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Peptides

ANDREW T. BALL AND ALI TAVASSOLI*

Chemistry, University of Southampton, Southampton, SO17 1BJ, UK
*E-mail: alil@soton.ac.uk

9.1 Introduction

An emerging challenge within contemporary drug discovery is the lack of
effective ligands for many targets that have significant disease relevance, but
are typically considered ‘undruggable’ by way of the existing small molecule
paradigm.' Peptide-based drugs have been proposed as a solution for chal-
lenging targets, such as protein-protein interactions (PPIs), which often have
extended binding interfaces and lack well defined small molecule pockets.
Peptides often have beneficial characteristics over many small molecule
drugs, such as lower toxicity profiles and enhanced selectivity. Conversely,
they are also substrates for many proteases in the digestive system and there-
fore are often prone to short half-lives in vivo and poor oral bioavailability.>?
Macrocyclic peptides offer a solution to some of the common problems with
peptide drugs, as they not only possess enhanced resistance to many pepti-
dases, but often also exhibit improved activity over their linear counterparts
by virtue of their conformational pre-organisation.*”

Head-to-tail (or homodetic) cyclic peptides are a class of peptide mac-
rocycles formed by the direct connection of the N- and C-termini via an
amide bond. While these peptides share the conformational rigidity and
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resistance to endopeptidase activity common to other types of macro-
cyclic peptides, the lack of exposed termini also confers exopeptidase
resistance.

The head-to-tail cyclic peptide motif is of particular interest amongst
macrocycles as it is commonly exhibited in many bioactive natural products
(Figure 9.1). The often-cited example of a successful macrocyclic peptide
drug is cyclosporine A - a head-to-tail cyclic natural product that exhibits
immunosuppressant activity. The same structural element is also present in
many antimicrobial peptides, such as gramicidin S, as well as some bicyclic
peptides, such as sunflower trypsin inhibitor-1 (SFTI-1).

Bioactive linear peptides have also benefitted in terms of affinity and bio-
availability from modification with head-to-tail cyclization. For instance, the
integrin recognition sequence RGD was found to be more potent when incor-
porated as part of the cyclic peptide ¢(RGDfV).°®

Whilst head-to-tail cyclic peptides show some potential for use in drug
discovery, thus far most of the currently marketed drugs in this class are
derived from existing natural products, with the development of novel
structures being a relatively under-explored field.”® The emerging interest
in these compounds has fueled a demand for high-throughput screening
platforms and accompanying libraries of head-to-tail peptides to utilize
with them.

An important feature of many of the bioactive cyclic peptide examples is
the presence of non-ribosomal amino acid moieties. Of particular note is
the presence of N-methylated amides, which contribute towards cell per-
meability, and potentially the activity of the peptide. However, a systematic
approach to N-methylation across all peptide structures is so far not cur-
rently established, and so in many cases the effect of this modification has
been approached empirically via library screening.”'® It therefore follows
that approaches that incorporate non-canonical elements into cyclic peptide
libraries are of significant interest.

N 7 ONHHNT O NH H
§ 3= N e
o o) H
) Gramicidin S
Cyclosporin A Antibacterial

Immunosuppressant
SFTI-1
Protease inhibitor

Figure 9.1 Examples of head-to-tail cyclic peptide natural products and their
respective bioactivity.
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The strategies for library generation discussed in this chapter theoretically
allow for almost unlimited diversity of cyclic peptides; however, in practice
the ability to resolve hits from the rest of the library becomes the limiting
factor in determining its size. With increasing library complexity, the means
by which a hit can be distinguished reliably becomes more challenging, and
as such all approaches will be considered in the context of their deconvo-
lution strategy. A general theme when discussing these methods of library
generation is that those which offer more reliable deconvolution can reach
larger sizes.

This chapter will present current methods for library development of
head-to-tail cyclic peptides, which will be broadly divided into synthetic and
genetically derived categories. Each approach will be discussed in terms of
the preparation, application, deconvolution and functional diversity of the
libraries generated.

9.2 Chemically Synthesized Libraries

9.2.1 Synthesis and Deconvolution of Diverse Linear Peptide
Libraries

The synthesis of diverse peptide libraries has been possible since the devel-
opment of solid-phase peptide synthesis (SPPS), which allows for controlled,
step-wise extension of the peptide sequence via successive coupling and
deprotection reactions, building from a solid support.'" Peptide library syn-
thesis has since developed into a mature field that brings together SPPS and
combinatorial chemistry methods."™*

A key advantage of a chemical synthetic approach toward peptide libraries is
the high compound diversity, since amino acids with non-proteinogenic side
chains and even non-amino acid moieties may be introduced, assuming that
they are compatible with the SPPS workflow. Synthetic libraries can therefore
cover a large region of chemical space; however, it should be noted that many
of these building blocks are significantly more expensive than the 20 proteino-
genic amino acid set, which may limit their use within a practical context.

The simplest approach to library synthesis is the parallel synthesis of pep-
tides, where a unique position in a microplate well or on a pin is treated with
different amino acids during each step. Peptides are then screened either in
separate reaction wells or on a solid support. Peptide microarrays in partic-
ular utilize this solid support format, whereby peptides are site-specifically
immobilized on a surface to which a single application of assay reagents may
be applied, enabling rapid screening."” Importantly, the spatial isolation of
peptides in these formats allows for extremely simple hit identification, as
positive results can be characterized according to their respective positions.
The simplicity of deconvolution, however, comes at the cost of small library
size, as the number of positions exponentially increases and becomes rapidly
unmanageable with the addition of more variable sites and amino acid deriv-
atives in the sequence.
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A convenient method of ensuring larger libraries is split-and-pool synthe-
sis. At each coupling stage the solid support is divided into separate por-
tions (splitting), to each of which is coupled a different amino acid. This is
followed by recombination of these portions (pooling) into one mixture.
The process is repeated until the desired chain length is reached, generat-
ing a highly diverse set of linear peptide sequences. The synthesis has the
advantage of a more straightforward workflow than that of parallel synthesis,
but as the peptides are present as a mixture, more advanced deconvolution
strategies must be employed. Following screening, hits can be identified by
mass spectrometry, with the connectivity of the amino acids in the sequence
deduced either from sequential Edman degradation or tandem mass spec-
trometry techniques such as MS/MS.

These approaches are effective for the generation of linear peptide librar-
ies, and there exist multiple commercial routes for the acquisition of pep-
tide libraries prepared in this manner. The general combinatorial methods
described and the chemistry of amino acid coupling are also applied in the
same manner for all cyclic peptide libraries; however, additional consider-
ations must be made to accommodate the cyclization step - particularly in
the case of head-to-tail peptides.

9.2.2 Head-to-tail Cyclization of Peptide Libraries

Head-to-tail cyclization requires the formation of an amide bond between
the N- and C-terminus of the peptide. In typical SPPS, the C-terminus of the
peptide is tethered to the solid support and therefore must be cleaved prior
to cyclization. This precludes the possibility of screening these peptides on
a solid support and identifying hits by physically isolating active beads. A
further complicating factor is the competing reactivity of carboxylic acid
or amine-containing side chains with each of the termini under cyclization
conditions.

The synthetic solutions to these issues are not insurmountable, with many
well-established methods in the literature available for cyclizing peptides.'®
Typically, side chain reactivity is addressed through inclusion of protecting
groups that are resistant to the resin cleavage conditions, either with orthog-
onal reactivity or by utilizing milder cleavages with more labile resins. The
protected linear peptide is then cyclized under high dilution to favor intramo-
lecular cyclization over competing processes, such as oligomerization. Fol-
lowing this, the side chains of the cyclized product may then be deprotected.
This approach is, however, more suitable for the synthesis of low numbers
of individual compounds; the inclusion of additional steps and purification
processes adds complexity to the workflow, which during library synthesis
can be difficult to monitor and optimize due to the diversity of compounds.
To this end, chemistry has been developed specifically with the simplifica-
tion of the head-to-tail cyclization step during library synthesis in mind.

The primary strategy developed to address this issue is the tethering of
an amino acid side chain to the resin, rather than the typical C-terminus,
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o_o SPPS peptide o_o

F"‘°C:’Z_/—§) extension HZN‘_:Z_/—%
—) o

0.

7 4 C-terminal

deprotection
on-resin side chain NH O—o
screening deprotection cyclisation O‘O
(—
cleavage H HO.

of peptide
from resin

Figure 9.2 On-resin cyclization chemistry using a side chain-tethered glutamic
acid residue.

allowing for on-resin cyclization. Performing this step on a solid phase,
rather than in solution, is convenient for library synthesis as the cyclization
reagents can be washed off the solid support for simple purification.'®"'8
In addition, the isolation of peptides on separate resin sites also provides a
‘pseudo-dilution’ effect that favors intramolecular reactions.

The linear peptide is tethered to the resin via alternative positions to the
C-terminus, typically with a reactive side chain (Asp/Glu, Asn/Gln, Tyr or Lys
are commonly used). The C-terminal carboxylic acid is orthogonally pro-
tected (allyl or benzyl). After completion of the linear sequence, the C-termi-
nus is then deprotected and the peptide is cyclized on-resin using standard
coupling reagents. Side chain protecting groups may then be removed and
the peptide can be screened on the solid support, or cleaved from the resin
if required (Figure 9.2).

Alternatively, an additional step may be circumvented by simultaneously
cyclizing and cleaving the peptide from the resin. This has been achieved by
employing ‘safety-catch’ linkers, whereby the peptide is tethered to the resin
by a linker that is inert under SPPS conditions but can be selectively activated
following synthesis, initiating cyclization (Figure 9.3)."' This approach
generally removes side chain protecting groups prior to safety-catch activa-
tion, which has the benefit of accomplishing almost all steps on the solid
phase, but may result in side chains such as Lys or Arg reacting instead of the
N-terminus during ring closure. In the case of the synthesis of a tyrocidine A
library of 192 members, the B-turn induced by a proline residue ensured cor-
rect orientation of the amine terminus to achieve selectivity over an exposed
ornithine residue.?

Tyrocidine A was a scaffold of interest for generating libraries via enzy-
matic cyclization. This strategy made use of a linker that mimics phosphop-
antetheine, a substrate of the TycC terminal thioesterase (TE) domain, which
simultaneously cleaves and cyclizes the resin-bound peptide in a process
analogous to that of the natural biosynthetic pathway. This approach was
used to generate an in vitro library of analogues from synthetic precursors
assembled by SPPS in 96-well microplates.*
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Figure 9.3 Two examples of safety-catch linkers. Approach (A) utilizes a caged-
group approach, by protecting the otherwise labile leaving group with
either tBu or Bz, whereas (B) requires an activation reagent to initiate

cyclization.
A
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Figure 9.4 Cyclic peptide ligation by (A) native chemical ligation and (B) KAHA
ligation.

Finally, ligation-based strategies can be employed to cyclize a peptide that
has the appropriate ‘sticky-ends’ on the N- and C-terminus. Native chemical
ligation (NCL) has been used extensively to attach peptide fragments to pro-
duce longer sequences that would otherwise be difficult to access via SPPS
(Figure 9.4A).** This approach also finds application in head-to-tail cycliza-
tion by incorporating the N-terminal cysteine and C-terminal thioester on
the same peptide, for both on-resin and solution phase cyclizations.*>?°

The a-keto-acid hydroxylamine (KAHA) ligation has also been adapted
for use in cyclic peptide synthesis (Figure 9.4B), where a recent iteration
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of this technique used substrates more suitable for library synthesis. The
N-terminus of the peptide sequence contains a 5-oxaproline residue and
on the C-terminus an o-keto-acid, generated from the linker when cleaved
from the resin. The resulting peptide may then cyclize to form a head-to-
tail peptide containing a homoserine residue.?”

These ligation strategies have the advantage of chemoselectivity, allowing
for cyclization without protecting groups on other amino acid side chains.
Extensively protected peptides have problematic solubility and cyclization
rates and as such these strategies may present convenient methods for reli-
able production of some of the larger cyclic peptides for libraries. In addition,
these ligations occur spontaneously under the correct pH and so minimal
purification is required to remove additional reagents. A key requirement,
however, is the inclusion of either a cysteine or a homoserine in the final
peptide sequence for NCL or KAHA ligation, respectively, in order to enable
the ligation.

It is apparent that there currently is no one-size-fits-all approach in the
synthetic strategy for cyclization. In many cases, there must be at least one
fixed amino acid position to allow for side chain tethering or ligation. When
generating peptide libraries derived from existing hits or scaffolds, an invari-
able position can be identified and accounted for in the synthetic strategy.
However, libraries for use in de novo screens may face some limitations in
that they cannot contain fully randomized peptides.

9.2.3 Deconvolution Strategies for Head-to-tail Cyclic Peptide
Libraries

The methods typically used for sequence elucidation of linear peptide hits
cannot be applied as simplistically for head-to-tail cyclic peptides. Firstly,
Edman degradation sequencing is not possible due to a lack of an exposed
N-terminus. Secondly, fragments arising from tandem mass spectrome-
try are more numerous and challenging to interpret than those from lin-
ear counterparts of the same chain length.?® This is due to the multiple
positions at which the ring can be opened - a given cyclic hexamer, for
instance, will produce six different linear sequences which in turn frag-
ment further.

A result of this limitation is that historically, many cyclic peptide libraries
have been prepared by parallel synthesis to ensure reliable hit determina-
tion. A key development in this field, however, is the one bead two compound
(OBTC) strategy, whereby a resin bead contains both a displayed cyclic pep-
tide and an accompanying linear ‘coding’ peptide that can be sequenced by
conventional means, ultimately circumventing the difficulties associated
with cyclic peptide analysis. A resin bead is segregated between inner and
outer layers, which can be primed independently with linear or cyclic pre-
cursors, respectively. The cyclic precursor is side chain-tethered to the resin,
whereas the linear precursor is coupled to the resin on the C-terminus. The
peptide sequences are then coupled to both layers concurrently by split and
pool synthesis. Finally, the C-terminal protecting group on the cyclic peptide
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Figure 9.5 One bead two compound library assembly. The final cyclic peptide may
be retained on the bead or cleaved prior to screening. The linear peptide
contains elements, such as an extra R residue, to aid with MS analysis.

precursor is cleaved and head-to-tail cyclization occurs only on the displayed
outer layer of the bead. The cyclic peptide can be retained on the bead for
screening or alternatively may be cleaved off selectively for solution-based
assays. Once hits are determined, the linear partner can then be recovered
for sequencing (Figure 9.5).2%3°

The comparative ease of deconvolution through OBTC opens up the pos-
sibility for much larger chemically synthesized cyclic peptide libraries than
those discussed thus far. This method has been used to generate and screen
a library containing up to 5 variable positions with 26 amino acids (1.19 x 10’
compounds) against the extracellular domain of prolactin, identifying head-
to-tail cyclic peptide ligands with low micromolar affinity.**

9.3 Genetically Derived Libraries

An alternative to producing chemically synthesized peptide libraries is to
utilize ribosomal biosynthesis from living organisms, using DNA sequences
that may be transcribed and translated to form a peptide. A DNA library
may be formed using a degenerate oligonucleotide that randomizes the
DNA sequence encoding the target peptide, which in turn leads to random
codons that are translated into different amino acids incorporated into the
peptides being expressed, resulting in a peptide library. Translation and
transcription of the genetic code into the peptide library can be achieved
by either introducing DNA via vectors (plasmids, retroviruses etc.) into live
organisms, such as E. coli, or by in vitro techniques such as in vitro transcrip-
tion/translation (IVTT), which are mixtures containing purified expression
components.
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Genetically derived libraries are typically much larger than their chemi-
cal counterparts, primarily due to the ease of deconvolution. DNA or RNA
that corresponds to each derivative peptide may be amplified and then
sequenced by standard molecular biology techniques. The synthesis of
DNA sequences themselves is well established, with custom randomized
sequences being relatively inexpensive and accessible via commercial
sources. Finally, the efficiency and specificity of the ribosomal machin-
ery allows for accurate production of the correct peptides regardless of
sequence identity. Despite these advantages over chemically derived librar-
ies, genetically encoded libraries are generally limited to the production
of peptides that contain the 20 ribosomal amino acids. This reduces the
functional group diversity when compared to that which synthetic chem-
istry can provide, although techniques such as genetic code expansion
and reprogramming have allowed incorporation of some non-ribosomal
amino acids.

Methods such as phage display and mRNA display have been used to pre-
pare large libraries consisting of over 10" members of linear, and cyclic
peptides. The power of these techniques is in the simple deconvolution of
hits via the display tags attached to each peptide (mRNA, or a phage), but
as these tags are bound to the peptide terminus, head-to-tail cyclization is
not possible, and these peptides are cyclized via their side chains (e.g. disul-
fide bonds). There are, however, a handful of methods for the production of
genetically encoded libraries of head-to-tail cyclic peptides.

9.3.1 SICLOPPS

Inteins (internal protein) are protein domains that spontaneously splice
out of their surrounding polypeptide during maturation (Figure 9.6A).
Upon splicing, the remaining extein (external protein) fragments are
ligated via a native peptide bond. This natural mechanism for forming an
N-to-C connection has been exploited in a technique termed SICLOPPS
(Split-Intein Circular Ligation of Proteins and Peptides), whereby the intein
and extein sequences derived from Synechocystis sp. (Ssp) PCC6803 DnaE
are inverted, such that the extein is positioned in between fragments of the
original intein that has been split (Figure 9.6B).>>** Upon association of
the split components of the intein, the complex splices, leaving the extein
as a head-to-tail cyclized peptide product. By introducing a randomized
DNA sequence within the extein-encoding region, a diverse library can be
generated.**°

Peptides produced by SICLOPPS must contain either a cysteine or serine
residue as the first amino acid to ensure splicing, but there are no other
sequence constraints, or requirements for externally administered reagents
to enact cyclization. SICLOPPS plasmid libraries are transformed into cells
(one member of the plasmid library per cell) and the cellular machinery tran-
scribes and translates the SICLOPPS gene to give inteins that splice, yielding
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Figure 9.6 Inteins and SICLOPPS. (A) Association of the I and Iy components in
the natural Ssp intein. Upon association, the intein complex is spliced,
leaving the ligated extein sequences. (B) Mechanism of SICLOPPS splic-
ing. The inteins are positioned on either side of an extein sequence,
which in SICLOPPS encodes for the desired cyclic peptide. Z= 0O or S.

cyclic peptides in cells. Consequently, SICLOPPS libraries are used in con-
junction with phenotypic cellular screens.*”

In a frequently used iteration, SICLOPPS has been combined with a bac-
terial reverse two-hybrid system (RTHS)***° to provide a high-throughput
method of screening and hit identification against a variety of protein-
protein interactions.’”* The RTHS is grown on selective media that inhibits
cell growth unless the reporter gene cassette is expressed, which is prevented
by the association of a given PPI (Figure 9.7A). When a cyclic peptide inhibi-
tor is present, the expression of reporter genes is permitted resulting in the
formation of a bacterial colony (Figure 9.7B). The compartmentalization
of each unique plasmid - and therefore cyclic peptide — within a bacterium
means that surviving colonies, derived from a single transformant, express
(several copies of) a single active member of the library. The DNA sequence
corresponding to this can then be isolated via straightforward plasmid
extraction followed by DNA sequencing to determine the identity of the hit,
overall enabling rapid hit deconvolution (Figure 9.7C).

Inteins are capable of ligating exteins of a variety of lengths - from small
cyclic peptides, to the cyclization of proteins such as GFP.** It therefore fol-
lows that the theoretical size of a SICLOPPS DNA-encoded library is not explic-
itly constrained by the length of the peptide sequence. In practice, however,
the screening platform and subsequent deconvolution process determines
library size. As SICLOPPS libraries are generated within live host organisms,
the maximum transformation efficiency of the host becomes the limiting fac-
tor when incorporating a library. In E. coli, for example, this equates to about
10® library members. As a result, SICLOPPS libraries are typically designed
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Figure 9.7 SICLOPPS and the bacterial RTHS. (A) RTHS without an inhibitor pres-
ent. The two proteins in a PPI are each expressed as fusions with P22
or 434, respectively. Upon complex formation, the P22/434 association
allows for DNA binding. The protein complex binds to a bacterial cas-
sette and suppresses transcription of downstream reporter genes that
are required for survival. (B) RTHS combined with SICLOPPS screening.
The split intein protein is expressed from a library of SICLOPPS plas-
mids, generating cyclic peptides. In the event of inhibition of the PPI,
the suppressive DNA binding complex cannot form, allowing expres-
sion of reporter genes that aid survival. (C) Deconvolution and hit iden-
tification from SICLOPPS screening in the RTHS.
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to contain 5 or 6 variable amino acid positions (corresponding to a library
size of 3.2 x 10° or 6.4 x 10’ members, respectively) to ensure that the library
can be fully represented in the screen. Although libraries containing a larger
number of randomized positions are certainly possible, it should be noted
that only a fraction of the library would be assessed in the screen in these
cases.

There are several other examples of combining a SICLOPPS library with
phenotypic assays in bacteria. In one example, inhibitors of the protease
ClpXP were identified using an assay that linked GFP degradation to ClpXP
activity. Hits were then determined using fluorescence-assisted cell sorting
(FACS) to identify cells containing GFP stabilized by inhibition of the prote-
ase, which were subsequently analyzed by DNA sequencing of the associated
SICLOPPS plasmid.*

The capacity for SICLOPPS screening in eukaryotic organisms has not
been explored as extensively as in bacteria, but there are a handful of exam-
ples that demonstrate its potential in these more complex cellular systems.
SICLOPPS inteins can be successfully expressed and spliced within human
cell lines and yeast; however, in these cases the lower transformation efficien-
cies of the host limit the library size.***® Examples include identification of
cyclic peptides that reduce the toxicity of a-synuclein by utilizing SICLOPPS
in yeast,'® and using human B cells as a host for an SX, library of cyclic pep-
tides (1.6 x 10° members) to identify inhibitors of the interleukin-4 (IL-4) sig-
naling pathway.*®

SICLOPPS libraries currently use Ssp inteins, which have variable splicing
efficiency depending on the amino acids surrounding the splice junctions. The
resulting slower splicing or prevention of splicing will result in some sequences
being incompletely processed instead of producing cyclic peptides.* These
limitations have been recently overcome by using the faster splicing and more
residue-tolerant Npu split-intein system (derived from Nostoc punctiforme) in
SICLOPPS.”® Another interesting development involved the use of orthogo-
nal AARS/tRNA .y, pairs with SICLOPPS to introduce unnatural amino acids
into the cyclic peptide libraries. The combined platform was used to identify
cyclic peptide inhibitors of HIV protease containing p-benzoylphenylalanine
or O-methyltyrosine as the 21st amino acid building block.” It should be noted
that a cyclic hexamer identified by SICLOPPS has been successfully converted
to a small molecule protein—protein inhibitor, which has shown activity in cells
and in vivo.>>>

9.3.2 Genetically Encoded Cyclic Peptide Library Production
Invitro

In addition to the chemical and cell-based approaches detailed above for the
production of cyclic peptide libraries, there are examples of in vitro produc-
tion of genetically encoded cyclic peptide libraries by mRNA display. This
approach uses in vitro transcription/translation (IVIT) mixtures, which are
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either derived from cell lysates, or assembled from recombined components
of the transcription/translation machinery (PURE system).”* This has the
benefit of allowing the inclusion of multiple non-natural amino acids into the
library by replacing one or more tRNA from the IVIT mixture with variants
that have been “mischarged” with a non-natural amino acid (Figure 9.8), a
process termed genetic code reprogramming. The most widespread method
for this uses a promiscuous ribozyme termed a flexizyme,*® which charges a
diverse range of non-proteinogenic amino acids with varying functionalities
onto tRNA via this method.’® This system, pioneered by Suga and colleagues,
is named flexible in vitro translation (FIT). This approach has been used for
the incorporation of a diverse range of functionalities and structures into
peptide libraries, and can be used to introduce multiple unnatural amino
acids at once.

FIT has been adapted to enable the production of head-to-tail cyclic pep-
tide libraries by insertion of glycolic acid (F°G) in the peptide sequence. A
“C-P-("°G)” residue triplet undergoes a spontaneous N-S acyl shift, followed

A
NH2
' flexizyme '
NH2
tRNA aminoacylated tRNA
R = amino acid side chain
B Asp Xaa
removal of PURE addition of
 —— >
Asp tRNA and AARS -Asp tRNA and AARS aminoacylated
tRNA
no transcription
o i Arg o [¢] i Arg
0
TN A Phe N7 e Phe N7
Gly )LN, asp) Ay N Gl )LN' Xaa )Lu’ N
natural peptide sequence unnatural amino acid incorporated

Figure 9.8 The FIT system. (A) Flexizymes are used to charge tRNA with synthetic
amino acids containing activated acyl groups indicated by X. (B) Incor-
poration of unnatural amino acids using the PURE IVTT system. Asp
recoding is used as an example.
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Figure 9.9 Peptide cyclization initiated by rearrangement of the C-P-("°G) residue
triplet.

by formation of a diketopiperazine thioester, which in the presence of an
N-terminal amine will cyclize to form the desired cyclic peptide (Figure 9.9).
This approach was used to express the natural products SFTI-1 and rhesus
theta defensin-1 (RTD-1), as well as analogues that included N-methylated
and y-amino acids.?’

The screening method for these cyclic peptides is an in vitro assay per-
formed in microplates, where multiple DNA sequences - and their corre-
sponding cyclic peptides following IVTT - are present per well. The activity
in each well is then evaluated and those that contain hits are deconvoluted
by cycles of limiting-dilution PCR and assay repetition until the molecule
of interest is isolated. This process was demonstrated through the screen-
ing of a library of SFTI-1 mutants using three variable amino acid positions
(19° = 6859 compounds).”’

FIT reaches its full potential when combined with the mRNA display plat-
form Random non-standard Peptide Integrated Discovery (RaPID), whereby
the library size can reach >10"> members, from which hits can be easily decon-
voluted via reverse transcription of the affixed mRNA tags.*® Unfortunately,
the nature of head-to-tail cyclic peptide formation precludes mRNA display
as these are typically bound to the C-terminus of the peptide, and therefore
the screening and identification of hits is less straightforward. Given that
the simplicity of deconvolution is the limiting stage of large library screen-
ing, FIT-derived head-to-tail cyclic peptide libraries are generally designed to
be smaller than what is theoretically possible using fully randomized DNA
templates — the upper limit is considered to be 10> compounds.>® Despite
this, FIT libraries utilize a more efficient and accessible method of deconvo-
lution than their chemically synthesized counterparts, whilst also offering
scope for unnatural amino acid incorporation that is not possible through
SICLOPPS.
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9.4 Conclusion

Cyclic peptides are of key interest when considering peptide-based drugs, as
they intrinsically possess properties that can potentially overcome the disad-
vantages of linear peptides (such as stability and cell permeability). Identify-
ing cyclic peptide hits against novel targets typically calls for the application
of high-throughput screening programs, and the development of libraries
and screening platforms are key elements in accomplishing this.

The main constraint pertaining to libraries of head-to-tail cyclic peptides
over their linear equivalents is that the deconvolution methods for synthetic
libraries are less optimal, and this limitation results in smaller library sizes.
A consequence for de novo screens is that the set of fully randomized cyclic
peptides to be assayed is typically limited to consisting of only 5-6 amino
acids. Compared with the tighter binding hits derived from techniques like
phage or mRNA display (10-14mers), these smaller peptides will have fewer
contacts with their target proteins, which often results in weaker binding;
however, the smaller ring sizes will be more readily translated into small
molecules.” Nonetheless, the novel inhibitors identified from both syn-
thetic and genetic libraries described have provided valuable chemical tools,
which inevitably require further optimization for effective use as therapeutic
agents. The application of these methods to identify hits for novel targets,
including those often considered challenging, such as PPIs and transcription
factors, has been well established.

Chemically synthesized and genetically derived cyclic peptides each have
their own advantages and disadvantages, and the optimal technique to
utilize is dependent on the resources available and the stage of screening.
SICLOPPS libraries are simple to generate and generally only require stan-
dard molecular biology resources; however, this comes at a cost of dimin-
ished coverage of chemical space within the library. Often these are best
suited toward early stage screening, using randomized peptides against
novel targets in order to discover hits. Techniques like SICLOPPS have been
extensively used to identify leads or tool compounds that target otherwise
intractable targets.*® Chemical synthesis on the other hand offers unpar-
alleled diversity, but generating large libraries often requires automation
equipment or specialized deconvolution methods, thereby presenting a
high barrier of entry for many academic labs. Smaller scale parallel library
synthesis is a more common technique that uses relatively accessible equip-
ment, although this is usually applied to optimizing or developing SARs
from existing scaffolds. Libraries synthesized via techniques like OBTC do,
however, bridge the gap between the library sizes derived from genetic and
synthetic means.

The methodologies detailed here have been developed to reliably gen-
erate libraries of head-to-tail cyclic peptides in response to the emerging
interest in this class of compound. The use of these libraries coupled with
high-throughput screening forms a strong basis from which new inhibitors
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may be developed. Importantly, these approaches span a variety of disci-
plines, covering fields within both chemistry and biology. Consequently,
there are multiple entry points for those interested in the field. As interest

in

‘difficult’ drug targets increases, it is anticipated that these library genera-

tion methods will be of great utility when developing new tool and therapeu-

tic

molecules.
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10.1 An Introduction to Bacterial Lasso Peptides

Amongst RiPPs, lasso peptides comprise an intriguing class of cyclic peptides
with a unique fold in Nature.'” Fundamentally, they consist of a macrolac-
tam ring that is threaded by the C-terminal linear peptide tail. The ring itself
is formed by condensation of the N-terminal a-amino group with a carboxyl
side chain. The carboxyl group used for this isopeptide bond formation typi-
cally belongs to an aspartate or glutamate residue, which is located at posi-
tion 7, 8 or 9 of the peptide scaffold.**

As their threaded structures are reminiscent of lariat knots, these nat-
ural products were named lasso peptides. So far inaccessible via chemi-
cal synthesis, the lasso fold is merely stabilized by steric interactions of
bulky amino acid side chains positioned in the C-terminal region above and
below the ring.'” These residues are therefore often referred to as plugs or
plug amino acids. The size needed for a side chain to be suitable as a plug
directly depends on the size of the present macrolactam ring. While the
small seven-residue rings can utilize every amino acid bigger than serine
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for stabilizing the lasso fold,* larger nine-residue rings can only use the larg-
est amino acids (e.g. phenylalanine, tyrosine, tryptophan or arginine) for
maintenance of their fold.”™®

All lasso peptides can be differentiated into three classes."° Numbered
based on the order of their discovery, they are distinguished by the presence
and number of disulfide bonds. Class I lasso peptides contain a total of four
cysteines that form two disulfide bridges. One of these cysteines is always
found at the first position of the peptide. Class II lasso peptides, on the other
hand, completely lack disulfide bonds, while the so far only member of class
III features a single disulfide bond. In further contrast to class I lasso pep-
tides, the class III lasso peptide, BI-32169, has no cysteine at position 1.%'°
Though the disulfide bridges in class I and III lasso peptides constitute an
additional covalent stabilization of their structures, these compounds also
contain suitable plug amino acids and therefore remain in their fold upon
reductive opening of the disulfide bonds."" The majority of investigated
lasso peptides belong to class II. Therefore, any lasso peptide that is dis-
cussed in this chapter should be assumed to belong to class II, unless stated
otherwise.

To allow an overview of the diversity found in the lasso peptide framework,
a selection of lasso peptides from all available three-dimensional structures
is depicted in Figure 10.1.

Lasso peptides are still a rather young family of natural products and
their first representative, anantin, was discovered in 1991.*'® From this
point onward until 2008, all further lasso peptide isolations were driven by
chance and only compounds identified in activity-based approaches were
reported.’ After the description of anantin, it took eight years until the
first sequence of a lasso peptide biosynthetic gene cluster was published.
This cluster, found on a plasmid of Escherichia coli AY25, is responsible for
the production of the lasso peptide microcin J25 (MccJ25) and represents
the best investigated lasso peptide system.>'® The cluster consists of four
genes, organized in two operons. The precursor peptide-encoding gene
mcjA has its own promoter, while the three genes mcjB, mc¢jC and mcjD
all share another promoter and are oriented in the opposite coding direc-
tion to mcjA. Remarkably, this is the only known lasso peptide biosynthetic
gene cluster organized in this way, as in all other reported clusters the
genes involved are situated in a single operon with a single promoter.>?
Still, the MccJ25 system shows all the basic principles every lasso peptide
biosynthetic machinery has in common. The gene mcjA encodes a short
precursor peptide (58 residues), which in turn is processed by the enzymes
McjB and McjC into the mature lasso peptide (21 residues).'*° Further-
more, McjD is an ATP-binding cassette (ABC) transporter, which exports
the antimicrobial MccJ25 and thereby confers immunity to the producing
organism.?! Thus, unlike homologs of McjA, McjB and McjC, a D protein
is not essential for biosynthesis and therefore many lasso peptide produc-
ing gene clusters are devoid of a gene coding for a dedicated lasso peptide
export protein.?*?2
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Figure 10.1 Overview of reported and accessible lasso peptide structures. The
common color code used depicts the macrolactam rings in yellow, the
tail in blue and the ring-forming aspartate or glutamate residues in
red. Additionally, plug residues are highlighted in green and disulfide
bridges in orange. The corresponding PDB accession codes are: 1RPB
(RP 71955),"* 2LS1 (sviceucin),"! 2M37 (astexin-1),° 2N6U (astexin-2),"
2N6V (astexin-3),"* 2MLJ (caulonodin V),” 2LX6 (caulosegnin I),” 5D9E
(caulosegnin I1),* 2N5C (chaxapeptin),* 1Q71 (microcin J25),"> 2MW3
(streptomonomicin),’® 4NAG (xanthomonin I),* 2MFV (xanthomonin IT)*
and 3NJW (BI-32169)."° The BRMB number of capistruin is 20014."
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The exact mechanism of lasso peptide maturation is still not completely
elucidated, due to prevalent problems with the heterologous production
and purification of the processing enzymes. Nevertheless, in a recent
study some in vitro results were obtained for McjB and McjC.**** The most
important results from these investigations were that apparently McjB
and McjC are interdependent and that McjB requires ATP for its activity.
The interdependency was first suggested by the observation that neither
McjB nor McjC could act on its own, while single enzyme activities could
be probed when either enzyme was incubated with an inactive variant of
the other one.”® Generally, the C proteins are homologous to aspartate
synthetases and act in a similar manner, i.e. instead of an ammonia mol-
ecule, they transfer the N-terminal a-amino group to the side chain of an
aspartate or glutamate. Before the transfer can occur, these side chains
need to be activated by ATP-dependent adenylation of the carboxylic
acid moieties. The B proteins are ATP-dependent cysteine proteases that
cleave off the leader sequence of the precursor peptide and thereby free
the N-terminal a-amino group of the core peptide for the C protein-medi-
ated macrocyclization. Closer inspection revealed that these proteases, in
particular, hydrolyze ATP into ADP and inorganic phosphate, as adenos-
ine 5'-(B,x-imido)triphosphate (an ATP analogue with a non-hydrolyzable
bond between ADP and the last phosphate group) renders McjB inactive.?
In a similar manner, a,p-methyleneadenosine 5'-triphosphate (another
ATP analogue with a non-hydrolyzable bond between AMP and the pyro-
phosphate group) inhibits McjC activity.?* While the ATP-dependency of
McjC was anticipated due to its homology to asparagine synthetases, the
ATP-dependency of McjB was quite surprising. As the proteolytic activity
should not require ATP-consumption, an additional activity is proposed
for McjB. Namely, it is thought that the ATP-consumption facilitates a
further chaperone-like activity that mediates the prefolding of the core
peptide before the macrocyclization.'*>%** This is necessary, as the same
factors that sterically maintain the lasso fold after maturation of course
also prohibit the threading to occur post-cyclization. A proposed mecha-
nism for MccJ25 biosynthesis that is derived from this experimental data
is shown in Figure 10.2. It should be noted that recent studies have sug-
gested that the ATP-dependency of the B protein might not be present in
all lasso peptide biosynthetic machineries.***’

Interestingly, there are other lasso peptide biosynthesis systems that fea-
ture an additional small open reading frame (ORF) that was shown to be
necessary for precursor peptide processing in vivo. First described for the
gene cluster of lariatin,*® additional examples have been reported recently
(chaxapeptin,' lassomycin,* paeninodin,*® streptomonomycin'® and svi-
ceucin (which is a class I lasso peptide)''). What was first thought to be
a novel enzyme in the context of lasso peptide maturation, turned out,
upon closer bioinformatic investigation, to be just a small protein homol-
ogous to the N-terminal domain of McjB that is subsequently followed by
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Figure 10.2 Proposed mechanism for the biosynthesis of the lasso peptide
Mcc]25.17%2%3 nitially, the B protein cleaves off the leader peptide and
prefolding of the core peptide occurs (possibly in an ATP-dependent
manner). Then, the C protein activates the carboxylic acid side chain
via adenylation and subsequently mediates the macrocyclization
yielding the mature lasso peptide. The optional export of the mature
compound by the D protein is also depicted.

an ORF coding for a homolog of the C-terminal portion of a full-length B
protein.>'11423243031 Hence, these two enzymes are referred to as split B
proteins, and therefore were named B1 and B2. While the larger B2 pro-
teins contain the catalytic triads and thus will also mediate the proteolytic
cleavage of the leader peptides, the smaller B1 proteins feature the con-
served N-terminal motif of full-length B proteins. Although the concrete
function of this motif has not been elucidated yet, it was suggested that it
contains a site needed for interaction with ATP and therefore would medi-
ate the proposed chaperone-like activity. This is further suggested by the
fact that B1 proteins show homology to PqqD."*%°* PqqD is another small
protein of similar size to B1 proteins that has no catalytic activity on its
own, but was shown to be essential for the biosynthesis of the RiPP pyr-
roloquinoline quinone (PQQ). Hence, this B protein region and the corre-
sponding B1 proteins could fulfill the same or at least a similar role in lasso
peptide biosynthesis. Intriguingly, a recent study inspected all known RiPP
systems bioinformatically and found that these PqqD-like domains or pro-
teins are present in a large number of them.*' Further experiments revealed
that these domains show a high affinity to the leader regions of the corre-
sponding precursor peptides.’! Hence, it was suggested that these domains
are crucial for recognition of the leader sequences and that they mediate
the interactions between precursor peptides and processing enzymes.*'*?
Thus, the term RiPP recognition element (RRE) has been introduced for
these domains and proteins.’' More recent studies have put the general
ATP-dependency of B proteins and the interdependency of B and C proteins
in doubt. During investigations of lasso peptide-protein fusions, it was
shown that co-expression of the astexin-1 B protein and the correspond-
ing precursor peptide fused to the N-terminus of a leucine zipper protein
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led to complete removal of the leader peptide even in the absence of a C
protein.?® In another study it was shown that proteolysis of the precursor
peptide could be achieved in vitro with only the B1 and B2 proteins of the
paeninodin system present.>” Furthermore, the proteolysis happened in the
absence of ATP and the reaction rate was not increased by ATP addition.?”
Future studies need to shed more light on these matters and will help to
figure out if the MccJ25 system could be a special example with a slightly
different underlying biosynthetic mechanism.

In addition to the MccJ25 gene cluster (which features a so far unique
architecture) and the fact that there are operons encoding split B pro-
teins, many more variations of lasso peptide biosynthetic gene clusters
have been reported.>*”?>7?43° Fundamentally, proteo- and actinobacterial
lasso peptide producing gene clusters can be distinguished by the order of
the ORFs in their operons. While proteobacteria seem to have basic AB C
organizations, actinobacteria switch the order of the processing enzyme
encoding genes to A C B.>*7!122224 1n the case of a split B protein, the ORFs
encoding B1 and B2 are always adjacent to each other and always in the
order B1 B2. Further differentiation is achieved by the presence or absence
of accessory genes. An ORF encoding an McjD homolog is often found in
clusters that produce antimicrobially active lasso peptides. Proteobacte-
rial clusters lacking a D protein homolog normally contain no additional
genes in the lasso peptide operons, but seem to exclusively appear next
to another highly conserved cluster facing in the opposite direction. This
neighboring cluster contains up to four genes, which encode proteins
annotated as o-factors, anti-c-factors, TonB-dependent receptors and pep-
tidases.>7*2"%* The occurrence of these operons next to the lasso peptide
gene clusters does not appear to be coincidental, as studies have shown
that the putative peptidases are indeed highly specific lasso peptide iso-
peptidases.'>**?*3 These serine proteases cleave only the isopeptide bond
in their substrate lasso peptides and thereby linearize them. Additionally,
they have a high affinity for the lasso peptides of the adjacent biosynthetic
gene clusters and act with a very high selectivity for their targets.'>**** The
crystal structures of the astexin-2/3 isopeptidase (AtxE2) and of the sphin-
gopyxin I isopeptidase (SpI-IsoP) have been elucidated, showing that these
enzymes have a prolyl-oligopeptidase-like structure featuring a unique
broken B-propeller fold of their recognition domain.***> The co-crystal
structure of astexin-3 and AtxE2 furthermore showed that the protease
recognized the fold of the lasso peptide substrate rather than specific res-
idues in its sequence.*

Other putative clusters were identified via genome mining approaches
that also encode novel types of proteins, whose functions are not yet
known.***? Possibly at least some of them could act as tailoring enzymes
that introduce additional chemical modifications to the lasso scaffolds.
One likely example for this is the putative O-methyltransferase found in
the lassomycin cluster.” Though not experimentally proven, the fact that
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lassomycin features a methyl ester group instead of the usually free C-termi-
nus suggests that this modification was introduced enzymatically. Another
recent example is the kinase found in the paeninodin gene cluster, which
phosphorylates the side chain of the C-terminal serine of the precursor pep-
tide.?**® This modified precursor peptide is then processed by the B1, B2
and C proteins into a phosphorylated lasso peptide. Even though the paeni-
nodin cluster is so far the only characterized lasso peptide operon from a
firmicute, a number of homologous clusters identified in Bacillus and Paeni-
bacillus spp., as well as some putative proteobacterial clusters, have been
reported that also feature a gene encoding a homologous kinase, which was
shown to have a similar function.?**°?® Interestingly, the identified close-by
precursor genes exclusively encode peptides with C-terminal serines, which
further supports this notion.***® To give an overview of the diversity in lasso
peptide biosynthetic gene clusters, examples of all types of reported, func-
tional operons are shown in Figure 10.3.

As stated earlier, lasso peptide discovery was limited to activity-driven com-
pound isolations until 2008. In this specific year, a genome mining-based
approach was employed for the first time for the isolation of a before
unknown lasso peptide, namely capistruin, from Burkholderia thailandensis
E264." From this point onward, genome mining-based approaches became
the predominant method for isolating new representatives of this RiPP fam-
ily and today the lasso peptides discovered this way far outnumber the ones
isolated by other approaches.?

Generally, there are two major genome mining methods that have been
commonly employed in recent years, both having certain advantages. One
is the B protein-centric genome mining approach, which utilizes the fact
that there are no known close homologs to the B proteins outside of lasso
peptide biosynthetic gene clusters.>*’ Hence, a simple search for homologs

B SR
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Figure 10.3 Schematic overview of all reported lasso peptide biosynthetic gene
clusters that have been experimentally shown to be functional.
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of a B protein sequence is performed and followed up by a manual search
for C protein homologs and suitable precursor peptide-encoding genes
in close proximity on the genome. Alternatively, an algorithm has been
developed to analyze genomic data banks for the presence of small ORFs
encoding suitable lasso peptide precursors.** Again, the identification of
a potential hit is followed by checking for the presence of genes encod-
ing potential processing enzymes in close genomic proximity. While in
the precursor-centric approach the identification and annotation of the
small ORFs is automated, this often has to be done manually in the other
approach. Still, the B-protein centric approach has the advantage that it
also allows the identification of putative lasso peptide biosynthetic gene
clusters with unusual precursor peptides, which would be overlooked by
the algorithm, as these precursor peptides would not fit into the charac-
teristics screened for.”'®*° Figure 10.4 shows a graphic comparison of both
genome mining approaches.

In addition, there is a rather elegant way to screen for the production of
a lasso peptide in a specific organism. While this method was developed to
scan for the general presence of secondary metabolites, it was also success-
fully employed to identify two novel lasso peptides.*” In short, colony-MALDI
MS is combined with automatic fragmentation of major MS peaks. Based on
the fragments, possible peptide sequences are predicted and used as a basis

A B algorithm based search for ®
. lasso peptide precursors

BT it ? MxxxA.AxxprxG?Cxxxxxlzxx) E/D XXX...XXX A
KDy <oy | Keme)/h =) < mo/——> 8
Q)<= o) B a /> ) e Qe <o) B a /> /) e
Dy < <= > Oy < < B> @
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Figure 10.4 A graphical overview of the (A) B protein-centric®® and (B) precur-
sor-centric*? genome mining approaches. The latter illustrates the cri-
teria used in the original publication on the precursor-centric genome
mining approach (threonine at position -2, glycine or cysteine at posi-
tion 1 and a glutamate or aspartate in a suitable distance to it).>* For
subsequent genome mining studies, this algorithm could be updated
to take most recent findings into account, e.g. position 1 residues dif-
ferent to glycine and cysteine.
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for a bioinformatic-facilitated screen for a potential precursor peptide-
encoding gene in the corresponding genome and thereby for identifying the
complete biosynthetic gene cluster.

10.2 Investigation of Lasso Peptide Structures

As stated above, the core motif of lasso peptide structures is the threaded
macrolactam ring, which is stabilized by the plug residues in the tail region.
Their three-dimensional structures can be elucidated by NMR spectroscopy
and crystallographic methods.**%1%3

The low number of currently available lasso peptide crystal structures
may indicate a low success rate for such endeavors.*®!'* As their size is
somewhere in between small organic molecules and small proteins, the
reported instances of lasso peptide crystallizations do not necessarily fol-
low a typical approach for either compound class. While sufficiently water
soluble lasso peptides can be directly applied in protein crystallization
screens using a near saturated stock solution in water,*** stock solutions of
more hydrophobic compounds are prepared in organic solvents or water-
solvent mixtures.®'® In the latter case, the dilution of the solvent stock
under crystallization conditions and possible hygroscopy (e.g. when using
DMSO) will decrease the overall solvent content and thereby the solubility
of a hydrophobic lasso peptide in the mixture, and thus can facilitate
crystallization.

In cases where the crystallization fails or just is not a viable option, NMR
spectroscopy has been the method of choice for structure elucidation of lasso
peptides.*?*® Its major drawback is that it is rather complicated and time-con-
suming and has to be done with considerable care. Still, it is a very powerful
method and has yielded the majority of published lasso peptide structures
over the years. Basically, the structure elucidation is possible through the
combination of several 1D and 2D NMR spectroscopy techniques. A detailed
description of how to perform an NMR based lasso peptide structure elucida-
tion can be found in the dedicated literature.’®

When discussing the structures of lasso peptides, the factors stabilizing
their intriguing fold need to be taken into account as well. As described
above, the fold is maintained by sterically demanding plug residues posi-
tioned in the tail region above and below the ring. In class I and III, fur-
ther stabilization is achieved by the presence of two or one disulfide bond,
respectively. The steric stabilization alone is usually sufficient to stabilize
class II lasso peptides under standard conditions, even though they lack any
disulfide bridges. Still, it is possible to discriminate between heat-stable and
heat-sensitive lasso peptides, depending on their behavior at elevated tem-
peratures.’ 1323243034 Heat-stable lasso peptides will resist denaturing in
solution even at very high temperatures. MccJ25 was reported to even with-
stand autoclaving at 120 °C without losing any of its antimicrobial activity.*
On the other hand, heat-sensitive lasso peptides will easily unthread into
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branched-cyclic peptides when the temperature is increased.” 232303440 The
temperature where the unthreading starts can be different for each heat-sen-
sitive lasso peptide, but as a general definition lasso peptides that readily
unthread at 95 °C can be described as heat-sensitive. Studies have shown
that thermal stability can be dependent on the amino acids used as plugs,
with the general trend that the more spacious the side chain, the higher the
likelihood of a thermally stable fold.**®*® Therefore, the change of a plug
residue with a bigger or smaller amino acid can also change how a lasso pep-
tide behaves at elevated temperatures. Nonetheless, in some cases, even the
use of the biggest available canonical amino acids cannot confer thermal
stability to the lasso peptide, which is mostly observed for compounds with
large nine-residue macrolactam rings.”® On the other hand, for the small
seven-residue macrolactam rings found in some lasso peptides, every amino
acid bigger than serine is suitable to maintain a heat-stable lasso fold.* In
a recent study, it was further demonstrated that not only the nature of the
plug residues and the ring size are important for the thermal stability of a
lasso peptide, but that also residues located inside the macrolactam ring
can have a crucial effect on the fold stability.®

An advantage of dealing with a thermally sensitive lasso peptide is that this
characteristic can be exploited to confirm the lasso topology without needing
to rely on a complete structure elucidation.’®**°%** Generally, the unthread-
ing of a lasso peptide at higher temperatures can be monitored via LC-MS.
After incubation at a sufficiently high temperature, a new peak will appear in
the chromatogram with a different retention time to the lasso peptide, but
with identical mass. This observation suggests a non-chemical conversion
of topologies, which in this case is the thermally induced unthreading of the
lasso into a branched-cyclic peptide. This can be confirmed by utilizing car-
boxypeptidase Y, a protease that sequentially cleaves off amino acids from
the C-terminus of a peptide chain.’®233%34 When incubated with a lasso
peptide, this protease will cleave off no or only very few amino acids below
the lower plug. This can be explained by the fact that in a lasso fold, the mac-
rolactam ring will shield a large portion of the C-terminus, thereby rendering
it inaccessible for proteolytic digestion. The C-terminus of a branched-cyclic
peptide, on the other hand, lacks this kind of protection and hence can
be degraded much further by carboxypeptidase Y, in some cases down to
the macrolactam ring. Figure 10.5 elaborates on the procedure to confirm
the topology of a heat-sensitive lasso peptide by thermal and carboxypepti-
dase Y treatment.

In addition to carboxypeptidase Y treatment, recent investigations have
also shown that ion mobility-mass spectrometry (IM-MS) can be used to
efficiently discriminate between a lasso peptide and its branched-cyclic
analogue.’**" Using sulfolane and formic acid to achieve high charge
states (+3 or +4), the repulsion of the positive charges in the molecule will
cause the branched-cyclic peptide to adopt a less compact conformation
and therefore have a longer drift time. On the other hand, the rigidity and
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Figure 10.6 Using IM-MS to differentiate between a lasso and a branched-cyclic
peptide with identical amino acid sequences. (A) Schematic depiction
of the principle of IM. A positively charged ion moves through the drift
tube in the direction of opposite charge. As the drift tube is filled with
an inert buffer gas, the ion will get slowed down by collisions with
the gas molecules. The larger the collision cross-section of the ion,
the stronger the effect and hence the longer the time it needs to pass
through the drift tube. (B) The different collision cross-sections of a
lasso peptide and its branched-cyclic analogue at high charge states
can be observed by the differences in their drift times.***! (C) An exem-
plary graph depicting the correlation of the positive charge state zand
the drift time of a lasso peptide (blue circles) and its branched-cyclic
analogue (red squares). In this example, the lasso and branched-cyclic
peptides behave in a very similar manner up to a charge state of +3. At
the higher charge state of +4, their collision cross-sections and in turn
their drift times change significantly and thus differentiation of the
topologies becomes possible by IM-MS.*!

steric stabilization of the lasso peptide trap the tail in a very confined
conformation and hence the structure remains compact even at such high
charge states. Both the shorter drift time and the approximately linear
correlation of the collision cross-sections and charge states of a lasso pep-
tide allow its differentiation from a branched-cyclic peptide with identical
primary structure. Figure 10.6 shows an example of this to illustrate the
methodology.*!

As a final way to obtain information about lasso peptide structures, muta-
tional studies can be performed.*”3%3*%° This can be especially useful for
determining the plug residues in a lasso peptide, whose three-dimensional
structure is unknown, but whose lasso topology was confirmed by the meth-
ods described above. Generally, a simple alanine scan of all residues of the
tail region that could act as a plug is often sufficient for this. In cases where
the lower plug amino acid is replaced by alanine, the fold cannot be main-
tained after biosynthesis and readily unthreads inside the cell and the result-
ing branched-cyclic peptide is subsequently degraded by proteases.*” In
these cases, heterologous production often yields no or only trace amounts
of the corresponding unthreaded peptide and truncations thereof. In some
cases, it was observed that bulky residues located after the actual lower plug
can still somewhat maintain the lasso fold after the plug is replaced with
alanine.*** Here, testing of double or even triple alanine substitutions can
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help to clarify the results and enable the identification of the correct plug
residue after all.

10.3 Biological Functions of Lasso Peptides

Although there are plenty of lasso peptides with so far unknown biologi-
cal functions,*>7??>7** for some others an interesting spectrum of activities
has been reported in the literature.? The most common activities observed
are of an antimicrobial nature directed against a narrow spectrum of other,
often related or ecologically associated, bacteria.>!'1410:17:293943-47 gxamples
of this are capistruin, lariatin, lassomycin, MccJ25, propeptin, siamycins
(which are class I lasso peptides), streptomonomycin and sviceucin (also
a class I lasso peptide). Amongst these, the actual targets are only known
in a few cases, namely capistruin, lassomycin and MccJ25.>%*7>* While the
primary target of capistruin and Mcc]25 is the Gram-negative RNA-poly-
merase,"®”! lassomycin binds to the ClpC ATPase of Mycobacterium
tuberculosis and thereby uncouples ClpC-mediated ATP-hydrolysis from
ClpP-dependent proteolysis, which is essential for the viability of M. tuber-
culosis.*® Additionally, a secondary mode of action was reported for MccJ25,
where it affects the respiratory chain and in the course of this triggers super-
oxide formation, although the concrete mechanism behind this is not fully
understood yet.?*>*

In addition to these antimicrobial activities, screens for compounds of
potential therapeutic interest have revealed lasso peptides that can inhibit
human enzymes or bind to human receptors as well as compounds that
show anticancer properties.’ Examples among the inhibitors are propeptin®®
(inhibits the prolyl endopeptidase) or siamyicins®® (class I lasso peptides
that inhibit the myosin light chain kinase). Additionally, anantin, BI-32169
(a class III lasso peptide) and RES-701-type lasso peptides have been demon-
strated to act as receptor antagonists for the atrial natriuretic factor,'® gluca-
gon™ and endothelin type-B receptors,’®*’ respectively. Anti-HIV activity was
furthermore described for the siamycins** and efficacy against invasion by
the human cell cancer line A549 was observed for the closely related sung-
sanpin and chaxapeptin lasso peptides.'*®

As mentioned above, there are still numerous lasso peptides, espe-
cially ones discovered in genome mining studies, for which no biological
activities have been observed so far.>>7?*2430 Hence, their actual roles in
Nature remain enigmatic, but recent studies potentially provided the first
stepping stone toward resolving this question. In particular, thorough
genome mining in proteobacteria revealed a subtype of lasso peptide bio-
synthetic gene clusters that always appear adjacent to another highly con-
served operon.>”?*2%34 These operons face in the opposite direction of the
lasso peptide clusters and typically encode homologs to peptidases, TonB-
dependentreceptors and 6-/anti-c factor pairs. The fact that the co-occurrence
with the lasso peptide biosynthetic gene clusters is not coincidental was
recently shown in a study that demonstrated the peptidases encoded close


http://dx.doi.org/10.1039/9781788010153-00206

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00206

View Online

An Introduction to Bacterial Lasso Peptides 219

to the astexin biosynthetic gene clusters in Asticcacaulis excentricus CB48
to be functional lasso peptide isopeptidases.”* These enzymes selectively
cleave the isopeptide bonds of the lasso peptides produced by the neighbor-
ing clusters and were shown to lack cross-activities for the respective other
lasso peptides from this organism. This behavior was also observed for a
lasso peptide-isopeptidase pair found in Sphingopyxis alaskensis RB2256.*
Interestingly, the lasso fold seems to play a crucial role in substrate recogni-
tion as on the one hand branched-cyclic analogues and other lasso peptides
are not hydrolyzed, while on the other hand most point-mutations in the
native lasso peptide substrates are readily tolerated."***** This hypothesis
is supported by the co-crystal structure of astexin-3 with its isopeptidase
(AtxE2), which lacks any extensive specific lasso peptide side chain-protease
contacts.*

The very high specificity of these serine proteases combined with their
large size (~70-80 kDa) suggests that the targeted degradation of the respec-
tive lasso peptides is of importance for the cell. Therefore, it has been hypoth-
esized that these lasso peptides might fulfill siderophore-like functions* or
are used as signaling molecules by the producing strains.” The presence of
genes encoding TonB-dependent receptors and regulatory proteins in the
isopeptidase operons further suggests both dedicated uptake and regula-
tory mechanisms that are dependent on lasso peptides. In this regard, future
studies of these interesting enzymes and the clusters surrounding them
might help to better understand the functions Nature has devised for the
lasso peptides in question.

10.4 Lasso Peptides as Scaffolds for Drug
Development

A hallmark of lasso peptides or RiPPs in general is the promiscuity of their
processing enzymes toward the amino acid sequences of their precursor pep-
tides,b*8:13:25,34,40142,39°63 por [agso peptides, numerous studies have shown
that their core peptide sequences are amenable to exchanges of most resi-
dues, with the exception of those that are involved in the actual ring forma-
tion or whose substitution would cause a destabilization of the overall fold
(e.g. replacement of a plug residue with a much smaller amino acid). In two
parallel studies, it was additionally shown that single non-canonical amino
acids can be incorporated into lasso peptides via the well-established routes
of amber codon suppression or the use of expression strains that are auxo-
trophic for single amino acids and thus allow introduction of structurally
similar residues under certain conditions.®** Based on all of these findings,
lasso peptides appear to be attractive scaffolds for the incorporation of small
bioactive peptide sequences.*?**

It was generally observed that most single substitutions have at least a
slight detrimental effect on the lasso peptide yield, with some even completely
abolishing production. Therefore, the number of changes incorporated in
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Figure 10.7 An example of epitope grafting utilizing the lasso peptide MccJ25.
First, the RGD peptide epitope is introduced to target the avp3 integrin
receptor.”? Then, the epitope is modified based on rational means to
improve affinity and selectivity for the desired target.®'

one single scaffold can be limited, but at the moment the prediction of what
is tolerated and what is not is not possible. This is nonetheless not too much
of an issue for the use of lasso peptides as epitope grafting scaffolds in the
context of drug development, as the basic lasso topology allows only the use
of small, medicinally relevant peptide epitopes to begin with. Generally, the
most suitable region of a lasso peptide to incorporate a bioactive peptide
epitope is the loop, as this is both the most exposed region as well as one of
the most rigid parts of the lasso scaffold. In addition to this, the processing
enzymes often show a high promiscuity regarding substitutions in the cen-
tral portion of the loops.

The feasibility of this concept was shown for Mcc]J25 with regard to first
introducing a peptide epitope to target the avp3 integrin receptor and then
optimizing the affinity and selectivity for this target by rational means.*>®' A
graphical summary of these studies is shown in Figure 10.7.

Finally, another very interesting application of the lasso peptide biosyn-
thetic machinery was recently shown. In the corresponding study, the end
of the gene coding for the astexin-1 precursor peptide was fused to the start
of a gene encoding either a leucine zipper protein or GFP with a short GSSG-
linker region in between.*® These precursor peptide-protein fusions were
co-expressed with the corresponding astexin-1 processing enzymes. Remark-
ably, the biosynthetic enzymes did recognize the leader peptide regions
on the N-terminal part of the proteins and correctly processed them into
the lasso fold, yielding proteins capped N-terminally with a lasso peptide
region.’® Though this was only a proof-of-concept study, the authors state
that it could yield ways to establish high-throughput screening techniques
for lasso peptides,*® which would allow directed evolution-driven identifica-
tion of lasso peptide sequences that can interact with specific targets instead
of merely relying on rational approaches in this matter. Such a technique
could also be helpful for optimizing a lasso peptide drug lead to a compound
that can actually be considered for clinical trials.
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CHAPTER 11

Biological Synthesis and
Affinity-based Selection of
Small Macrocyclic Peptide
Ligands

TOBY PASSIOURA, YUKI GOTO, TAKAYUKI KATOH AND
HIROAKI SUGA*

Department of Chemistry, Graduate School of Science, The University of
Tokyo, 7-3-1 Hongo, Bunkyo-ku, 113-0033 Tokyo, Japan
*E-mail: hsuga@rcast.u-tokyo.ac.jp

11.1 Introduction

Comparatively small peptides, such as animal hormones and venom compo-
nents, display many of the features of good drugs, including strong activity
and high selectivity. Moreover, and unlike small molecule drugs, such pep-
tides are capable of blocking protein-protein interactions, making them
potentially applicable to targeting the so-called “undruggable” proteome.!
However, the peptidic nature of such molecules, in addition to their relatively
high mass as compared to small molecule drugs, results in poor pharmaco-
kinetics and they exhibit rapid cleavage by peptidases and/or clearance from
the blood combined with poor membrane permeability and oral availability.
This has, consequently, limited the clinical development of such molecules
to date.
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Figure 11.1 Representative natural macrocyclic peptides. Clockwise from top left:
the immunosuppressant cyclosporine, the antibiotic vancomycin, the
cyanobacterial secondary metabolite patellamide A, and the mush-
room toxin e-amanitin.

Differing both in size and structure from such hormones and venom
components is a diverse class of bioactive macrocyclic peptides found as
secondary metabolites in fungi and prokaryotes (Figure 11.1). These mole-
cules are typically smaller than 2000 Da and, in addition to their macrocy-
clic structures, they generally exhibit a range of unusual structural features,
including D-stereochemistry, backbone N-methylation, and non-canonical
side chains. Like larger and more canonical bioactive peptides, however,
such compounds are often highly potent (the mushroom toxin a-amanitin,
for example, has an oral LD;, of ~100 pg kg™ in humans) and appear to
retain the ability to disrupt protein-protein interactions.”” Several of these
compounds have been developed into clinically useful drugs, either in their
natural form or following structural optimization, including the immuno-
suppressant cyclosporine, the antibiotics vancomycin, daptomycin and acti-
nomycin D, and the antifungal echinocandins.*”’

Notably, many of these microbial secondary metabolites overcome the
apparent limitations of peptides as drugs, and exhibit oral availability, resis-
tance to peptidases and acceptable pharmacokinetics generally. This appears
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to be a direct consequence of their non-canonical structures: macrocycliza-
tion and N-methylation confer both peptidase resistance and the ability to
cross biological membranes, whilst the presence of unusual side chains and
D-stereochemistry are also critical for bioactivity, possibly due to improve-
ments in both peptidase resistance and target affinity.**!

The ability of small, macrocyclic, non-canonical peptides to inhibit
protein—protein interactions, whilst exhibiting oral availability and accept-
able pharmacokinetics, makes them an appealing class for drug discovery
and development. However, all of the clinically relevant compounds in this
class discovered to date have been derived from natural products, and are
generally cytotoxic/antibiotic, presumably as a result of evolutionary pressure
for host defenses. Thus, the screening of natural product cyclic peptides for
other disease indications seems unlikely to be a generally effective strategy.

As an alternative to the isolation of macrocyclic peptide ligands from
Nature, a number of strategies have been developed. Combinatorial chem-
istry-type approaches have had some success, but are limited to the screen-
ing of libraries containing a few million compounds for technical reasons.”
However, because peptides can be synthesized ribosomally through trans-
lation, a number of alternative techniques based on genetically encoded
libraries have been developed. These techniques allow the synthesis and
screening of very diverse (on the order of 10" or more) libraries of macrocy-
clic peptides through translational synthesis and affinity selection against
a disease-related target of interest, and typically produce ligands with high
target affinity and selectivity. Moreover, by combining such techniques
with genetic code reprogramming techniques (which allow the synthesis of
non-canonical peptides), compounds with structural similarities to micro-
bial secondary metabolites can be isolated. The present chapter describes
the development and application of such techniques.

11.2 Selection of Cyclic Peptides from Libraries
Composed of Canonical Amino Acids

11.2.1 Head-to-tail Peptide Cyclization Using Split-inteins
(SICLOPPS)

Inteins are internal protein regions with self-splicing activity that can excise
themselves and ligate the remaining (N- and C-terminal flanking) regions
of the protein, termed exteins."'* The splicing reaction is initiated by an N
to S/O acyl shift to form a (thio)ester at a conserved Cys/Ser/Thr residue at
the N-terminus of the intein (Figure 11.2a). Then, the N-terminal extein is
transferred to the side chain of a Cys/Ser/Thr residue at the C-terminus of the
extein through trans(thio)esterification. Finally, the amide bond between the
intein and the C-terminal extein is cleaved via cyclization of a C-terminal Asn
of the intein, followed by spontaneous S/O to N acyl rearrangement to give a
new amide bond connecting the two exteins.
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Figure 11.2 Scheme of head-to-tail peptide cyclization by SICLOPPS technology.
(a) The mechanism of protein self-splicing mediated by an intein.
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SICLOPPS (split-intein circular ligation of peptides and proteins) is a
method for the synthesis of cyclic peptides in cells utilizing split inteins
(Figure 11.2b)." Two intein domains, designated the N-terminal (In") and
C-terminal (In®) domains, are engineered into an expression construct such
that they flank the target peptide, resulting in an In“~target-peptide-In" poly-
peptide. When expressed, the split In® and In" domains associate and recon-
stitute the intein activity to cleave the target peptide at the N- and C-termini,
and ligate them to yield a head-to-tail macrocyclic peptide. In SICLOPPS,
the DnaE split intein derived from a catalytic subunit of DNA polymerase
III of Synechocystis sp. PCC6803 has generally been used. A limitation of this
method is that the split intein requires a Cys, Ser or Thr residue at the
N-terminus of the target peptide, where Cys is generally more favorable than
Ser and Thr. Moreover, the C-terminal residue of the target peptide should
have a sterically non-demanding side chain for efficient ligation, and thus,
approximately 30% of peptides with variation of the C-terminal residue
may not be cyclized efficiently by the Synechocystis DnaE split intein.'®"
To improve the cyclization efficiency, Townend and Tavassoli have recently
devised a new split intein with higher tolerance for variations in the C-terminal
amino acid and a faster splicing rate by modifying the Nostoc punctiforme
(Npu) Dnak split intein.'® Although the Npu split intein showed a high toxicity
in host E. coli cells, the toxicity could be diminished by use of an SsrA tag to
target the spliced Npu intein to the ClpXP machinery, a protease complex
that degrades SsrA-tagged substrates.

SICLOPPS can be applied to the construction of macrocyclic peptide librar-
ies by randomizing the sequence of the target peptide. By introducing a plas-
mid vector encoding In“~-random-peptide-In" into appropriate host cells,
such as E. coli, yeast or human cells, cyclic peptide libraries can be expressed
in the cells, and utilized for selection of active macrocyclic peptides.'® Gener-
ally, a peptide library with 5-7 randomized amino acids with an N-terminal
invariant Cys is used for selection. Although the theoretical diversity of such

(i) N to S/O acyl shift at the N-terminus of an intein. (ii) Trans(thio)
esterification between an N-terminal extein and the side chain of a
Cys/Ser/Thr at the C-terminus of an extein. (iii) Cleavage of the amide
bond between an intein and a C-terminal extein caused by cyclization
of the C-terminal Asn of an intein. (iv) Formation of a new amide bond
between the two exteins via S/O-to-N acyl shift. X indicates S or O.
(b) Cyclization of a target peptide by means of a split intein. The intein
is divided into N-terminal (In“) and C-terminal (In°) domains, and
linked to the C- and N-termini of the target peptide, respectively. The
reactions shown in (i)-(iv) occur in a similar manner as for the intact
intein. X indicates S or O. (c) A reverse two-hybrid system combined
with a cyclic peptide library produced by SICLOPPS technology. With-
out an inhibitor peptide, expression of a reporter gene is repressed by
two repressor proteins conjugated to the target proteins. When the
interaction between the two target proteins is inhibited by a macrocy-
clic peptide in the library, the repressor is released from the promoter
and the reporter gene is expressed.


http://dx.doi.org/10.1039/9781788010153-00225

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00225

View Online

230 Chapter 11

a Immobilized
) target protein

Binding selection

iy

Sequence analysis

AmplificatioK Elution
peptide cyclization

G ——

Infection

Host E. coli cell

b. _Q\I:ID G\IO Cyclization
> % and reverse
Transcription &D TranSIationjm ﬁcnptlon

and ligation
mRNA library

+ puromycin linker g
IO g
g mmngh)
e DNA library
e \ Sequence analysis

Amg:;if;t(::aéion Binding selection

(I .
Immobilized

target protein

Elution

Figure 11.3 Schematic depiction of phage display and mRNA display. (a) Scheme of
phage display combined with a macrocyclic peptide library. The pep-
tide library on the surface of phages is cyclized using an appropriate
chemical reagent, and then mixed with immobilized target protein.
The phages with target-binding peptides are selectively recovered and
infected into host bacterial cells for amplification. After several rounds
of affinity selection, the sequences of the target-binding peptides are
analyzed by sequencing of the encapsulated phage DNA. (b) Scheme of
mRNA display combined with a macrocyclic peptide library. A random
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a peptide library is around 10°-10°, in practice it is limited by the transfor-
mation efficiency of the vector (typically around 10°). For the detection of
active macrocyclic peptides, a reverse two-hybrid system has been utilized in
combination with SICLOPPS technology.

To discover inhibitors of specific protein—protein interactions, the two tar-
get proteins are conjugated to repressor proteins, which regulate the expres-
sion of a downstream reporter gene essential for cell growth (Figure 11.2c).
When the two proteins interact, the fused repressor regions bind to the pro-
moter, the reporter gene is not expressed and thus no cell growth is observed.
If a macrocyclic peptide expressed using SICLOPPS inhibits the interaction
of the two target proteins, the repressor region fails to bind to the promoter
and the reporter gene will be expressed to induce cell growth. Thereafter, the
SICLOPPS vector can be recovered from the surviving cells in order to deter-
mine the sequence of the active peptides. The first application of this system
was a screen for inhibitors of heterodimerization of ribonucleotide reductase
subunits using a peptide library with 5 randomized amino acids and a fixed
N-terminal Cys. The obtained peptides showed moderate inhibitory activities
in the pM range.?® To date, similar approaches have been applied to screen
for inhibitors of several specific protein—protein interactions, such as homod-
imerization of AICAR transformylase/IMP cyclohydrolase (ATIC)* or interac-
tion of the HIV Gag protein with TSG101 (tumor susceptibility gene 101).>

11.2.2 Phage/Phagemid Display

Phage display is a screening method for identification of peptides or pro-
teins with affinity to a given target using a random peptide/protein library
displayed on the surface of bacteriophages, typically fused to a coat pro-
tein (Figure 11.3a).2* A library of phages is panned against target molecules
immobilized on a carrier, such as resin or magnetic beads. By washing away
unbound phages, the fraction that selectively binds to the target molecule
is recovered. The recovered phages are then used to infect host bacterial
cells as a means of amplification, and the resulting enriched phage library
can be used for a subsequent round of affinity selection. Through iteration
of the selection cycle, phages with high binding affinity to the target mole-
cule are enriched. Finally, the sequence of the binding peptide/protein can
be obtained by analyzing the encapsulated phage DNA. For efficient enrich-
ment of strong binders, the unbound fraction is necessarily washed out

DNA library is transcribed into an mRNA library, followed by puromy-
cin-linker ligation. Subsequently, random peptides are translated and
covalently linked to the mRNA via the puromycin linker. After cycliza-
tion of the peptide and reverse transcription of the mRNA to form
mRNA-cDNA hybrids, the library is panned against immobilized tar-
get proteins to selectively recover the target-binding peptides. Finally,
the bound fraction is amplified by PCR and the sequence of the DNA
library is analyzed.
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under stringent conditions, such as high temperature and/or extreme pH.
Thus, bacteriophage species for expression of peptide/protein library should
be carefully chosen. Filamentous phages such as M13, f1 and fd are typically
used due to their high stability under harsh conditions. Normally, a library
consisting of ~10°-10'° different species in theory (if all peptides are correctly
displayed) can be screened in a single experimental cycle. To date, phage dis-
play has been applied for developing various antibody fragments,*>” as well
as short peptides.

Phagemid display is a variant of phage display that utilizes phagemids
for expression of phages.?®*° Phagemids are plasmids that have an origin of
replication (ori) for double-stranded DNA, as well as the f1 origin required
for the replication of single-stranded DNA. Phagemids can be amplified as a
double-stranded plasmid and easily introduced into host bacteria by simple
transformation methods. The single-stranded DNA gene is then replicated
and packed into a viral particle, typically that of a filamentous phage such as
M13. As transformation of phagemids is more efficient than transfection of
the phage itself, a higher diversity of libraries can be obtained. An additional
advantage of phagemid display is that the expression level of the library can
be easily controlled.

For the construction of cyclic peptide libraries in phage/phagemid dis-
play format, the simplest way is through introduction of a disulfide bond
between two Cys residues assigned at the N- and C-termini of the random
region, which is represented by CX,C (with X indicating any amino acid, and
nindicating the number of such randomized amino acid residues). Although
introduction of a disulfide bond contributes to a higher observed binding
affinity of the recovered peptides against the target molecules, such disulfide
bonds are usually unstable under reducing conditions.

To improve the stability of the macrocycle, various methods for linking
multiple Cys residues through non-reducible bonds have been developed.
For example, Taki and co-workers recently demonstrated a gp10-based thio-
etherification (10BASE4-T) method that can be applied for the linkage of two
Cys thiols,* in which N,N'[1,2-ethanediyl-oxy-2,1-ethanediyl]bis(2-bromo-
acetamide) (EBB) is mixed with peptides displayed on T7 phage to form a
crown ether-like macrocyclic peptide library (Figure 11.4a). From a library
consisting of approximately 1.5 x 10° members, a peptide against the N-ter-
minal domain of Hsp90 with a K, value of 1.7 pM was obtained. Derda and
co-workers have also developed several thiol reactive linkers, such as deca-
fluoro-diphenylsulfone,*" dichloro-oxime derivatives,’* and bis(allenamide)
derivatives® (Figure 11.4b-d). Heinis and co-workers developed a method
for linking three Cys residues through thioether bonds using 1,3,5-tris-(bro-
momethyl)benzene (TBMB) (Figure 11.4e).** In this approach, peptides
containing a CX,CX,C sequence were reacted with TBMB to form a bicyclic
structure composed of three thioether bonds. 1,3,5-Triacryloyl-1,3,5-tri-
azinane (TATA) and N,N',N"-(benzene-1,3,5-triyl)-tris(2-bromoacetamide)
(TBAB) are similar aromatic linkers for connecting three Cys residues by thio-
ether bonds (Figure 11.4f and g). As an example of the use of these linkers,
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Bertoldo et al. used TBMB, TATA and TBAB in parallel for phage selection
of bicyclic peptides against B-catenin.? In these experiments, three libraries
based on the ACX,CX,CG sequence were prepared, and independently reacted
with TBMB, TATA and TBAB. Selections using all three libraries resulted in
successful enrichment of peptides with affinity for s-catenin.

11.2.3 mRNA Display, cDNA Display and Ribosome Display

36,37

In mRNA display,***” ¢cDNA display*® and ribosome display,* peptide librar-
ies are prepared by in vitro translation, as compared to SICLOPPS and phage
libraries in which translation occurs in cells. In these methods, a random
mRNA library is translated into a peptide library using a cell-free reconsti-
tuted translation system, such as the PURE system,**"! or using cell extract
expression systems, such as rabbit reticulocyte lysate or E. coli S30 fraction.
One of the advantages of mRNA/cDNA/ribosome display over SICLOPPS
and phage display is that higher library diversities are achievable, because
the total number of peptides is not limited by the transformation or infec-
tion efficiency. In addition, relatively stringent selection conditions, such as
extreme pH and/or high temperatures, can be employed.

Typical mRNA libraries for such techniques consist of a Shine-Dalgarno
(in prokaryotic systems) or Kozak (in eukaryotic systems) region, a start
codon (AUG), a random region, a stop codon and a 3’-teminal spacer. As
required, the random sequence can be flanked by appropriate tag and spacer
sequences.

In addition, some form of linkage between the mRNA/cDNA (genotype)
and peptide (phenotype) is required in order to identify the sequence of spe-
cific binding peptides. In mRNA display, the peptide and mRNA are linked
by a covalent bond through a puromycin linker. Puromycin is an analogue of
the 3’ tyrosyl adenosine moiety of Tyr-tRNA, in which the ester bond between
tyrosine and adenosine is substituted with an amide bond. Upon ribosomal
stalling at a pause site, such as an oligo dA region or UAG stop codon (the
latter being particularly effective when release factor-1 is removed from the
cell-free translation system, e.g., the RaPID system, vide infra),">** a puromy-
cin moiety linked to the 3’ end of the mRNA enters the A site of the ribosome,
and is ligated onto the C-terminus of the peptide. A similar method that links
the N-terminus of the peptide and the 5’ end of the mRNA has also been
reported.” Such peptide-mRNA conjugates are then reverse-transcribed
into peptide-mRNA-cDNA conjugates, and mixed with an immobilized tar-
get molecule to pan for specific peptides with target affinity (Figure 11.3b).
The bound fraction is recovered and amplified by PCR, and the sequences of
the recovered peptides can be determined by analyzing the DNA sequence.
By repeating this selection cycle 4-10 times, strong binders can generally be
obtained. cDNA display is a modified version of mRNA display in which the
peptide library is covalently linked to the cDNA.* In this method, a branched
puromycin linker that has a reverse-transcription site is ligated to the mRNA
to make the resulting reverse-transcribed ¢cDNA covalently linked to the
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peptide. In the case of ribosome display, in contrast, the peptide library is
not covalently linked to the mRNA nor ¢cDNA. Instead, a stable peptide-ribo-
some-mRNA complex is formed by means of ribosomal stalling induced
through the absence of a stop codon in the mRNA. Antibiotics that cause
ribosomal stalling or fusion of a C-terminal ricin A sequence that inactivates
translation can also be used for forming stable peptide-ribosome-mRNA
complexes.” Since the C-terminal region of the nascent peptide in the pep-
tide-ribosome-mRNA complex is buried in the ribosomal tunnel, at least
23-30 amino acids should be added to the C-terminus in order to display
the random region outside of the ribosome. An advantage of ribosome dis-
play relative to comparable methods is that not only mRNA libraries but also
DNA libraries can be used if a transcription-translation coupled system is
employed, since preparation of mRNA with a linker moiety is not required.

For cyclization of peptide libraries used for mRNA, cDNA or ribosome dis-
play, disulfide bonds between multiple Cys residues can be easily introduced
as described for phage display above, although they exhibit the same draw-
backs with respect to reduction of the final product. Similarly, cyclization
via thioether bond formation through the use of benzyl halides is also pos-
sible. For instance, mRNA display-based peptide libraries containing N- and
C-terminal Cys residues closed by a,0-dibromoxylene have been reported.*®
Roberts and co-workers utilized disuccinimidyl glutarate (DSG) to post-trans-
lationally ligate the N-terminal amine and an e-amine of a downstream Lys
by forming two amide bonds (Figure 11.4h).”” By using an mRNA display
platform, they successfully found inhibitor peptides against the Gail signal
transduction protein.

11.3 Broadening Library Chemical Diversity

The examples provided in the previous sections demonstrate the utility of
techniques involving selection from high diversity peptide libraries for the
identification of relatively small ligands with moderate to very high affini-
ties for a protein target of interest. However, the chemical diversity of the
ligands identified using such approaches is limited by their reliance on the
20 canonical amino acids as monomers for peptide synthesis. As discussed
in the Introduction, bioactive microbial secondary metabolite cyclic peptides
nearly invariably contain non-canonical structural features (bp-stereochem-
istry, N-methylation, unusual side chains, etc.). Moreover, these modifica-
tions appear to be critical for bioactivity, and impart characteristics such as
biostability and bioavailability, which are critical for potential drug devel-
opment.>*1%484 Thyg, the application of such “canonical amino acid only”
techniques to the identification of microbial secondary metabolite-like com-
pounds (with the potential for favorable pharmacokinetics) is problematic.
The natural biosynthesis of microbial secondary metabolite cyclic pep-
tides generally occurs through one of two routes: (i) synthesis by non-ribo-
somal peptide synthetases (NRPSs), or (ii) translation followed by extensive
enzymatic post-translational modification to produce so-called ribosomally
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synthesized and post-translationally modified peptides (RIPPs). NRPSs are
large, multi-subunit enzyme complexes, composed of modular functional
domains, each of which catalyzes a specific reaction.”® Molecular engineer-
ing of NRPSs is possible, and the products can, in principle, be screened by
phage display.”’>® However, the generation of high or very high diversity pep-
tide libraries through NRPS engineering remains extremely challenging, and
we are not aware of any studies demonstrating the utility of this approach for
the screening of such libraries.

In contrast to the products of NRPSs, RIPPs are synthesized ribosomally
prior to modification by one or more specific enzymes.** This can lead to the
synthesis of peptides with a surprisingly diverse set of non-canonical struc-
tural features (including macrocyclization) as evidenced by compounds such
as the patellamides or amanitins (Figure 11.1). The mRNA-dependent syn-
thetic route of RIPPs means that (unlike peptides synthesized by NRPSs) the
final structure can be determined from the mRNA sequence alone, provided
that the activity and substrate specificity of the modifying enzyme(s) are
well-understood.”® Furthermore, post-translational processing of peptides
containing non-canonical amino acids has been shown to produce analogues
of natural RIPPs with increased potency, suggesting that the combination of
post-translational modification enzymes with genetic code reprogramming
techniques (vide infra) may by applicable to the synthesis and screening of
very high diversity libraries with unique chemistries.’® However, to the best
of our knowledge, no such studies have been reported to date.

To summarize, display techniques involving peptides derived only from
the 20 canonical amino acids are insufficient for the identification of micro-
bial secondary metabolite-like macrocyclic peptides, since they do not allow
for sufficient structural diversity. As tools for the synthesis of non-canonical
peptide libraries for screening, both NRPSs and RIPP enzymes have some
promise, particularly the latter since they are mRNA-dependent and there-
fore compatible with display screening and genetic code reprogramming
techniques, vide infra, but neither is currently applicable to the synthesis
and screening of very high diversity libraries. As such, alternative techniques
allowing for the synthesis of peptides containing non-canonical moieties in
an mRNA-dependent fashion are required.

11.3.1 Genetic Code Expansion

The fidelity of peptide translation from an mRNA template is controlled at
two levels: (i) the specific base-pairing interaction of the mRNA codon with
the tRNA anti-codon, and (ii) the specific aminoacylation of each tRNA with
its cognate amino acid as catalyzed by a specific aminoacyl-tRNA synthe-
tase (AARS). In the case of (i), engineering of the mRNA sequence (mutagen-
esis) has, of course, been widely used in many areas of molecular biology
as a means of substituting one canonical amino acid for another (e.g. ala-
nine scanning). In such cases, while both the mRNA and peptide sequences
are altered, the genetic code itself remains unchanged (i.e. each codon still
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specifies the same amino acid). By contrast, engineering of (ii) through the
synthesis of “mis-aminoacylated” tRNAs allows for reprogramming of the
genetic code itself, such that a given codon can be reassigned to an amino
acid of choice. In this way, peptides containing diverse, non-canonical resi-
dues can be synthesized ribosomally in an mRNA-dependent manner.

In essence, genetic code reprogramming techniques comprise two basic
components: (i) a technique for the synthesis of non-canonical aminoacy-
lated tRNAs (AA-tRNAs), and (ii) a technique for the translation of these
AA-tRNAs into peptides. The earliest studies in this area employed che-
mo-enzymatic synthesis for the generation of AA-tRNAs in combination with
a simple cell lysate-based translation reaction.?”*® This involved synthesis of
the non-canonical amino acid to be incorporated as a dinucleotide amino
acid ester, which was then ligated to a tRNA body lacking the last two ribonu-
cleotides using an RNA ligase. The purified AA-tRNA was then translated into
peptides using a bacterial cell lysate system. In order to avoid competition
from endogenous AA-tRNAs, the tRNA for reprogramming was designed to
translate at the UAG (amber) stop codon (so-called nonsense suppression),
so that peptides containing up to 21 different amino acids could be synthe-
sized. Such an approach may be considered to be genetic code expansion,
rather than genetic code reprogramming per se, since although it allows the
translation of one (or sometimes more) non-canonical amino acid it does not
allow for true reprogramming of the genetic code. Importantly, however, this
approach demonstrated that diverse amino acids could be employed as sub-
strates for ribosomal polypeptide formation. Subsequent developments in
the field have included the use of 4 base codons (derived from relatively rare
codons) which allow translation at non-stop codons, and the development of
orthogonal tRNA/amino acid/AARS systems for non-canonical AA-tRNA syn-
thesis, which allow for genetic code reprogramming in living cells.>***

However, the reliance on rare or stop codons in the suppression tech-
niques described above limits the number of non-canonical amino acids
that can be incorporated into a single peptide. Moreover, because these tech-
niques employ cellular translation systems (either lysates or in living cells),
competition between the non-canonical AA-tRNA and endogenous canon-
ical AA-tRNAs or release factors is unavoidable. This can greatly decrease
the efficiency of reprogramming, particularly in the case of poorly translated
amino acids such as N-methylated or p-amino acids.>”*%%>¢

11.3.2 Genetic Code Reprogramming in Reconstituted
Translation Systems

To circumvent these limitations, fully-reconstituted translation systems have
been developed to replace cellular translation systems. In such systems, all
of the individual components required for translation are individually puri-
fied from bacteria and then recombined to produce a system that is essen-
tially free of all other cellular components.***”:* Whilst laborious to produce
initially, the great advantage of such systems is that the concentration of
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Figure 11.5 Genetic code reprogramming in reconstituted translation reactions.
The codon table for NNU codons (N = A, G, C or U) for a reaction con-
taining all of the required elements for canonical translation is show
on the left (third position nucleotide not shown). Removal of Phe
(F), Leu (L), Ile (I) and Ala (A) and/or their cognate AARSs “vacates”
their respective codons (middle table) making them available for the
introduction of non-canonical residues. Addition of tRNAs (pre-ami-
noacylated with non-canonical amino acids) with anti-codons com-
plementary to the vacant codons, in this case o-N-methyl Phe (M°F),
Ser (M¢S) Gly (M*G) and Ala (MA), results in the reprogramming of these
codons to non-canonical residues.

individual components can be altered, or they can be omitted altogether. In
this way, codons for canonical amino acids can be “vacated” though omis-
sion of the relevant amino acid and/or its cognate AARS, making the codon
available for reprogramming using an appropriate AA-tRNA (Figure 11.5).
In the first report of this approach, AA-tRNAs were synthesized using the
chemo-enzymatic approach and Asn, Val and Thr codons were reprogrammed
to three amino acids with non-canonical side chains, thereby creating a novel
genetic code.”’

Subsequent studies using similar translation systems have demonstrated
that the bacterial translation machinery is highly tolerant of variations in
amino acid structure, and will accept a diverse range of non-canonical amino
acid substrates (vide infra).®®’" In general, however, most subsequent studies
have not used the chemo-enzymatic approach for AA-tRNA synthesis, due to
the relative laboriousness of this technique, and it has been replaced with
fully enzymatic methods. These either employ endogenous protein AARSs,
taking advantage of their limited promiscuity with respect to amino acid sub-
strates, or promiscuous ribozyme AARSs (flexizymes), and are discussed in
detail below.

11.3.3 Enzymatic Aminoacylation by Natural AARSs

As alternatives to chemo-enzymatic AA-tRNA synthesis, techniques based
on the use of aminoacylating catalysts have been developed for approaches
involving extensive, in vitro, genetic code reprogramming in fully reconsti-
tuted systems. The first of these simply uses endogenous bacterial AARS
proteins, and takes advantage of the fact that while these enzymes display
high amino acid substrate selectivity with respect to canonical amino acids
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(e.g. FRS does not use Tyr as a substrate and vice versa), they do display lim-
ited promiscuity for close analogues of their respective substrates (e.g. many
AARSs will accept analogues of their cognate amino acid substrate in which a
single H has been replaced with F).”*> Indeed, it has been demonstrated that
at least 90 such non-canonical amino acids function as substrates for natu-
ral AARSs, and of these more than half are also efficiently translated by the
ribosome.”>”? Using such an approach, the synthesis of peptides containing
as many as 13 non-canonical amino acids (and 2 canonical ones) has been
reported; to our knowledge, this is the most heavily reprogrammed genetic
code designed to date.*®

However, the use of natural AARSs for in vitro genetic code reprogramming
still has significant limitations. Most notably, this technique is limited to
close analogues of the canonical amino acids, since more structurally dis-
similar amino acids are poor substrates for the AARSs. In fact, even some
very close analogues of canonical amino acids are poor substrates for the
natural AARSs precluding their use (e.g. whilst the 4,4-difluoro analogue of
Glu is a substrate for aminoacylation, the 3,3-difluoro analogue is not).”” In
general, non-canonical moieties in the side chains appear to be tolerated bet-
ter than modifications of the peptide backbone. With respect to the synthe-
sis of microbial secondary metabolite-like molecules, a particular limitation
is that a-N-methyl amino acids appear to be very poor substrates for natural
AARSs (only a-N-methyl-His and Asp exhibited both acylation and transla-
tion, and even this was relatively weak).”>

Several techniques have been developed to circumvent some of the lim-
itations of AARS-mediated genetic code reprogramming. For example, dehy-
droalanine-containing peptides, which cannot be directly incorporated into
peptides, can be synthesized by translation of selenolysine (using the KRS)
followed by oxidative elimination.”*”> With respect to a-N-methyl-amino
acids, the relatively poor aminoacylation of these by natural AARSs can be
bypassed by performing enzymatic aminoacylation in a separate reaction,
chemically N-methylating the a-amine and then introducing the methylated,
aminoacylated tRNAs into the translation reaction.”® In this way, efficient
incorporation of N-methyl Val, Leu and Thr has been reported, although
translation of other residues still appears to be problematic.

The great advantages of AARS-mediated genetic code reprogramming are
that it is fast, relatively facile and requires little synthetic organic chemistry
since many of the amino acids to be used can be obtained from commercial
suppliers. However, the dependence upon the natural AARSs involves signifi-
cant limitations, particularly with respect to the diversity of amino acids that
can be employed. Additionally, the reliance on AARSs may increase the poten-
tial for “mis-reads” back to the canonical amino acid, since trace canonical
amino acids in the reaction are likely to be a more efficient substrate for the
AARS than its non-canonical analogue. Nonetheless, AARS-mediated genetic
code reprogramming is an effective and relatively simple technique for the
synthesis of non-canonical peptides, and is compatible with display screen-
ing techniques (vide infra).
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11.3.4 Aminoacylation of tRNAs Catalyzed by Flexizymes

In addition to the chemo-enzymatic and AARS-mediated approaches to
the synthesis of non-canonical AA-tRNAs, a third technique based on
aminoacylating ribozymes (flexizymes) has been developed. These short
(~45 nucleotide) RNAs were originally identified through studies of the
“RNA world” hypothesis investigating the possible functions of ribozymes
before the development of proteinaceous life, and were subsequently
adapted for genetic code reprogramming techniques.**** The amino acid
substrates for flexizyme-mediated aminoacylation must be activated with
an appropriate leaving group on the carboxyl moiety prior to tRNA liga-
tion. This limitation aside, they are remarkably promiscuous with respect
to both tRNA and amino acid substrates, making them ideal for the ami-
noacylation of diverse amino acids onto tRNAs.”””®

At present, three flexizymes are in general use for genetic code reprogram-
ming applications: enhanced flexizyme (eFx), dinitro flexizyme (dFx) and
amino flexizyme (aFx). All three of these recognize the universal CCA 3’ end of
the tRNA substrate, with no dependence upon the tRNA body or anti-codon,
meaning that they can be used for the aminoacylation of essentially any tRNA.
By contrast, each flexizyme recognizes different moieties in the amino acid
substrate, giving them some (very limited) degree of substrate specificity.
However, their activities have been engineered so as to be complementary,
such that between them almost any molecule with a carboxylic acid can be
ligated onto a tRNA acceptor.

The eFx, which has the most closely related sequence to the prototype
of the flexizymes, called Fx3,”*”° recognizes an aromatic (or hydrophobic)
moiety in the side chain of an amino acid substrate activated through a
cyanomethyl ester (CME), or the aromatic group present in a chlorobenzyl
thioester (CBT) (Figure 11.6).”%”° The dFx recognizes the aromatic group in a
dinitrobenzyl ester (DBE) with no dependence on the side chain or a-amine,
and aFx similarly recognizes the aromatic moiety in an (aminoethyl)amido-
carboxybenzyl thioester (ABT) in a manner independent of the structure of
the amino acid itself (Figure 11.6).”””® Using these three catalysts, almost any
amino acid (or indeed, any molecule with a carboxylic acid) can be ligated
onto any tRNA, providing that it is soluble in aqueous 20% DMSO. For exam-
ple, o-amino acids with both canonical and non-canonical side chains,**™
B-amino acids,* a-N-alkylated amino acids,*® p-amino acids,**° and
even short peptides® have all been shown to be efficient substrates for
flexizyme-catalyzed aminoacylation.

As in genetic code reprogramming techniques employing chemo-
enzymatically synthesized AA-tRNAs, flexizyme-mediated acylation is per-
formed prior to translation, with the resulting AA-tRNAs simply purified
by ethanol precipitation and then added to the translation reaction. Such
a combination of flexizyme-mediated AA-tRNA synthesis with a reconsti-
tuted translation system is known as flexible in vitro translation (FIT). Com-
pared to AARS-mediated translation, FIT can be used to incorporate amino
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Figure 11.6 Flexizymes used for genetic code reprogramming. The conserved
sequence of the three predominantly used flexizymes (eFx, dFx and
aFx) is shown on the left in black, with the variable amino acid sub-
strate binding pocket indicated in red. Hybridization of the flexizyme
3'end to the tRNA (blue) 3’ end is shown. The center and right show the
sequence of the flexizyme amino acid substrate binding pocket (red)
and the structure of the amino acid substrate for each of eFx, dFx and
aFx. Leaving groups are indicated in green, with the aromatic moiety
recognized by the flexizyme highlighted in pink. CME = cyanomethyl
ester, CBT = chlorobenzyl thioester, DBE = dinitrobenzyl ester and ABT =
(aminoethyl)amidocarboxybenzyl thioester.

acids with substantially more diverse structures, since it is not limited to
analogues of canonical amino acids, and the AARSs for the codons to be
reprogrammed can be omitted from the reaction, suppressing mis-reading
caused by trace amounts of the cognate canonical amino acid. Compared to
chemo-enzymatic AA-tRNA synthesis, FIT requires only facile organic syn-
thesis of the amino acid substrates, making it substantially less laborious.
For these reasons, FIT has been applied to the translation of peptides con-
taining many more different amino acids than either of the two aforemen-
tioned techniques, with hundreds of different amino acids incorporated to
date. These include non-canonical a-amino acids,****** a-hydroxy acids,*"%
B-amino acids,** a-N-alkylated and acetylated amino acids,*"* and p-amino
acids,®”?>% leading to the ribosomal synthesis of diverse products including
peptoids, polyesters and a number of pseudo-natural peptides.®®#:9%7

A particularly useful application of FIT has been the synthesis of struc-
turally diverse cyclic peptides, allowing the synthesis of macrocyclic peptide
libraries. This is achieved through the inclusion of two reactive moieties
which can couple, forming a non-reducible (in contrast to disulfide bonds)
macrocyclic structure. Examples of this approach include cyclization through
Huisgen 1,3-dipolar cycloaddition, Michael addition, native chemical liga-
tion and oxidative coupling.®>#"%8 By far the most widely used technique,
however, involves the incorporation of an N-terminal chloroacetyl group,


http://dx.doi.org/10.1039/9781788010153-00225

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00225

View Online

242 Chapter 11

which spontaneously undergoes a nucleophilic substitution reaction with
the thiol of a Cys residue.’”**'°! It has also been demonstrated that through
the combination of several of these techniques, bicyclic peptides with defined
architectures can be synthesized.

11.3.5 Further Developments

The first reports of extensive genetic code reprogramming in reconstituted
translation reactions were more than a decade ago, and since then these sys-
tems have been optimized and engineered in order to expand the chemical
structures available through translational synthesis. Many of these approaches
may be thought of as “combination” techniques, in that they involve the com-
bination of two different genetic code reprogramming techniques, or the com-
bination of a genetic code reprogramming technique with post-translational
chemical modification, such as the chemical cross-linking used to produce
macrocyclic structures for phage display (vide supra). Indeed, for AARS-me-
diated reprogramming approaches, such cross-linking (through the use of
dibromoxylene) is, to the best of our knowledge, the only approach that has
been demonstrated to yield non-reducible macrocyclic structures, since pairs
of spontaneously self-reactive amino acids compatible with protein AARSs
have not been described.*® A similar approach has also been described in com-
bination with FIT reprogramming, in this case using a tribromoxylene in com-
bination with genetically reprogrammed chloroacetyl/thioether cyclization
to yield a tri-cyclic peptide with a defined architecture.’® Combination tech-
niques involving the combined use of both FIT and AARS-mediated genetic
code reprogramming have also been described. For example, four non-canon-
ical amino acids were incorporated using an AARS-mediated strategy, with
cyclization effected using a FIT-mediated chloroacetyl/thioether approach.'®

Recent technical developments have further broadened the scope of in
vitro genetic code reprogramming techniques, by improving the translational
efficiency of particular amino acids/peptide motifs. For example, tRNA engi-
neering has been shown to improve the translation of certain non-canonical
amino acids, and to allow the synthesis of peptides containing multiple con-
secutive D-residues.”®!**1%

Other recent developments have altered the nature of the reprogramming
itself. For example, through the use of multiple initiator tRNAs with differing
anti-codons, it has been shown that peptide libraries composed of molecules
with differing cyclization chemistries can be synthesized.'*® A second example
is the demonstration that by removing all of the canonical tRNAs from the
translation reaction and replacing them with in vitro transcribed variants, it
is possible to “split” groups of codons assigned to the same canonical amino
acid, such that the canonical amino acid remains translated at one (or more)
codon, but a non-canonical amino acid is translated at another.”® For exam-
ple, the Val GUG codon can be retained by inclusion of in vitro transcribed Val
tRNA with a CAC anti-codon, but the Val GUC codon can be reprogrammed to
a non-canonical residue by inclusion of a (flexizyme generated) non-canon-
ical AA-tRNA with a GAC anti-codon (Figure 11.7). This may be of particular
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GUC| Val
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aminoacylated GUU
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tRNAGac
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Figure 11.7 Reprogrammed division of codon “boxes”. Upper panel: during canon-
ical translation of the four natural Val codons, the four Val tRNAs
(tRNA'Y) with the relevant anti-codons (5' to 3" AAC, GAC, UAC and
CAC) are amino acylated with Val by the Val tRNA synthetase (VRS)
leading to the assignment of Val at each codon. Lower panel: by remov-
ing the endogenous tRNAs from the reaction and replacing them with
a single, in vitro transcribed, analogue bearing a CAC anti-codon, it
is possible to specify Val at only one of the natural codons (in this
case, the GUG codon). This “vacates” the other codons for reprogram-
ming using pre-aminoacylated, orthologous tRNAs (in this case, an
Asn tRNA aminoacylated with an o-N-methyl Tyr amino acid (*¢Y) pre-
pared using a flexizyme), allowing the translation of both a canonical
and non-canonical residue at different codons. Endogenous tRNAs are
shown in blue, and in vitro transcribed tRNAs are shown in orange.

significance to affinity selection-based techniques for the isolation of macrocy-
clic peptide ligands from genetically reprogrammed libraries (vide infra), since
it allows, in principle, the synthesis and screening of libraries containing more
than 20 amino acids, thereby increasing the accessible chemical diversity.

11.4 Genetically Engineered Selections of Target-
binding Macrocyclic Peptides

Asdiscussed above, genetic code manipulation techniques enable mRNA-tem-
plated synthesis of non-canonical macrocyclic peptides that mimic naturally
occurring peptide secondary metabolites. Thus, the combination of such
techniques with cellular or in vitro selection methods greatly facilitates the
discovery of drug-like macrocyclic peptides exhibiting high binding affinities
for specific targets.
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11.4.1 Selections Involving Genetic Code Expansion

Early examples of selection campaigns for peptides with non-canonical amino
acids utilized genetic code expansion strategies rather than reprogramming
methods. The first reports may be considered as proof-of-concept experi-
ments in which linear peptides bearing a biotin-containing amino acid were
selected by means of mRNA display.'”” Thereafter, many examples utilizing
different display strategies for in vitro selection of linear peptides or proteins
containing non-canonical amino acids have been reported.'®**'! By contrast,
the application of genetic code expansion methods to the selection of mac-
rocyclic peptides has not generally been attempted. To the best of our knowl-
edge, the only report of a successful selection thus far is a SICLOPPS-based
selection including a single unnatural amino acid, resulting in the identifi-
cation of moderately potent inhibitors (ICs, ~ 1 pM) of the HIV protease.''?

One of the potential disadvantages in using genetic code expansion tech-
niques for the construction and selection of macrocyclic peptide librar-
ies would be the difficulty encountered in strategies for the simultaneous
incorporation of the diverse non-canonical structures found in naturally
occurring cyclic peptides, limiting the chemical diversity. One possible way
to alleviate this disadvantage may be ribosomal synthesis of macrocyclic
organo-peptide hybrids that have been demonstrated by Fasan et al.'**7'
In this strategy, small organic precursors are post-translationally introduced
onto non-canonical amino acids through specific functional groups incor-
porated via the amber codon. In combination with intein constructs, this
approach can be used to induce macrocyclization through the reaction of
a nucleophilic non-canonical side chain with the thioether intermediate
formed during intein splicing, yielding non-canonical macrocyclic peptides
that mimic natural products. By “feeding” genetically engineered bacteria
an appropriate non-canonical amino acid, this approach can be used for the
in vivo synthesis of non-canonical macrocyclic peptides that mimic natural
products, and is thus, in principle, applicable to SICLOPPS-based selections.
This may allow the discovery of novel organo-peptide hybrids with potent
bioactivities in the future.

The appeal of such approaches notwithstanding, an alternative, and more
proven strategy for the discovery of artificial cyclic peptide mimics of natu-
rally occurring peptides with multiple non-canonical residues or backbone
modifications is the integration of in vitro selection methods with genetic
code reprogramming technologies. Such combined strategies based on
ARS-mediated or flexizyme-mediated genetic code reprogramming are dis-
cussed in turn below.

11.4.2 Selections Involving ARS-mediated Genetic Code
Reprogramming
The combination of ARS-mediated genetic code reprogramming with mRNA

display has been demonstrated to be an effective strategy for the identifica-
tion of non-canonical macrocyclic peptides with strong affinity to a desired
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protein target. For example, an mRNA-displayed peptide library consisting of
10 randomized amino acids flanked by two cysteine residues was ribosomally
constructed by means of a reprogrammed genetic code involving 8 canoni-
cal and 12 non-canonical amino acids, which were charged onto appropriate
endogenous tRNAs by the 20 canonical ARSs." The linear peptide library was
then subjected to chemical macrocyclization using dibromoxylene to link
two cysteine residues. In vitro selection experiments based on this library
isolated potent inhibitors of the human plasma protease thrombin, which
showed binding and inhibition constants in the low nanomolar range.

ARS-mediated genetic code reprogramming has also been applied to the
construction and screening of an artificial lanthipeptide library. Seebeck et al.
incorporated a dehydroalanine into an mRNA-displayed peptide library via
selenolysine as described above, and subsequently conducted an intramo-
lecular Michael-type reaction with a cysteine to form a lanthionine residue
forming a macrocycle."”” This artificial lanthipeptide library was subjected
to in vitro selection against the bacterial target sortase A. Unfortunately,
the resulting peptides only had moderately strong binding affinities (low
micromolar range) for the target and did not show inhibition. Nonetheless,
this report demonstrates the potential of this combination strategy for the
discovery of natural product-like peptides from genetically reprogrammed
libraries.

11.4.3 Selections Involving FIT-mediated Genetic Code
Reprogramming

An advantage of FIT-mediated genetic code reprogramming over ARS-medi-
ated strategies is that non-canonical amino acids not analogous to proteino-
genic amino acids can be used. This advantage allows for the construction
of thioether-closed macrocyclic peptides containing modified backbones or
mechanism-based warhead residues.

Taking advantage of the ability of the FIT system to translate N-methylated,
D-, and N-chloroacetylated amino acids (which can induce spontaneous mac-
rocyclization with a downstream cysteine as described above), a macrocyclic
N-methylated peptide library was constructed and screened for inhibitors of
the E6AP ubiquitin ligase by means of a modified mRNA display method.”
The resulting macrocyclic E6AP inhibitors exhibited extremely high affinity
for the target, with dissociation constants in the picomolar range, and inhib-
ited E6AP-catalyzed ubiquitination by disrupting the protein—-protein inter-
action between E6AP and the E2 ubiquitin-conjugating enzyme. It should
be noted that the inhibitors obtained here were arguably more like peptidic
natural products than any other non-natural macrocyclic peptide inhibitors
discovered to date - e.g. one of them was a 13-mer macrocyclic peptide con-
taining one p-amino acid as well as four N-methylated amino acids.

As a means of directing such screening processes to identify inhibitors
of a specific class of enzymes, selection using a macrocyclic peptide library
bearing a non-canonical amino acid targeting the active site of the enzyme
of interest has also been reported.” In this case, FIT-mediated genetic code
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reprogramming enabled the ribosomal incorporation of trifluoroacetyl-
lysine (K™), a known mechanism-based warhead of the NAD-dependent
deacetylase (sirtuin) family. Warhead residue-containing inhibitors selected
from this library exhibited high potency (IC5, ~ 100 nM) and a high degree of
isoform specificity for sirtuin 2 over sirtuins 1 and 3. The crystal structure of
sirtuin 2 in complex with a representative inhibitor revealed that the inhibi-
tor induces a dynamic structural change in sirtuin 2, illustrating the poten-
tial of macrocyclic peptides as isoform-specific ligands.

The combination strategy of FIT with mRNA display, as described in the
two examples above, has been named random non-standard peptides inte-
grated discovery (RaPID). In addition to the examples already discussed,
RaPID screening has been used to discover many bioactive macrocyclic pep-
tides that demonstrate strong and selective affinity for diverse therapeutic
targets.”»%9 101187125 The targets of the peptides obtained by the RaPID sys-
tem include not only enzymes but also membrane proteins such as recep-
tors and transporters. The modes of action of the peptides identified are also
diverse with examples of activity via enzymatic inhibition by binding to the
active site, inhibition of protein—-protein interaction, or allosteric inhibition
all observed. Some such peptide ligands have also been used as cocrystalliza-
tion chaperones of intractable transmembrane proteins in order to facilitate
crystallization and phase determination.'>''®'"® Additionally, this system
was used to develop agonists of the tyrosine kinase receptor cMet - homod-
imers of the cMet-binding peptides identified through RaPID screening
induced dimerization and activation of cMet on the cell membrane.'*° These
examples have clearly demonstrated the potential of the RaPID system as a
platform technology enabling development of non-canonical cyclic peptide
ligands targeting diverse proteins of interest.

Recently, several co-crystal structures of RaPID-identified macrocyclic
peptides in complex with their protein targets have been reported, reveal-
ing at a molecular level how the macrocyclic scaffolds contribute not only
to target interaction but also to the rigidity of their diverse tertiary struc-
tures. Among the nine protein structures with thioether-macrocyclic peptide
ligands isolated by the RaPID system that have been reported to date, we
discuss here three representatives (Figure 11.8). First, a K™-containing cyclic
peptide, S2iL5, inhibiting sirtuin 2 adopts a ring-shaped structure.'*® Mul-
tiple direct and water-mediated hydrogen bonds stabilize the scaffold with
the guanidinium group of R8 flipped within the cyclic scaffold, while a num-
ber of intramolecular hydrophobic and hydrophilic interactions orient K7
to extend outside of the ring and occupy the active site of sirtuin 2 (Figure
11.8, panels a and b). Alternatively, thioether-closed macrocyclic peptides
can adopt unique conformations that mimic the specific secondary struc-
tures found in proteins. One such example is the 17-mer macrocyclic pep-
tide MaL6, that binds to a multidrug and toxic compound extrusion (MATE)
transporter and stabilizes its outward-open conformation."® The co-crystal
structure illustrated compact turn motifs connecting two p-strands in MaL6,
which are stabilized by several intramolecular hydrogen bonds (Figure 11.8,
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Figure 11.8 Crystal structures of macrocyclic peptide ligand-protein complexes.
The peptide ligands are shown with the following element color code;
carbon in yellow, nitrogen in blue, oxygen in red, and sulfur in orange.
(a and b) Ring shape conformation of the S2iL5 peptide in complex
with SIRT2 (PDB ID: 4L30). (c and d) Compact strand-turn-strand
conformation of the MaL6 peptide in complex with a MATE trans-
porter (PDB ID: 3WBN). (e and f) Partial a-helical conformation of the
aCAP peptide in complex with CmABCB1 (PDB ID: 3WMG). Intramo-
lecular and intermolecular hydrogen bonds are shown as cyan dashed
lines in panels a, ¢ and e, and panels b, d and f, respectively.
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panels ¢ and d). In another example, a 17-mer macrocyclic peptide having
one D-amino acid, aCAP, acting as a surface clamp of an ATP-binding cassette
transporter (CmABCB1) involves a partial a-helical conformation.'™ As with
the peptides described above, the overall structure of aCAP is stabilized by a
number of intramolecular interactions, resulting in potent inhibitory activ-
ities (inhibition constants in the low nanomolar range) (Figure 11.8, panels
e and f). The diverse but rigid conformations of the macrocyclic peptides
isolated by the RaPID system have thus demonstrated the adaptability of
genetically encoded macrocyclic peptide libraries to the discovery of ligands
against a variety of target proteins of interest.

11.5 Summary

Because they are genetically encoded, translated peptide libraries are amena-
ble to affinity selection screening of very high diversity (>10'> molecules)
libraries. This powerful approach allows for the rapid isolation of very high
affinity ligands to virtually any protein target of interest. The peptides iso-
lated through such approaches commonly exhibit strong target inhibition
and high target selectivity and have the ability to inhibit protein-protein
interactions, making them intriguing candidates for drug development.
However, when using techniques that are limited to the 20 canonical amino
acids, the peptide ligands discovered are restricted to a chemical space that
is not conducive to the identification of molecules with good pharmacokinet-
ics, hampering their further clinical development.

Genetic code reprogramming techniques allow for the translational incor-
poration of non-canonical amino acids, thereby greatly expanding the chem-
ical space accessible through ribosomal synthesis. Since the first reports
almost 30 years ago, such techniques have been developed to the point that,
in in vitro reactions, hundreds of different amino acids can be used as the
basic building blocks for peptide synthesis. This in turn allows the synthesis
of peptides containing numerous non-canonical moieties (N-methylation,
D-stereochemistry, non-canonical side chains, etc.) in a genetically defined
process.

By combining genetic code reprogramming techniques with affinity
selection techniques, it is possible to identify macrocyclic non-canonical
peptides with many of the structural features of drug-like microbial sec-
ondary metabolites. Such compounds exhibit very high target affinities and
selectivities, and greatly improved peptidase resistance and cell membrane
permeability relative to canonical peptides, making them ideal candidates
for drug development.

Currently used techniques in this field already allow the rapid identification
of drug-like macrocyclic peptides, and we anticipate that over the coming years
a number of clinically useful drugs will be developed from molecules iden-
tified through such screens. However, further improvements to genetic code
reprogramming and screening techniques can still be made. We expect that
the development of synthetic technologies based on ribosomal translation will


http://dx.doi.org/10.1039/9781788010153-00225

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00225

View Online

Biological Synthesis and Affinity-based Selection 249

continue apace, with novel amino acid building blocks further expanding the
available chemistries. In addition, engineering of the translation system itself
and/or the development of chemical or enzymatic post-translational modifica-
tion will allow for the synthesis of highly diverse peptidic structures.
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12.1 Classification of Cyclic Peptides

The cyclic peptide backbone is linked via amide bonds; this cyclic arrange-
ment facilitates the formation of internal hydrogen bonds and disulfide
bridges to generate a rigid backbone conformation. This feature makes them
attractive scaffolds for protein-based drugs because cyclic peptides are able
to survive in the human digestive tract.' On the other hand, this "rigid" trait
also makes cyclic peptides extremely resistant to enzymatic digestion for pro-
teomics studies as compared to their linear forms.?

Normally, cyclic peptides are classified according to the different types of
bonds that comprise the ring structure:

1. Homodetic cyclic peptides are peptides formed by amino acids via
amide bonds between an a-carboxyl group of one residue and an
a-amino group of another amino acid (Figure 12.1); an example of this
type of cyclic peptide is cyclosporine.
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Figure 12.1 Chemical structure of homodetic cyclic peptides.
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Figure 12.2 The structure of microcystin MC-LR and possible demethylation sites;
the numbering scheme for the amino acids is also shown. Reproduced
from Journal of The American Society for Mass Spectrometry, Detailed
Study of Cyanobacterial Microcystins Using High Performance Tan-
dem Mass Spectrometry, 25, 2014, 1253-1262, Y. Qi,”” © American
Society for Mass Spectrometry 2014. With permission from Springer.

2. Cyclic isopeptides contain at least one non-o-amide bond at the side
chain of one residue to the a-carboxyl group of another residue, as is
seen in microcystins (Figure 12.2).

3. Cyclic depsipeptides are composed of one or more lactone ester link-
ages (-C(O)OR-) in the amides, e.g. didemnin B (Figure 12.3a).

4. Bicyclic peptides contain a bridging group between two side chains,
e.g. amanin (Figure 12.3b).

12.2 Nomenclature

In tandem mass spectrometry, peptide ions are dissociated and the struc-
tures of the molecules are deduced from the fragment ions. For improved
structural interpretation and unambiguous assignment of peptide frag-
ments, an easy-to-use and unambiguous descriptor system is important.
The commonly accepted nomenclature for labelling peptide fragments
(Figure 12.4) was initially proposed by Roepstorff and Fohlman in 1984 * and
later modified by Biemann;’ the Biemann nomenclature is used throughout
this book chapter. Briefly, the method applies letters to indicate the partic-
ular bonds of the amino acid residue and subscripts indicate the position
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Figure 12.3  Structure of didemnin B (a) and amanin (b).
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Figure 12.4 Nomenclature for peptide/protein fragmentations.

within the peptide chain. This nomenclature scheme is not directly appli-
cable to cyclic peptides, however, as they possess no N- and C-terminals. As
a result, new systems have been proposed to label the product ions from
cyclic peptides.®” For example, Gross et al. utilized a four-part descriptor of
the general formula x,,,” where x is the ion designator and 7 is the number
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Figure 12.5 CID mass spectrum of FAB-produced [M + H]" of cyclo(Pro-Gly),
using the Gross nomenclature system. Reproduced from journal of
The American Society for Mass Spectrometry, A Nomenclature System
for Labeling Cyclic Peptide Fragments, 10, 1999, 360-363, L. C. M.
Ngoka,” Copyright © 1999 American Society for Mass Spectrometry.
With permission from Springer.

of amino acid residues within the ion, the same as in the Biemann system.
The subscripts J and Z are the one-letter codes representing the two amino
acid residues where cleavage occurs to form the decomposed linear ion (Fig-
ure 12.5).

12.3 Strategies for Structural Analysis

Classic peptide sequencing via Edman degradation® is not preferred for
cyclic peptides because the N-termini are concealed in the cyclic structures.
Moreover, cyclic peptides usually contain uncommon amino acids synthe-
sized by microorganisms. Therefore, mass spectrometry (MS) and nuclear
magnetic resonance (NMR) are the most powerful approaches for cyclic pep-
tide analysis.’ Specialized NMR techniques utilizing the Nuclear Overhauser
effect (NOE) are useful for peptides,’® which measure the amide bonds
along the peptide and allow assignment of the connectivities of amino acid
residues. Moreover, the NOE can also be exploited in 2-dimensional NMR
experiments for fast recording of peptide structural information.'® However,
NMR requires relatively large amounts (milligrams) of analyte from purified
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Figure 12.6 (a) Ring opening and fragmentation of a cyclic tetrapeptide and (b)
the acylium ion formed from the scission of the peptide N-acyl bond.

or concentrated samples and only reveals average structural features of the
bulk mixtures, while information on low abundant compounds cannot be
determined. MS, on the other hand, readily provides complementary infor-
mation to NMR, due to its ability to detect much smaller amounts of sample
(micrograms or less) and generate structural information via tandem mass
spectrometry (MS"). In theory, MS is able to sequence any peptide and pro-
tein with no limitation on the molecular mass; however, as the size increases,
data processing becomes more challenging because of limitations of the
computational algorithms. In recent years, novel MS" techniques have been
developed and computational power has strongly increased; thus, MS meth-
ods have increased in popularity for peptide sequencing.'

During mass spectral experiments, sequential peptide backbone cleav-
ages occur via MS" to produce smaller peptide fragments, and hence, the
sequence information can be deduced from the cleavages and losses of con-
secutive amino acids along the peptide chain.'? Unfortunately, for the cyclic
structure, the first MS” cleavage on the peptide backbone only opens the
cyclic ring; afterwards, various linear peptides with the same mass-to-charge
ratio (m/z), but different linear sequences, are formed. Consequently, at least
two cleavages are required for the backbone of the cyclic peptide to release
a neutral segment (Figure 12.6a). The principle of MS approaches must,
therefore, be to separate the secondary peptide fragments from the MS? step
and conduct MS® on the various open ring peptides, for interpretation and
assignment of the sequence information.

12.4 Ionization Methods

Fast atom bombardment (FAB) was the first ionization technique for system-
atic MS analysis of peptides. FAB is a relatively soft ionization technique, in
which the sample is mixed with a viscous matrix (e.g. glycerol) and bombarded
by a high-energy beam of atoms. During the FAB process, intact protonated
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or deprotonated molecules are produced."*'* FAB greatly reduced thermally
induced rearrangement in the gas phase and therefore constituted a mile-
stone for ionizing large, polar molecules such as peptides, proteins and car-
bohydrates. In addition, FAB was amenable to analysis of cyclic peptides with
subsequent MS".? Gross et al. postulated the structure of Helminthosporium
carbonum toxin based on FAB-MS” experiments."” Tomer et al. investigated
several cyclic peptides, including dimers and tetramers of tri- and tetrapep-
tide sequences, and proposed a strategy for sequencing cyclic peptides via
FAB-MS"."® Eckart et al. emphasized the difficulties of sequencing cyclic pep-
tides using acylium ions (Figure 12.6b); that is, the absolute position of an
amino acid residue cannot be easily recognized as for linear peptides, and
this is indeed the most challenging aspect for cyclic peptide sequencing.”

Subsequently, electrospray ionization (ESI) emerged as the most pow-
erful method for producing intact ions from large and complex species in
solution.' ESI is a soft ionization technique, which permitted MS analysis
of various fragile and polar molecules commonly encountered in biological
systems. ESI was invented by Fenn in the late 1980s and the significance of
ESI-MS was recognized with the Nobel Prize in 2002, together with another
cutting edge ionization technique — matrix assisted laser desorption ioniza-
tion (MALDI)."

ESI can be operated in both positive and negative ionization mode, as
shown in Figure 12.7. During ESI operation, the sample solution is loaded
into a capillary tube held at a high electric potential of several kV. The strong
electric field between the capillary and the counter electrode induces charge
accumulation at the liquid surface located at the tip of the capillary, which
releases small charged droplets. With the evaporation of the solvent from the
droplet, the radius of the droplet decreases and the charge density further
increases. When the droplet radius reaches the Rayleigh limit, the Coulom-
bic repulsion exceeds the surface tension and leads to a “Coulombic explo-
sion”, releasing smaller sized offspring droplets.?*?! This process continues
until the solvent is completely evaporated and ions are released into the gas
phase.”>** The distinct advantage of ESI over other ionization techniques is
the ability to form multiply-charged ions, where the high charge state allows
for analysis of heavy molecules such as peptides, proteins, petroleum, poly-
mers, organometallics, and other organic compounds.>*” Furthermore, the
series of multiply-charged ions for each molecule greatly supports the mea-
surement for large biopolymers.

Compared to proteins, peptides are much easier to measure because they
are readily soluble. Large proteins are usually digested by an endo-protease
such as trypsin, and the generated peptides are separated by high-perfor-
mance liquid chromatography (HPLC) prior to ESI-MS analysis. The struc-
tures of the peptides are then deduced from the measured m/z values of the
fragments generated by MS". In proteomics research, fragment ion spectra
are compared to databases of existing proteins, to determine the sequence
and modifications of fragments.*®
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Figure 12.7 Schematic principle of electrospray ionization (ESI). Reproduced with
permission from ref. 22. Cech N. B., Enke C. G. Reproduced from
N. B. Cech and G. G. Enke, Practical Implications of Some Recent
Studies in Electrospray Ionization Fundamentals, Mass Spectrom. Rev.,
John Wiley and Sons. © 2001 John Wiley & Sons, Inc.

In addition to multiply-charged ions from solution phase analytes,
the sample can also be ionized from a matrix crystal, to produce sin-
gly-charged ions via matrix-assisted laser desorption/ionization (MALDI).
This technique was initially developed by Karas and Hillenkamp.?**
Tanaka applied a similar method to ionize large proteins and polymers,
with masses up to 100 000 Da.?! The exact MALDI mechanism is still not
fully understood due to its complexity. Briefly, MALDI combines two
processes: desorption and ionization. Samples are first mixed with an
excess of matrix (aromatic compounds) and irradiated with an UV laser.
The matrix molecules absorb laser energy, followed by ablation of the
upper matrix layers. Vaporized gas phase mixtures of neutrals and ionized
matrix molecules, as well as neutral sample molecules, are then formed,
followed by proton transfer which leads to the formation of charged ana-
lyte species. MALDI is a soft ionization technique that is particularly well
suited to non-volatile species such as biomolecules and polymers. The
ions generated by MALDI are typically singly-charged species, with a bet-
ter tolerance for salts than electrospray ionization; usually less sample
preparation is required as well. However, singly-charged peptides often
produce relatively simple tandem mass spectra, which are dominated by
preferred low-energy pathways.***
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12.5 Fragmentation Methods
12.5.1 Threshold Dissociations

Threshold ion activation techniques are routinely applied MS" techniques
for peptides, including collision-induced dissociation (CID)* (also known as
collisionally-activated dissociation (CAD) in the older literature®), sustained
off-resonance dissociation (SORI-CID)* and infrared multiphoton dissociation
(IRMPD).*” These methods are based on excitation of vibrational modes of the
molecules.* During the process, a neutral gas such as nitrogen, argon, or helium,
is present in the collision cell of the mass spectrometer, so that the inelastic
collision process between the gas and the ions converts energy into the ions’
internal energy. A similar effect can be achieved by heating the ions by means
of an infrared laser. The vibrational energy is redistributed rapidly throughout
the entire ion before fragmentation occurs. Accordingly, the cleaved bonds in
threshold-based methods are mostly the weakest bonds in the molecule.

When a CID experiment is applied to a peptide, the fragmentation starts at
a backbone amide bond and produces b and y ions (Figure 12.4) along with
side chain losses of water, ammonia, and CO,. Unfortunately, post-trans-
lational modifications (PTMs) of peptides also dissociate easily before
backbone cleavage. As a result, important structural information such as
glycosylation, phosphorylation or sulfation is lost during the CID process.
Generally, the inability to measure PTMs is a major limitation of all the vibra-
tional excitation methods, as in most cases the essential biological function
of biopolymers is represented by their PTMs.

12.5.2 Ion-Electron Dissociations (ExD)

The prototype of ion-electron reaction in MS was reported by Cody and Frei-
ser in 1979 and termed ‘electron impact excitation of ions from organics’
(EIEIO): it was initially applied to the analysis of substituted benzene rad-
icals.” Unfortunately, it was not until the 1990s that the method was fur-
ther explored for ion—-electron reactions. In 1996, McLafferty and co-workers
rediscovered the technique by irradiating multiply-charged proteins using
ultraviolet (UV) light.*” In these experiments, unusual ¢/z fragments (Figure
12.4) were observed from proteins, indicating that the UV light triggered an
ion fragmentation pathway, which was different from conventional CID tech-
niques. Subsequently, in 1998, Zubarev et al. utilized Fourier transform ion
cyclotron resonance mass spectrometry (FTICR-MS) for ion-electron reac-
tions and illustrated that the charge-reduced ion species and ¢/z fragments
were actually produced by secondary electrons generated by the UV photons
hitting the metal surface of the mass spectrometer.*’ This discovery led to
the first modern ExD technique; viz., electron capture dissociation (ECD).***?

The ECD reaction process is quite different from CID and greatly facili-
tated peptide and protein analysis,**** including PTM analysis,*® top-down
sequencing,”” differentiation of peptide isomers,*® and even protein-protein
interactions.*® Because ion-electron dissociations produce distinct fragment
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patterns, which are not generated by vibrational excitation methods, research
on ECD and development of other ExD techniques has intensified during the
last decade. By manipulating the electrons’ energy, various ion—-electron dis-
sociation methods have been developed to broaden their application ranges;
e.g., electron transfer dissociation (ETD) for implementation on mass ana-
lyzers other than FTICR-MS,* hot-ECD for secondary fragmentation of pep-
tides,” electron-induced dissociation (EID) for singly-charged peptides,*
electron detachment dissociation (EDD) and negative ion electron capture
dissociation (niECD) for analysis of negatively-charged peptides.>"*

12.5.3 MALDI-related Methods

Post-source decay (PSD) is a method specific to MALDI time-of-flight (TOF)
mass spectrometry, where product ions (commonly a, b, y, z and d ions) are
produced from metastable transitions or CID in the flight tube prior to enter-
ing the TOF reflector.”® PSD has proved to be a valuable method for primary
structure analysis in peptide sequencing, due to its high sensitivity and tol-
erance to the inhomogeneities of the MALDI sampling, together with addi-
tional structural information obtained from the PSD process.*®

An alternative approach for sequencing biomolecules with MALDI is
so-called in-source decay (ISD) fragmentation.’” In ISD, the fragmentation
process is initialized by the laser in the hot MALDI plume during sample ion-
ization. In peptide applications, ISD induces N-Ca bond cleavage via hydro-
gen transfer from the matrix to the peptide backbone, and leads to a ¢/z ion
series,”® similar to ECD experiments. In addition, fragment ion series such
as a, b, and y ions have also been reported, depending on the matrix used
and the analyte itself.’®® The ISD experiment can be performed in TOF*>” and
other MS instruments, such as FTICR® and orbitrap;** however, its major
drawbacks are the precursor ion selection and the intense matrix cluster
background in the lower m/z range.

Both MALDI-PSD and ISD are valuable techniques for sequencing of pep-
tides and proteins, because of the ability of MALDI to handle small quanti-
ties of complex samples. However, so far, they are complementary methods
rather than a substitute for ESI-MS/MS techniques, as on-line separation
techniques and automation are difficult due to the solid phase nature of the
MALDI experiment.

12.6 Application of Tandem Mass Spectrometry to
Cyclic Peptides

The application of MS"” methods to fast peptide sequencing has been most
beneficial for structural identification of linear peptides.®® Characterization
of cyclic peptides, on the other hand, is challenging because their termini are
not well-defined. Consequently, the amino acid sequence cannot be assigned
in an orderly fashion. Furthermore, two bond cleavages are required for the
cyclic peptides for the loss of amino acid residues, which makes the correct
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sequence assignment difficult because of the ambiguities encountered
during the ring opening process. For these reasons, analysis of cyclic pep-
tides requires more elaborate, higher dimension MS" data acquisition tech-
niques,®"® which are summarized in the following sections.

12.6.1 General Procedure

Following ionization, protonated cyclic peptides can be characterized step-
wise in the mass spectrometer using sequential MS". In 1982, Gross and
co-workers successfully sequenced an unknown cyclic peptide using CID."
Later, the same group developed a general strategy for sequencing of cyclic
peptides using multiple MS” steps.'® This procedure requires selection of one
of the primary acylium ions from the first generation MS? product ions, and
subjecting it to consecutive CID experiments. In the first MS/MS spectrum
(MS?), product ions that originated from the protonated molecules after the
loss of common amino acid residues must be selected as precursor ions for
higher order MS” experiments.®** This method is easy to operate without the
need for chemical derivatization. Moreover, the strategy avoids the interpre-
tation of complicated mass spectra produced by high-energy CID.

Eckart et al. also described an alternative MS" approach, by separating the
sequencing procedure into two steps: analysis of the linear connectivity of the
amino acid residues in the first step, followed by determination of the orienta-
tion in step two."”” However, this method exhibits limitations for the separation
of overlapping dipeptide and tripeptide fragment isomers. The multiple stage
MS" strategy by Gross et al. circumvents this limitation for isomer fragments
during the MS? experiment of protonated cyclic peptides, and has therefore
been utilized more often in structural elucidation studies of cyclic peptides.

12.6.2 Metal Complexation

One useful approach to increase the fragmentation levels from MS" experi-
ments is the use of metal complexation.® Due to their structural characteristics,
cyclic peptides can readily bind metal ions within their cyclic cavities through
carbonyl oxygen atoms and side chain groups. Multistep MS" of these chelate
complexes can generate enhanced ion abundances of the diagnostic fragments
and thus offer improved insights into structure and biological function.
Ngoka et al. studied the fragmentation behavior of two cyclic metal-pep-
tide complexes, cyclo(D-Trp-D-Asp—Pro-D-Val-Leu) and cyclo(D-Trp-D-Asp-
Pro-D-Ile-Leu), and found that the metal-peptides appear to initialize ‘charge
remote’ fragmentation because successive CID cleavages did not change the
position of the metal ion.*” They also successfully applied the same methodol-
ogy to metal depsipeptides, including didemnin B, beauvericin, and enniatin
B1.%® Subsequently, Cotter and co-workers studied sodium complexes of nine
cyclic hexapeptides using CID.* Hue et al. characterized the sodium com-
plexes of surfactin, which is an octapeptide.”® Brodbelt’s group systematically
investigated the CID fragmentation behavior of protonated and metal-cation-
ized peptides formed by ESL® The size of the cyclic peptides ranged from six
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to twelve residues with various metals (Ag*, Mn**, Ni**, Pb**, Co*", K', Na*, Li’,
Sr**, and Ca*"). It was shown that metal-peptides provided superior and com-
plementary information for the identification of cyclic peptides as compared
to the data obtained from protonated peptides (Figure 12.8).

12.6.3 Ion-Electron Dissociation (ExD) for Cyclic Peptides

During the last decade, ExD techniques, in particular electron capture dis-
sociation (ECD), have significantly extended the field of tandem mass spec-
trometry, for providing complementary structural information to CID
fragmentation.** ECD has also been applied to cyclic peptides. For example,
O’Connor and co-workers studied the ECD fragmentation of small, dou-
bly-charged cyclic peptides,”* and observed unexpected amino acid residue
losses. This was unusual, because the fragmentation of cyclic peptides requires

100

b Qp {IA+H-N)*
B H+
(IA+H-Q)* mwpr (1A+H)*
byt Q,p b5 ws
*
0 adads 1
a 300 400 500 7 800 1000 1100 1200 1300
miz
100 (1A+Ag -S)*
g {lA+Ag 0)'
+
g (1A+Ag vr Ag
b bs (IA+Ag)*
B QP

§ \ba'ws %
a \
b 0 ..L] L_l AJ l I |

400 500 600 700 500 1200 1300
100

erNHo) ey (ASSEH —S-NHy)*
(1A-Se-H-P)*
{1A+Sr-H) Sr2+
(Ya-NHaus  yot
5 PN {IA+Sr-2H-Ny*
yB'PIN \ \‘ yG PN,
1 I ~ |

c 0% 500 800 700 800 900 1100 1200 1300

miz

Figure 12.8 MS? spectra for complexes of (a) (iturin A + H), (b) (iturin A + Ag)",
and (c) (iturin A + Sr-H)". IA = iturin A. An asterisk identifies the pre-
cursor ion. Reproduced from journal of The American Society for Mass
Spectrometry, MSn Characterization of Protonated Cyclic Peptides and
Metal Complexes, 15, 2004, 1039-1054, S. M. Williams and J. S. Brod-
belt.®® Copyright © 2004 American Society for Mass Spectrometry.
With permission from Springer.
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a single electron capture to trigger two or more cleavage reactions of the pep-
tide backbone. To explain this phenomenon, a “free radical cascade mecha-
nism” was proposed:”* the nonergodic cleavage of the cyclic chain generates a
distonic ion, and the radical site can propagate along the peptide backbone,
causing extensive secondary backbone cleavages. Since then, ExD has proved
extremely useful for the analysis of cyclic peptides. This section summarizes
several recent ExD applications for the characterization of cyclic peptides.
Microcystins (MCs) are a group of cyanotoxins produced by cyanobacte-
rial genera in natural water systems.”>”* MCs are cyclic peptides containing
seven amino acid units (Figure 12.2), with the general structure cyclo(p-Ala'-
X?*-D-MeAsp?-Z*-Adda’-p-Glu®~-Mdha’), where X and Z are variable amino
acids, D-MeAsp is D-erythro-B-methyl aspartic acid, Adda is an unusual amino
acid (2S,3S,85,95-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4E,6E-
dienoic acid), and Mdha is N-methyldehydroalanine. In mass spectrometric
analysis, the combination of LC-MS and CID is the most commonly applied
approach for quick identification of MC variants.”*”* In addition to deducing
the chemical structures, it is also important to examine the exact biological
action mechanisms of MC toxins and their metal binding complexes, as it has
been discovered that expression of MCs is controlled by levels of metal ions
taken up from the ecosystem.”® Unfortunately, CID has failed in this mission,
as threshold methods preferentially cleave the weakest bond, which happens
to be the metal binding to the MC molecules. To overcome this problem, Qi
et al. applied ECD to several MCs and their metal complexes.”” The exper-
iment showed that ECD provided more detailed, complementary product
ions as compared to CID. For example, extensive side chain losses from the
amino acid residues were observed, which can serve as diagnostic markers
for the variable amino acid units of MCs. More importantly, ECD enabled the
accurate location of the metal binding sites of MCs for the first time.
Non-ribosomal peptides (NPs) are a class of peptide secondary metabolites
produced by microorganisms. They are important natural products for use
as clinical drugs, including antibiotics, antitumor agents and immunosup-
pressants.”® NPs often exhibit cyclic structures, carrying modifications such
as N-methyl and N-formyl groups, acylation, glycosylation, and heterocyclic
ring formation (oxazoline, thiazole, and thiazoline). This structural diversity
accounts for their biological activities and potential for pharmaceutical drug
action.” Sequencing NPs is challenging because of the cyclization and many
other building blocks present in the compounds. Wills et al. applied CID and
EID to characterize actinomycin D, a non-ribosomal peptide used in the treat-
ment of various cancers.*” Their data demonstrated that CID only provided lim-
ited sequence information, which was in agreement with previous reports.*! In
contrast, EID was shown to be superior for structural identification, because it
generated a larger degree of fragmentation, which was not restricted to b/y ion
formation through preferential cleavages in CID (Figure 12.9). Moreover, it was
shown that by changing the charge carriers in EID, a better fitting metal cation
(Na®) directed fragmentation more effectively through the entire ring structure.
Eptifibatide is a potent antagonist for glycoprotein IIb/Illa and has
been widely utilized in clinical practices to inhibit platelet aggregation.®”
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Figure 12.9 CID (a) and EID (b) mass spectra of protonated actinomycin D (m/z
1255.63), with illustrations of the fragments assigned from CID (c) and
EID (d). Reproduced from journal of the American Society for Mass Spec-
trometry, Structural Characterization of Actinomycin D Using Multiple
Ion Isolation and Electron Induced Dissociation, 25,2013, 186-195, R.
H. Wills and P. B. 0’Connor,*° © American Society for Mass Spectrom-
etry 2013. With permission from Springer; a full list of peak assign-
ments can be found in the supplementary material of ref. 80.
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Interestingly, its cyclic backbone structure is held together by a disulfide
bond, which cannot be cleaved efficiently using CID.* Duan et al. demon-
strated that CID of eptifibatide failed to produce sequence-informative frag-
mentation patterns, whereas ETD induced an initial ring scission of the
disulfide bond, thus generating simpler sequence-informative mass spectra
for the disulfide-bridged cyclic peptide.®*

12.6.4 Post-source Decay and In-source Decay

Cyclic peptide sequencing is not as straightforward as for linear species
due to the lack of N- and C-termini in the closed ring. PSD and ISD spectra
feature more abundant product ions for the characterization of cyclic pep-
tides. Schilling et al. investigated a series of synthetic cyclic peptides by
MALDI-PSD mass spectrometry,® and proved that the fragmentation pat-
tern depended on the amino acid sequence (Figure 12.10). Erhard et al
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Figure 12.10 (A) MALDI-PSD spectrum of the peptide [cyclo(Asn-Glu-Tyr-Ala-
Phe-Phe-Aca)]. Fragment ions are annotated using the one letter
code of amino acids. Arrows indicate satellite ion formation via
neutral losses. (B) MALDI-PSD spectrum of the same peptide after
acid-catalyzed esterification with MeOH. Arrows between the spec-
tra connect the corresponding fragment ions. Reproduced with
permission from B. Schilling, W. Wang, J. S. McMurray and K. F.
Medzihradszky, Fragmentation and Sequencing of Cyclic Peptides
by Matrix-Assisted Laser Desorption/Ionization Post-Source Decay
Mass Spectrometry, Rapid Commun. Mass Spectrom.,* John Wiley and
Sons. Copyright © 1999 John Wiley & Sons, Ltd.
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reported the use of MALDI-PSD to observe additional structural informa-
tion for cyclic peptides, which were formed by metabolism of cyanobacteria.
Unique mass fingerprints (Figure 12.11) were obtained for a variety of
microorganisms and were used to differentiate their toxicities.*® Recently,
Asakawa et al. investigated the potential fragmentation pathways of MALDI-
based PSD and ISD analyses using a model cyclic peptide (Arg-Gly-Asp-D-
Phe-Val) and 1,5-diaminonaphthalene (1,5-DAN) as a matrix.*” The study
shows that ISD produced a hydrogen-abundant radical [M + 2H]" after
N-Ca bond cleavage, and subsequently reacted with the matrix to give
[M + 3H]"and [M + H + matrix|" species. PSD of the [M + H + matrix]’, on
the other hand, led to specific peptide bond cleavage reactions adjacent to
the matrix binding site and produced predominantly loss of an amino acid
plus 1,5-DAN (Figure 12.12).
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Anabaenopeptolin A 844 Phe MAla HTyr Val Lys Tyr
Oscillamide Y 858 Phe MAl HTyr Il Lys Tyr
Ferintoic acid A 867 Phe MAla HTyr Val Lys Tmp
Ferintoic acid B 881 Phe MAla Hyr e Lys Tip
Anabaenopeptolin B 837 Phe MAla HTyr Val Lys Arg
Anabacnopeptolin C 851 Phe MAla HTyr Ile Lys Arg

Figure 12.11 Structure of the new anabaenopeptolin C. Anabaenopeptolin A and B
were isolated from cyanobacterium Anabaena flos-aquae, oscillamide
Y from cyanobacterium Oscillatoria agardhii, ferintoic acid A and B
from cyanobacterium Microcystis aeruginosa and the new anabaeno-
peptolin C from cyanobacterium Microcystis aeruginosa. Reproduced
by permission from Macmillan Publishers Ltd: Nature Biotechnology
(ref. 86), copyright 1997.
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Figure 12.12 Potential fragmentation pathways of cyclic peptides by MALDI-ISD
and PSD, when 1,5-DAN is used as the matrix. Reproduced with per-
mission from D. Asakawa, N. Smargiasso and E. De Pauw, Estimation
of Peptide N-Co Bond Cleavage Efficiency During MALDI-ISD Using
a Cyclic Peptide. J. Mass Spectrom.,*” John Wiley and Sons. Copyright
© 2016 John Wiley & Sons, Ltd.

12.6.5 Ion Mobility-mass Spectrometry of Cyclic Peptides

Currently, identification of cyclic peptides mostly relies on mass spectrom-
etry, usually relying on liquid chromatography for pre-separation of topo-
logical isomers (e.g:, cyclic or linear peptides). However, this methodology
requires numerous chromatographic runs and assignments of chromato-
graphic retention times are often ambiguous. Recently, ion mobility spec-
trometry (IMS) was shown to be able to distinguish the small conformational
differences of ions in the gas phase,* and it was also reported to be able
to differentiate linear and cyclic peptides.*® Hyphenation of IMS with MS
provides an additional dimension of separation for determining the gas
phase conformations of ions. In the ion mobility cell, ions travel in a buffer
gas under the influence of an electric field; because of the unique collision
cross-sections of different ions during the ion-neutral collisions, ions with
different conformations can often be separated by IMS on a time scale of only
a few milliseconds.

In 2004, Ruotolo et al. utilized IMS to study the structural differences of
gramicidin S (cyclo(VOLFPVOLFP)) and five linear gramicidin S analogues.®
Gramicidin S is a cyclic peptide with antimicrobial and hemolytic activities
for both Gram-positive and Gram-negative bacteria.”” Moreover, gramici-
din S is an excellent model for studying the protein p-sheet formation due
to its smaller size and lower degrees of freedom as compared to linear pep-
tides. In their work, the authors measured the gas phase conformation of
singly-charged, protonated and cationized (Cs, K, Li, Na, Rb) gramicidin
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Figure 12.13 Plot of measured collision cross-section versus ion type (protonated,
sodiated, etc.) for all peptides investigated in ref. 89. Data for cyclic
GS shown in red (circles) and data for linear peptides in blue: G1
(filled diamonds), G2 (filled squares), G3 (filled triangles), G4 (x) and
G5 (asterisk). Reproduced from journal of The American Society for
Mass Spectrometry, Ion Mobility Mass Spectrometry Applied to Cyclic
Peptide Analysis: Conformational Preferences of Gramicidin S and
Linear Analogs in the Gas Phase, 15, 2004, 870-878, B. T. Ruotolo, C.
C. Tate and D. H. Russell,* Copyright © 2004 American Society for
Mass Spectrometry. With permission from Springer.

S and its linear analogues, and the collision cross-sections (£2) as a function
of the ionizing alkali metal ion (Figure 12.13). The results illustrated IMS
to be a powerful complementary method to mass spectrometry, for rapid
screening of peptide mixtures in the gas phase.

12.6.6 Quantification

Multiple reaction monitoring (MRM) remains the most widely applied
method for quantitative LC-MS/MS analysis of target compounds in biolog-
ical and environmental samples. However, in reality, the performance of
MRM is often limited by the CID efficiency, due to the low selectivity and sen-
sitivity seen for many compounds.’! Usually, compound derivatization is the
method of choice to overcome this problem. For example, for profiling vita-
min D metabolites, which exhibit very low ionization efficiencies, detection
limits by LC-MS/MS are not sensitive enough for the low abundant metabo-
lites to be assessed at physiological concentrations. Therefore, Cookson-type
reagents are often implemented for derivatization, given an increase in the
response of the factor between 100- and 1000-fold over the non-derivatized
compounds.”** Unfortunately, for other molecules such as cyclic peptides,
suitable derivatization reagents have not yet been described yet. Many cyclic
peptides display poor CID efficiencies, which in turn make the intensities of
product ions for the MRM experiments also too low for sensitive analysis.”
Recently, Fu et al. demonstrated that differential ion mobility spectrometry
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(DMS), which is a variation of IMS, can be successfully used together with
LC-MS/MS for quantitative bioanalysis of cyclic peptides.”® The DMS device
is an add-on to conventional triple quadrupole or QqLIT mass spectrometers
and is located between the ESI source and the MS orifice.”” DMS separates
different ion species by applying an asymmetric electric field and a compen-
sation voltage resulting in increased assay specificity. Pasireotide, a thera-
peutic cyclic peptide for treatment of Cushing's disease, exhibited very poor
CID efficiency in MRM mode. By selecting the most abundant precursor ion
in both quadrupole 1 and quadrupole 3 of the triple quadrupole MS instru-
ment with prior DMS separation, the matrix/chemical background noise was
greatly reduced, and assay sensitivity was enhanced 5-fold as compared to
measurements using the conventional MRM mode (Figure 12.14). This work-
flow can of course be expanded to general quantitative LC-MS analyses of
molecules with poor CID fragmentation efficiency.
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Figure 12.14 A comparison of assay sensitivity after injecting the same pasireotide
human plasma extracts into a LC-quadrupole linear ion trap sys-
tem. (Left) LC-MRM without differential ion mobility spectrometry
(DMS) for concentrations of (a) 0.01, (b) 0.02, and (c) 0.05 ng mL ™.
(Center) LC-multiple ion monitoring (MIM) without DMS. (Right)
LC-DMS-multiple ion monitoring. Reproduced with permission
from ref. 96, Copyright (2016), American Chemical Society.
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12.7 Conclusions

Structural characterization of cyclic peptides by mass spectrometry exhibits
significant challenges. Compared to the other primary structural analytical
technique, that is NMR, mass spectrometry offers direct sequencing of multi-
ple mixture components with much higher sensitivity and speed than NMR.
In this chapter, the principle MS techniques for structural identification of
cyclic peptides were introduced and compared, and selected applications
were shown. Fortunately, past serious problems during structural elucidation
caused by the cyclic peptide structures have been overcome and structures can
be readily identified by application of different mass spectrometry techniques.
The considerable number of cyclic peptides that have been successfully char-
acterized by mass spectrometry during the last 10 years is clear evidence for
the impressive performance of mass spectrometry in cyclic peptide research.
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CHAPTER 13

Experimental and
Computational Approaches
to the Study of Macrocycle
Conformations in Solution
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13.1 Introduction

Macrocycles - in particular, cyclic peptides — have shown remarkable versatility
asligands against challenging therapeutic targets such as protein-protein inter-
actions (PPIs)." Cyclization is an established method for improving potency in
peptides,>™ and cyclization can dramatically improve the proteolytic stability
of peptides.*® As the ability to understand and control physico-chemical prop-
erties in cyclic peptides has increased, so has interest in cyclic peptides as
scaffolds for the design of next-generation therapeutics against undruggable
targets. Designing drugs in this chemical space has some unique challenges.
Properties such as cell permeability and water solubility can be highly depen-
dent on the nature of a cyclic peptide’s conformational ensemble in both
aqueous and membrane-like environments. Therefore, innovations in experi-
mental, computational, and hybrid approaches for the study of cyclic peptide
solution conformations will have a significant impact on this emerging field.
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Table 13.1 Overview of the different methods for structural elucidation, including
pros, cons and the throughput-limiting steps.

Method Pros Cons Limiting Step

Crystallography Gives pre-
cise atomic
coordinates Crystal packing

forces may bias the

structure toward
conformation(s) not
present in solution

Computational Does not requirea Limited confidence in

Provides only a confor- Growth of diffrac-
mational “snapshot”.

tion quality
crystals

Confidence in

physical sample results, sampling energy values
problems for larger and sampling
molecules coverage
NMR Provides conforma- Time-consuming, Spectral acqui-
tions relevant to experimental and sition and
bioactivity and computational processing.
permeability expertise required Depending on
depending on the method,
the solvent. Can conformational
report directly sampling
on flexibility

This chapter provides a general review of current methods available for deter-
mining cyclic peptide conformations in solution, with a primary focus on NMR
and the computational tools most commonly used to interpret the variety of
phenomena that emerge from different NMR methods (Table 13.1).

De novo prediction of cyclic peptide structures remains a significant chal-
lenge. Therefore, to determine reliable solution conformations, some degree
of experimental input is required. NMR is the most widely used method,
and provides solution structures relevant to ADME properties (permeability
and solubility prediction/verification), as well as target binding and bio-
logical activity. NMR provides experimental distance, torsional, and bond
orientation information, which can be checked against independently gen-
erated conformers. Alternatively, NMR-derived information can be used as
restraints in the conformer production process. Since experimentally derived
solution structures require conformational sampling, there is an essential
synergy between experiments and computation in determining the confor-
mational states of macrocycles in solution.

13.2 Overview of Conformation Elucidation
Techniques

13.2.1 X-ray Crystallography

X-ray crystallography is a widely-used technique for solving the structure
of novel natural products, as well as providing atomic resolution protein
structures. While X-ray crystallography provides unambiguous atomic
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coordinates, it can be technically challenging and can require a good deal
of luck in obtaining diffractable crystals. Additionally, the conformation
adopted in a crystal lattice may be only mildly relevant to either the solu-
tion phase conformation(s) or the conformation adopted by the macrocycle
engaged with its target. Crystal packing forces, inter-molecular interactions,
and solvent/salt co-crystals introduce interactions that are different from
those in bulk solvent or when engaged with a binding partner.®” This is espe-
cially true for larger, more flexible, peptidic or polyketide macrocycles, when
compared to small molecules. However, in the rare cases where the target of
the macrocycle is known and is crystallizable, the formation of co-crystals
between the target and the ligand can be extremely informative and provide
structure-guided optimization options. Nonetheless, crystallography is still
used in macrocycle research, especially when crystals are easily or serendip-
itously formed.

13.2.2 Purely Computational Methods

While many methods exist for generating and ranking conformations of
small molecules, some key limitations arise when they are applied to macro-
cycles. The large conformational search space and difficult-to-predict ener-
getic contributions of long-range interactions and ring strain make both
the adequate sampling of the relevant conformational landscape and sub-
sequent energy ranking of macrocycle conformers a particularly challeng-
ing computational task. In particular, predicting the cis-trans equilibrium
in N-methylated,'® Pro-containing’" and peptoid-containing® cyclic peptides
can be challenging. There has been progress on both fronts, however, espe-
cially in recent years. Although computational methods alone will not be
covered in depth in this chapter, they are often the starting point for experi-
mentally derived structure generation and will be discussed in greater depth
in that context.

13.2.3 Hybrid Methods

The most widely used techniques for macrocycle conformation analysis use
a combination of NMR spectroscopy and computational techniques (Figure
13.1). NMR spectroscopy can provide experimental restraints that can limit

General work-flow for NMR conformer elucidation

Integration with

synthesis/isolation aquisistion and geometric computational

Compound : NMR spectral Extraction of
and sample prep assignment restraints

conformer generation
and ranking

Figure 13.1 Flow chart showing the broad steps of NMR structure elucidation.
From acquiring spectra to assignment to pulling out restraints/
constraints.
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the conformational space sampled by the computational methods or to pri-
oritize candidate conformations from unrestrained sampling. Unlike crystal-
lography, NMR does not provide a picture of a molecule’s electron density;
rather, NMR provides relative distance information, via Nuclear Overhauser
Effect correlations (NOEs), relative bond vectors, via residual dipolar cou-
plings (RDCs), and dihedral angles, via 3] correlations. When fed into a
conformational search algorithm, these can exclude many potential confor-
mations leading to more efficient sampling, as well as limiting the number of
conformations that need to be ranked energetically. Additionally, emerging
techniques such as chemical shift prediction have allowed for the genera-
tion of macrocycle conformations without the need for the above-mentioned
restraints by relying solely on the chemical shifts of protons and carbons.
These NMR-based techniques, especially those which include a limited num-
ber of restraints in conformational sampling, will be the focus of this section.

13.3 NMR Assignment and General Considerations
13.3.1 Introduction

Before 3D conformational analysis can take place, the NMR spectrum must
be assigned, that is, peaks must be assigned to their corresponding atoms
in the 2-dimensional structure. For natural products, this is particularly
challenging because the molecular constitution and stereochemical config-
uration are often unknown. This review focuses on NMR assignments for
cases in which the constitution and configuration are known. The reader
is referred to a variety of useful books on the structural analysis of natural
products.”*

13.3.2 General Consideration: Solvent Systems

The first choice to be made in studying a conformation by NMR is the sol-
vent. This choice is constrained both by technical issues, solubility etc., and
by the specific scientific question being asked. High-dielectric solvents such
as DMSO, MeOH, and water are used to model cyclic peptides with respect
to their behavior in a biological context, e.g., in the study of potential bind-
ing modes with respect to their cognate targets. A variety of water suppres-
sion pulse sequences are available as part of most NMR acquisition routines,
allowing the use of non-deuterated water or water-acetonitrile mixtures so
that exchangeable protons can be observed.

In contrast to high-dielectric solvents, which model a compound’s behav-
ior in aqueous solution, low dielectric solvents have been used to model
the behavior of cyclic peptides in the hydrophobic interior of the cell mem-
brane." Since one of the major limitations of cyclic peptides is their often-
low cell permeability, understanding the interplay between conformation
and permeability has inspired the study of cyclic peptide conformations in
low-dielectric media.'®"” Chloroform is commonly used because its dielectric
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constant of ~4 is similar to that proposed for the interior of a phospholipid
bilayer, and chloroform is better at dissolving peptides compared to hydro-
carbon solvents such as benzene or hexane. The chemical shift differences of
NH groups in solvents of differing polarity have been used to identify their
orientation with respect to the solvent, although this approach only works if
the conformation is the same in the two solvents.*

13.3.3 Determining 2D Structure: Primary Sequence

Fortunately, there is a well-developed pipeline for the NMR assignment of
peptides, which has benefited greatly from the field of structural biology.
Along with 'H and "*C spectra, the assignment of side chain protons and
carbons is generally achieved through 2D COSY, TOCSY, and "H-">C HSQC
spectra. Backbone carbonyls are generally assigned with the "H-"*C HMBC
pulse sequence. Connectivities across amide bonds, which are essential for
determining the relative position of amino acids, are also established with
the HMBC pulse sequence.'® In larger peptides and proteins, NOE’s are often
used to determine the relative sequence position of amino acids. This can be
problematic for cyclic peptides, however, since short, through-space interac-
tions can give rise to NOEs that do not represent the primary sequence, but
instead are due to the 3-dimensional fold of the macrocycle. Thus, for cyclic
peptides, NOEs are normally limited to conformational studies, and are not
used in assigning spectra.

Spectral overlap can be a concern, especially with the aliphatic-rich hydro-
phobic peptides that dominate cyclic peptide natural products. Peptides that
contain several repeat or similar residues, such as Ile and Leu, often have sig-
nificant spectral overlap, especially in the aliphatic region of 0.75-2.5 ppm.
Even if 2-dimensional spectra provide a complete assignment of chemical
shifts, spectral overlap can preclude the use of these signals for conforma-
tional analysis. Diastereotopic protons, which can be particularly challenging
in cases of spectral overlap, are normally assigned using a mixture of homo-
and heteronuclear coupling constants. DQF COSY can provide J-couplings in
a 2D NMR experiment and, when combined with rotamer libraries and the
Karplus relation (see below), can simultaneously assign diastereotopic pro-
tons while giving insight into the relative population of rotamer states.' In
the absence of diastereotopic assignments, pseudo-atoms representing the
geometric average of diastereotopic protons can be used when calculating
inter-proton distances.

Much of the tedium associated with making spectral assignments has
been eased by modern software. Commercially available software packages
such as MestreNova allow for the facile assignment of resonances across
multiple NMR spectra to a graphical representation of a chemical structure,
which has greatly increased the robustness and ease of spectral assignment
(Figure 13.2). Additionally, databases such as the BMRB (Biological Magnetic
Resonance Bank) provide chemical shift statistics for common amino acids,
which can provide starting points for the assignment.
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Figure 13.2 Example of the MestreNova assignment software, showing peak cor-
relations across multiple spectra.

13.4 Conformational Information from NMR
13.4.1 Introduction

There are three primary types of information that can be gathered from NMR.
First, J-couplings provide torsional information through the Karplus relation
or derivatives thereof. Second, cross-peak volumes from NOESY and ROESY
spectra provide information on through-space interproton distances. Third
and most recently, residual dipolar couplings (RDCs) report on the relative
orientation of bond vectors in anisotropic NMR samples. These techniques
have all been widely used and validated, and their output can be fed into a
variety of different computational approaches to help determine the solution
conformation of a small molecule or peptide.

13.4.2 3] Correlations

The 3-/ coupling, especially between the Ca and either NH or C protons,
provides torsional restraints, which can be particularly informative in a con-
strained system such as a cyclic peptide. The well-known Karplus relation-
ship® relates a scalar *J coupling, often extracted from a sufficiently resolved
'H spectrum or a "H-'"H DFQ COSY spectrum, to a dihedral angle. Of spe-
cial interest is the vicinal coupling constant between Ho-HN protons, which
is sensitive to the ¢ dihedral angle, for which the equation, as described by
Wang and Bax, is shown in Figure 13.3.>" When using the Karplus relation-
ship to deduce dihedral angles from *J coupling constants, there are a num-
ber notational systems and care must be taken to ensure that the correct
angle and equation form is being used. According to IUPAC, the correct atom
orders are as follows: Phi: CO, 4, N, Ca, CO; and Psi: N, Ca, CO, N;,,.

It is important to mention that a given *J-coupling corresponds to mul-
tiple dihedral angle values, and when J is not at its extreme (high or low),
the presence of other conformations will strongly affect the interpretation.
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Figure 13.3 The Karplus relationship.

Nonetheless, coupling constants have been used as restraints, for example,
in the determination of the solution structure of cyclo[Pro-Pro-Ala-Ala-Ala]
in DMSO using restrained MD.?* This analysis, however, is dependent on
a 3] correlation between an alpha proton and the amide proton, and can-
not be used for N- or a-alkylated residues, such as N-methylated residues or
amino-isobutyric acid, respectively. Furthermore, free rotation about the
peptide backbone will lead to a time-average Ha-HN *J coupling constant of
~6.5-7.5 Hz depending on the residue,* and so care must be taken in using *J
values in this range as dihedral restraints. Like proton-proton *J correlations,
heteronuclear proton-carbon coupling constants can yield conformational
information, and even geminal homonuclear coupling constants can indi-
cate the dihedral angle between the two protons and a neighboring carbonyl
group.”*

13.4.3 Through-space Couplings

Interatomic distances are the primary source of structural information in
most cyclic peptide conformation-elucidation methods. ROESY and NOESY
rely on the Nuclear Overhauser effect, which allows magnetization transfer
between protons in close spatial proximity. The relative efficiency of this
magnetization transfer is related to the distance between nuclei and can be
easily extracted from the 2D NOESY or ROESY spectra as a volume of inte-
gration. The cross-peak volume of a reference proton pair, /.., and the cor-
responding reference distance, r., can be used to calculate a proton-proton
distance of interest, ry, from the following relationship:

1
_ ref
r;j =Tt 6 I
i

Acquisition of NOESY spectra can be problematic for many cyclic peptides
of interest, as the NOESY intensity reaches zero in molecules between 0.5
and 2 kDaatroom temperature. In some cases, lowering the temperature can
give rise to larger NOE cross-peaks and more detailed structural information
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Figure 13.4 A ROESY spectrum of a cyclic hexapeptide containing two conforma-
tions in equilibrium (2:1). The highlighted region shows examples of
peaks due to conformational exchange, TOCSY bleed-through, and
true peaks (symmetric and the opposite sign of the diagonal).

in this regime.”® ROESY spectra, which are independent of a molecule’s cor-
relation time, have robust NOE cross-peaks irrespective of molecular size.
For this reason, ROESY is most often used for cyclic peptides. However,
there are drawbacks to the use of ROESY in conformational analysis. First,
since ROESY relies on the TOCSY spin lock sequence, there is the potential
for TOCSY bleed-through for 3J-coupled protons, resulting in an underes-
timated ROESY signal (Figure 13.4). Additionally, the efficiency of the spin
lock sequence is dependent on the difference between the chemical shift of
the proton being probed and the spin lock frequency. While TOCSY bleed-
through must be avoided by looking for asymmetric peak shapes and focus-
ing on inter-residue correlations, the spin lock effects can be subtracted
mathematically.>®

13.4.4 Establishing Cis-Trans Relationships for 3° Amides

Although the value of w, the dihedral angle across the planar amide bond,
is essentially restricted to two values (0° for cis, and 180° for trans), unlike
¢, there is no proton-proton */ coupling available to report on the o dihe-
dral. This is not usually a problem associated with proteins, as this dihedral
angle is always assumed to be ¢rans for amino acids other than Pro. However,
the w dihedral is becoming increasingly important as N-methyl amino acids,
peptoids, and Pro residues are being recognized as important backbone
modifications for enhancing the permeability of cyclic peptides.'®*”® The
exchange of an amide proton for an aliphatic carbon decreases the difference
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Figure 13.5 Cis/trans orientation determined by NOE cross-peak NMR chemical
shift analysis. Notice that in the trans orientation, the Cp and Cy pro-
tons are so close in chemical shift as to overlap.

in steric strain between the two rotamers and reduces the dipole moment,
which normally restricts amides to the trans geometry (a remarkable excep-
tion is the observation of an unexpected cis-peptide bond in the secondary
amide of a cyclic peptide?®?).>® Accordingly, while 1° amides are almost never
found in the cis position, ~6% of Pro residues exist in the cis position in the
PDB.**?! Establishing the conformation for Pro by NMR is a trivial process
as a number of studies have shown that the difference in *C chemical shifts
between B- and y-carbons robustly reports on the cis/trans orientation of the
Pro N-terminal amide bond. For ¢rans and cis Pro amide bonds, Afy values
of 4.5 + 1.2 and 9.4 + 1.3 ppm have been reported**® (Figure 13.5). However,
natural products such as CSA have inspired macrocycle chemists to include
N-methylation as a backbone modification that can enhance the stability
and permeability of peptides.'®* Unlike Pro, N-methylated residues do not
have a robust chemical shift change associated with the cis vs. trans geome-
try, although this remains to be investigated in detail. Fortunately, when two
amino acids are connected via a cis-amide, their Ha protons are normally
in close proximity. Although not conclusive, a strong Ho-Ha correlation
between adjacent residues often suggests the presence of a cis-amide bond
between them.

In contrast to Pro, the cis-trans disposition of N-alkylated glycines, a.k.a.,
peptoids, are difficult to predict from NOEs as they contain two a-protons and
are more conformationally flexible than Pro. Since the rate of interconver-
sion between cis and trans amides is normally on the scale of milliseconds to
minutes, there are two important considerations. First, MD simulations can-
not efficiently sample the interconversion between cis and trans geometries
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at temperatures relevant to the laboratory. Because of this, cis/trans sampling
must be done via replica exchange or parallel restrained MD runs (discussed
in greater depth below). Second, many cyclic peptides, especially those con-
taining multiple N-alkylated or Pro-residues, may appear as multiple confor-
mations in intermediate or slow exchange on the NMR or chromatographic
time scales. This is well documented for CSA, which adopts a single cis-trans
conformation in a low dielectric environment, but many conformers in slow
exchange in water or other polar solvents.** ¢

13.4.5 Residual Dipolar Couplings (RDCs)

RDCs give information on the relative angles of atom pairs throughout a mol-
ecule. This relatively new NMR experiment relies on the anisotropic orien-
tation of molecules in an NMR magnet to report on the orientation of N-H
or C-H bonds relative to the external magnetic field. Originally relegated to
paramagnetic proteins that spontaneously align in a strong external mag-
netic field,*” and then generalized to biomolecules aligned in phospholipid
bicelles,’® more recently RDCs have been applied to proteins and small mol-
ecules® by performing the NMR experiment in an anisotropic sol-gel matrix
embedded in the NMR tube.*® RDCs provide unique information that is inac-
cessible through traditional NOE- and 3-/-based techniques. While NOEs and
coupling constants report on local structure, RDCs provide relative vectors
for bonds that are widely separated in space. Thus, RDCs are particularly use-
ful for studying spatial relationships among structural domains in large pro-
teins where local restraints are not sufficient to define global structure. RDCs
have also proven useful in cyclic peptide systems, such as the natural product
cyclosporine A (CSA). The incorporation of RDCs not only led to a revision
in the overall shape of the backbone in the original NOE-based chloroform
structure, but also provided insight into the orientation of the prenylated
threonine (Bmt) side chain relative to the backbone conformation.** A com-
bination of RDCs and NOEs was also used to obtain a solution structure of
the somewhat rigid linear peptide efrapeptin C in dichloromethane.*?

13.4.6 Measures of Intramolecular Hydrogen Bonding

Another simple yet powerful application of NMR in the analysis of cyclic pep-
tide conformations derives from its ability to report on the degree of solvent
exposure of exchangeable amide protons. Solvent occlusion of polar groups,
either sterically or via intramolecular hydrogen bonds, can have a significant
impact on physicochemical properties such as solubility and permeability.
This is particularly true for orally bioavailable cyclic peptides such as CSA,
in which the highly polar amide backbone must be sequestered in the mem-
brane environment to achieve permeability. A striking example of this is CSA,
in which all 4 of its non-methylated amide protons are engaged in transannu-
lar hydrogen bonds in both chloroform and in the crystal structure.*> NMR
can be used to probe hydrogen bonding in proteins, small molecules, and
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Figure 13.6 Examples of NMR temperature shift (left) and H-D exchange data
(right), indicating solvent-exposed and solvent-occluded protons.

macrocycles. The two primary methods are temperature shift analysis, which
correlates the temperature dependence of the amide proton’s chemical shift
with its solvent accessibility, and H-D exchange, measured by the titration of
a protonated molecule with a deuterated solvent containing exchangeable
protons.*

13.4.6.1 Temperature Shift Analysis

In water, a protein’s amide NH chemical shifts display a temperature depen-
dence that varies according to the degree of solvent exposure (Figure 13.6,
left). This phenomenon has been attributed to the increased average distance
between hydrogen bonded atoms at higher temperature, causing an upfield
shift for hydrogen bond donors. Protons that are buried and/or involved in
strong local 2° structural interactions show relatively small upfield (i.e., neg-
ative) temperature shifts compared to amides that are solvent-exposed***
(Figure 13.7). For hydrogen-bonding solvents, the temperature shift is greater
for solvent-exposed protons than for internally hydrogen-bonded protons,
because the ordering of the solvent about the exposed NH group is entropi-
cally less favorable than an intramolecular hydrogen bond.? The situation
in non-hydrogen bonding solvents, such as chloroform, is more complex.*
First, intermolecular hydrogen bonding can become a factor for peptides
in low dielectric solvents, requiring that temperature shift experiments be
performed at concentrations below which intermolecular interactions are
observed.*® In addition, a large temperature shift in chloroform indicates
that a proton is weakly hydrogen bonded and becomes less hydrogen bonded
at higher temperature. However, a small temperature shift could either indi-
cate that the proton is involved in a strong intramolecular hydrogen bond
or that it is solvent-exposed in a stable conformation that does not change


http://dx.doi.org/10.1039/9781788010153-00280

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00280

View Online

Experimental and Computational Approaches 291

Chloroform DMSO

Temp. Coeffs.

Temp. Coeffs.

Q
mf

-2.6 HN

B
et

335HN

Jaw

Figure 13.7 Example showing the solvent exposure of protons as measured by TC
analysis, as well as their orientation in a 3D solution structure as elu-
cidated by NMR and MD.

over the temperature range being examined. These data can be useful for cor-
roborating NMR solution structures and for obtaining rough predictions of
permeability for novel cyclic peptide scaffolds,*® although care must be taken
in their interpretation since the rate of cell penetration by carrier-mediated
transport does not correlate with the degree of amide NH exposure.*”

13.4.6.2 H-D Exchange

H-D exchange is historically one of the most commonly used measures of
solvent exposure in proteins and peptides®® (Figure 13.6, right). In a com-
mon version of this experiment, a fully protonated macrocycle is added to an
NMR solvent of interest that does not contain exchangeable protons. After an
initial spectrum is taken, a small amount, typically ~10 eq. or 1-5% v/v, of a
reagent with exchangeable deuterons, such as CD,0D, is added. NMR spec-
tra (either simple 'H 1D or a 2D method such as COSY or 'H-"°N HSQC) are
recorded as a function of time, and signals for solvent-exposed protons will
exchange with deuterium (and therefore decrease in amplitude) as a func-
tion of time, while buried protons will exchange more slowly. H-D exchange
rates of cyclic peptides in non-polar solvents have been shown to correlate
roughly with temperature shift coefficients,*® and both techniques provide
a good qualitative picture of the degree of intramolecular hydrogen bonding
and/or solvent exposure for a given proton.

13.5 Generation of NMR-informed Solution
Conformations
The methods that combine computational and experimental data to generate

a solution conformation of a macrocycle generally fit into two major catego-
ries: those that incorporate NMR data into the generation of conformations
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Figure 13.8 Chart describing various approaches to conformational analysis of
cyclic peptides.

and those that generate conformers independently and use NMR data to
select experimental structures among them (Figure 13.8). The latter methods
rely on the computational efficiency of generating conformations and query-
ing their deviation from experimental constraints; however, much like pro-
teins whose conformational space is much too large to sample exhaustively,
this method becomes significantly more challenging for larger macrocycles,
such as cyclic peptides with greater than 6 amino acids. For macrocycles of
sufficient complexity and flexibility, using NMR restraints to restrict the con-
formational space sampled is currently required, although as computational
sampling and energy calculations become faster and more efficient, this will
certainly change.

13.5.1 Unrestrained Conformation Generation and Sampling

13.5.1.1 Sampling

The goal of unrestrained conformational sampling is to provide a pool of
diverse and energetically relevant conformations with which to compare
NMR-derived distances, dihedral angles, and bond vectors. There are several
computational methods whose goal is to efficiently search the conforma-
tional space in order select from the vast number of possible conformers
a set of potential global energy minima with which to compare experimen-
tal data. Stochastic methods, such as the Monte-Carlo search algorithm* or
variants thereof,’>*' randomly sample a subset of dihedral angles at each step
followed by an energy minimization step, with conformers being selected or
rejected according to some energetic cutoff. These methods provide an effi-
cient way of traversing large energy barriers (e.g., Pro cis—trans isomerization)
to avoid getting stuck in local minima.

In contrast to stochastic methods, molecular dynamics (MD) treats mol-
ecules as multi-body Newtonian objects where random initial velocities
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are applied to each atom and the system is set up to “evolve” deterministi-
cally through time using Newton’s equations of motion. MD is often used
to study conformational dynamics at experimentally relevant temperatures,
but when run at “high temperature” or for a sufficient length of time, can
provide a diverse conformer pool for comparison to NMR data. However,
at high temperatures, instabilities can arise that cause simulations to fail,
while at lower temperatures, MD kinetic trapping may lead to incomplete
sampling of the conformational space. Methods that combine MD and sto-
chastic approaches have emerged that combine the mechanistic relevance
of MD with the sampling power of Monte-Carlo methods. These methods
include replica exchange MD (REMD),’>** multi-canonical MD (MCMD)*
and low-mode MD.*®

A different approach to conformational sampling called “inverse kinematics”
(IK) has been described,***” which capitalizes on the fact that in macrocycles,
cyclization fundamentally limits the degrees of freedom in backbone torsional
space. This effectively reduces the domain of dihedral angles to be sampled,
and allows complex ring topologies to be adequately sampled in cases where
MD leads to kinetic traps. This method has recently been applied to exhaus-
tively sample the backbone conformational landscape of several analogues of
the large macrocyclic natural product thiocillin.*®

13.5.1.2 Energetic Comparisons

The most common implementations of the above methods rely on parame-
terized “force fields”,’*"*" which calculate energy based on molecular geom-
etry to bias conformations towards energy minima. These force fields are
computationally efficient but may be inaccurate, especially for macrocycles,
and in some instances, can be replaced with much more accurate but compu-
tationally expensive methods that rely on Density Functional Theory (DFT).
Additionally, most of these force fields have been parameterized on small
molecules, proteins, and linear peptides, and may not accurately model pep-
tide macrocycle energies, especially for macrocycles that contain unnatural
amino acids. In one study, six commonly used force fields were found to
over-stabilize a-helical and B-sheet backbone geometries in a model cyclic
peptide, and under-weighted less populated regions of the Ramachandran
plot.®® In another example, the CHARMM force field was modified to more
accurately represent energies in the conformational landscape of peptoids.®

13.5.2 Naive Sampling and NMR-best Fit Selection
13.5.2.1 Single Conformer Fitting

The simplest method to generate NMR informed structures is to ask which
conformation from a pool best fits the NMR data. This technique relies on the
ability to compare NOE intensities, 3/ couplings, and RDCs obtained from
NMR experiments to candidate conformations. Since RDC measurements are
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most often incorporated into other techniques that will be discussed further,
this section will consider only NOE and 3/ restraints. This method is the most
accessible as it requires only the software for generating and geometrically
analyzing conformations. This analysis begins with a conformer pool gener-
ated without consideration for the NMR data. This collection of conforma-
tions can then optionally be dereplicated or energetically trimmed, although
the computational ease of comparison between calculated and experimental
values often doesn’t limit the number of conformations used in subsequent
analysis. The list of NMR restraints, which contains atom pair distances and
dihedral angles, is first analyzed across the entire pool of conformations.
Once the table of each conformation’s distances/angles is obtained, it is
compared to the list of values predicted by the NMR experiment. The least
deviant conformation is then chosen as the NMR structure. It is often useful
to inspect a number of the low error conformations to ensure that they have
“converged” on a similar structure, which gives confidence that the NMR
restraints have a single conformeric solution. This technique was recently
used to determine the structure of cyclopropane-containing analogues of the
model system 1NMe3,° as well as the natural product phepropeptin C.%

13.5.2.2 Fitting NMR Data to Conformational Ensembles

Distance geometry (DG) is one of the most commonly used computational
methods for calculating protein structures using NMR data.®®®® In general,
DG is a method for determining the coordinates of a system of points (ie.,
atoms) based on a knowledge of a subset of the distances between those
pairs. To calculate the molecular structure, DG uses upper and lower bounds
for distances between atom pairs based on a combination of simple cova-
lent connectivities (bond lengths and angles) and experimental distance
restraints derived from NOESY/ROESY cross-peaks. Obtaining a conforma-
tional ensemble emerges from an iterative process of solving the DG matrix
graphically followed by energy minimization of the resulting solutions.
This routine is implemented in packages such as XPLOR and XPLOR-NIH
and is well suited for calculating NMR structures of proteins in which there
are many non-sequential NOE cross-peaks for generating useful distance
restraints.

DISCON (Distribution of In Solution CONformations®) is a program that
combines the sampling-first procedure mentioned above with the additional
complexity of fitting conformational ensembles to the NMR data, rather than
trying to fit the data to a single conformer. While short (<7 residue) peptides
often adopt a relatively fixed backbone geometry, especially in low-dielec-
tric solvent, this is often not the case for larger, more flexible structures. To
address this problem, DISCON implements the NAMFIS (NMR Analysis of
Molecular Flexibility In Solution)’® algorithm, which allows ensembles of
conformations to be fitted to the NMR data instead of a single conformation.
DISCON is an open-source program with an intuitive graphical user interface
that has functionality for labeling atoms and monitoring their geometric
relationships.”! These features make DISCON an accessible option for NMR
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solution structure solving, and the program has been used to help elucidate
solution conformations of the macrolide spongistatin,® as well as a number
of cyclic peptides.””””>”?

13.5.2.3 NMR Chemical Shift-based Methods

Chemical shift-based methods can be used to study the solution conforma-
tions of cyclic peptides and other macrocycles, providing a tool that is essen-
tially orthogonal to the classic NOE- and 3] coupling-based restraints used
for most NMR-based methods of structure prediction. Since the chemical
shift of a nucleus is dependent on its local electronic environment, the chem-
ical shifts of all nuclei in a molecule not only inform its 2D chemical struc-
ture, but also contain stereochemical and conformational information. For
a given conformation, DFT methods can (at some computational expense)
calculate the electron density around every nucleus and, after taking solvent
effects into account, can be used to predict their chemical shifts.”

This technique has been used to correctly identify the correct carbon skele-
tons” and stereochemistries’® of terpenoid natural products. In these highly
rigid systems, torsional angles are relatively constrained by the carbon skel-
eton and stereochemistries of the pendant groups, making conformational
sampling unnecessary.”” However, for macrocycles in which the 2D chemical
structure and stereochemistry is known a priori, DFT-derived chemical shifts
can be used to provide conformational information. Recently this technique
was used to confirm the solution conformations of two cyclic peptides.”® In
this study, an initial pool of hundreds of conformers was generated using
Monte-Carlo search methods (using a relatively large energy window of 10
kecal mol ™). This pool was further trimmed using QM energy calculations
at successively higher levels of theory, keeping unique conformers within
an increasingly narrow energy window and optimizing their geometries
using DFT. Finally, chemical shifts were predicted for the ~20 conformers
within 2.5 keal mol ™ of the lowest energy structure, and the predictions were
matched to the experimental NMR chemical shifts to arrive at a solution
conformation.
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CHAPTER 14
Trends in Cyclotide Research

MENG-WEI KAN AND DAVID J. CRAIK*

Institute for Molecular Bioscience, The University of Queensland, Brisbane
QLD 4072, Australia
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14.1 Introduction

Cyclotides® are disulfide-rich peptides from plants that have the unique fea-
tures of a head-to-tail cyclic backbone and a knotted arrangement of three
disulfide conserved bonds. This structural combination forms a motif that
is referred to as the cyclic cystine knot (CCK). Cyclotides are the only known
family of proteins that contain this motif and it makes them particularly
stable against heat or proteolytic breakdown. Because of their stability,
cyclotides have attracted much attention as scaffolds in drug design.** The
term “cyclotide” was first introduced in 1999,” but the history of the field may
be traced to earlier discoveries of a few macrocyclic peptides in the 19705
and 1990s>'"7'® that were later recognized as being part of this fascinating
family of proteins characterized by a CCK motif.?

Figure 14.1 shows the structure of the prototypical cyclotide, kalata B1,
originally discovered in 1970 as the bioactive ingredient in an African utero-
tonic medicine derived from the herb Oldenlandia affinis,® but not structurally
characterized until 1995."* Subsequent studies of other macrocyclic cystine
knotted peptides ultimately led to the definition of the cyclotide family.” It
is estimated that the family might comprise more than 50000 members,"’
although so far only around 300 cyclotides have been sequenced. Cyclotides
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 GLPVCGETCVGGTCNTPGCTCSWPVCTRNA

Figure 14.1 Sequence and structure of the prototypical cyclotide kalata B1 (PDBID:
1NB1), showing the labelling of backbone loops and the cystine knot
motif.

range in size from 28-37 amino acids, with the variations occurring in the
backbone loops (Figure 14.1) between the six conserved Cys residues char-
acteristic of their structures. Extensive data on their sequences, structures
and bioactivities are available in the online database, CyBase (www.cybase.
org.au),"®?° which also covers other classes of cyclic ribosomally synthesized
polypeptides.*'** So far, cyclotides have been reported in species from five
major plant families, namely the Rubiaceae, Violaceae, Cucurbitaceae, Faba-
ceae and Solanaceae families.

Cyclotides have been extensively reviewed and thus here we do not attempt
another detailed review. Instead, the aim of this chapter is to provide a bib-
liographic analysis of the literature in the field. The articles identified and
catalogued here are based on our in-house database of cyclotide literature,
and on a ‘Web of Science’ search in December 2016 for books, chapters, origi-
nal research papers and reviews in which cyclotides are the primary focus.

14.2 Trends in the Growth of the Cyclotide Field

Figure 14.2 shows the number of original research papers on cyclotides pub-
lished each year since 1970, and highlights the growth of the field, which
now comprises 279 original research papers. Key milestones are also indi-
cated on Figure 14.2. For the purpose of analysis, we arbitrarily considered
three periods of cyclotide research. The first comprises papers published
prior to 1997, a period in which some of the initial important discoveries
were made. The second period, covering the decade 1997 to 2006, was one
of significant expansion, and the third period covers the most recent decade
(2007-2016), when the field continued in a growth phase. The average num-
ber of cyclotide-related original research papers published per annum in the
first period was two papers, in the second it was six, and the third period
produced 21 papers per year on average over the decade, leading to a total
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Figure 14.2 Cyclotide-related publications from 1970. Bars are shaded according
to the decades 2007-2016 (light shading), 1997-2006 (hashed shad-
ing), and earlier than 1997 (dark shading). Key milestones are indi-
cated. These include the discovery of kalata B1”# and its structural
characterization,' the definition of the cyclotide family, proof-of-con-
cept of the ability to graft a sequence into a cyclotide framework, and
finally the development of modified cyclotides as orally active drug
leads for pain and multiple sclerosis, with efficacy demonstrated
in animal models of these conditions. Grafted cyclotides have been
made for a range of other diseases, but these two examples are those
where oral activity was reported, compared with delivery via injection.

of 279 original research papers. Additionally, there are 102 reviews focused
principally on cyclotides, leading to a total of 381 cyclotide references that we
cite in this article. Cyclotides are mentioned incidentally in approximately
another 40 papers or reviews, and are the subject of a recent book."

14.3 Categories of Cyclotide Research: an Analysis

We analyzed the primary cyclotide publications, as well as some key reviews,
and divided them into categories of discovery,”'®*71% gene sequences,***®

44-49,64,65,71,80,86,92-95,108-123 analysis 18-20,51,60,73,117,124-140 g1 atiea and folding

b )

29,33,41-45,56-60,108,124,131,134,135,141-210 bioactivity 6,9,23,27,28,30,33,54,70,72,81-84,90,110,113,
)

5,14,

148,166,183,185,188,211-250 biosynthesis’30,44,94,114—121,174,203,251—272 144,204,252,

synthesis,
membrane binding,
cell penetration,*®% and toxicity.
122,126,134,215,231,348 Thege categories are not mutually exclusive, and any given
paper may have been categorized into more than one of these categories. For
example, many of the papers categorized as ‘discovery’, also attract ‘structure’ or
‘bioactivity’ categorization. Our purpose in this analysis is to examine trends

268,270-301 drug design’2—4,165,187,191,201,210,234,253,282,302—346 98,168,

175,183,184,188,193,194,197,217,228,229,245,347-360 58,111,
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in the types of studies on cyclotides undertaken to date, to gain insight into
the way in which the field is evolving and, perhaps, to predict future trends
or areas in need of further study. Hopefully this analysis will also be useful to
give new entrants to the field a comprehensive overview of progress since the
initial discoveries of macrocyclic peptides in plants.

The first conclusion that can be drawn from Figure 14.3 is that most studies
to date have focused on discovery, structure and bioactivities, and that this con-
tinues to be an active area of cyclotide research. Second, studies of the biology
of cyclotides continue to be an active area of research, with much focus recently
on their biosynthesis. Third, over the last decade, there has been a growing
interest in applications of cyclotides. This trend has arisen because of the
capacity to synthesize cyclotides that has developed over the last 15 years, thus
alerting researchers to their potential for drug design purposes. Finally, there
is a developing body of literature on studies of the membrane binding and cell
penetrating properties of cyclotides. These studies have helped to understand
the mechanisms underlying their bioactivity and have provided new opportuni-
ties for their applications as drug delivery scaffolds for intracellular targets. We
now comment briefly on trends within the categories identified in Figure 14.3.

120
Discovery and characterisation
A 02007-2016
100 | 2 o
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Figure 14.3 Analysis of cyclotide publications by topic category. Bars are shaded
according to the decades 2007-2016 (light shading), 1997-2006
(hashed shading) and earlier than 1997 (dark shading). Papers were
categorized by the main topic of the paper, but some papers were
included in multiple categories if they addressed several topics in
depth. The ‘discovery’ category (which includes 98 papers) refers to
peptide-based discovery, with nucleic acid-based sequence discov-
ery included in the ‘gene sequences’ category. Individual topics are
grouped into the fields of ‘discovery and characterization’, ‘biology’,
and ‘applications and mechanisms’, to give readers an idea of the rel-
ative publication records in these broad fields.
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14.3.1 Peptide-based Discovery

‘Discovery’ accounts for the largest proportion of cyclotide papers (99/381 =
26% of published cyclotide research). Most of the early discoveries of
cyclotides were made at the peptide level, by researchers isolating peptides
from plants and characterizing them using a combination of mass spectrom-
etry and NMR spectroscopy (for examples, see ref. 12, 14 and 16). Such studies
led to the first structural characterizations of cyclotides and continue to play
an important role in cyclotide research. Many of these discovery efforts were
made as part of screening studies, but some were made based on ethnobo-
tanical observations.’®’%881% The latter include the detection of anti-HIV
cyclotides in Chinese medicinal herbs, as well as discoveries of the utero-
tonic, antioxidant or antiviral activities of cyclotides. A noteworthy point that
highlights the remarkable stability of cyclotides is that some cyclotides have
been detected in herbarium dried plant specimens more than 50 years old.*

At the time cyclotides were discovered, it was not known whether they were
ribosomally synthesized or whether they were biosynthesized by non-ribosomal
routes, as was known to be the case for the macrocyclic peptide cyclosporin A,
which is well-known for its clinical use as an immunosuppressive agent in trans-
plant medicine. The discovery, in 2001, of genes encoding for cyclotide precur-
sor proteins® not only provided the first insight into cyclotide biosynthesis, but
also opened up new routes to their discovery based on nucleic acid sequencing,
as described in Section 14.3.2. Briefly, their biosynthesis involves the expression
of precursor proteins that contain one or more cyclotide domains, which are
then enzymatically processed to produce mature cyclic peptide(s). The process
appears to be remarkably efficient and most cyclotide-producer plants do not
contain detectable traces of unprocessed (linear) precursors. Recently though,
a range of acyclic cyclotide-like sequences have been reported.*>>7176:80:94,104,117
They have been variously referred to as linear cyclotide derivatives,* uncy-
clotides,” or acyclotides'*'” although we prefer the latter nomenclature. Viola-
cin Awas the first such acyclotide to be reported and structurally characterized.**

Cyclotides have been classified into three subfamilies, referred to as the
Mobius, bracelet and trypsin inhibitor cyclotides. Prototypic members of
each family that have been extensively studied include kalata B1 (Mobius),
cycloviolacin O1 (bracelet) and MCoTI-II (trypsin inhibitor). Approximately
two thirds of natural cyclotides fall into the bracelet category and one third
into the Mobius category, with only a handful of trypsin inhibitor cyclotides
known so far, and all of those occurring in a few species of the Cucurbita-
ceae plant family, most notably in the seeds of the tropical vine Momordica
cochinchinensis. The three subfamilies differ subtly in their sequences and
structures, but all comprise a CCK motif.

14.3.2 Gene-based Discovery and Cyclotide Gene Regulation

With the advent of advanced molecular biology techniques, it has become
easier to rapidly sequence the genomes or transcriptomes of organisms or
tissues and this capability has helped to accelerate the pace of cyclotide
sequence discovery.”® Table 14.1 lists the titles of studies involving nucleic
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Table 14.1 Cyclotide nucleic acid-based discovery (with selected milestone papers

highlighted).

Year

Title

@ Milestone

Ref.

20014

2004

2004

2005

20054

2006

20064

2008

2008

2009

2009

2009

20104

2010

2010

Biosynthesis and insecticidal properties
of plant cyclotides: the cyclic knotted
proteins from Oldenlandia affinis

Conserved structural and sequence
elements implicated in the
processing of gene-encoded
circular proteins

Variations in cyclotide expression in
Viola species

Processing of a 22 kDa precursor pro-
tein to produce the circular protein
tricyclon A

Dissecting defense-related and develop-
mental transcriptional responses of
maize during Ustilago maydis infection
and subsequent tumor formation

Discovery of cyclotide-like protein
sequences in graminaceous crop
plants: ancestral precursors of
circular proteins?

Discovery and characterization of a
linear cyclotide from Viola odorata:
Implications for the processing of
circular proteins

The alpine violet, Viola biflora, is a rich
source of cyclotides with potent
cytotoxicity

Molecular phylogenetic analysis of
Violaceae (Malpighiales) based on
plastid and nuclear DNA sequences

Circular proteins from Melicytus (Vio-
laceae) refine the conserved protein
and gene architecture of cyclotides

A transcriptional profile of metallo-
phyte Viola baoshanensis involved in
general and species-specific
cadmium-defense mechanisms

Two suites of cyclotide precursor genes
from metallophyte V. baoshanensis:
c¢DNA sequence variation, alternative
RNA splicing and potential cyclotide
diversity

Cyclotide proteins and precursors from
the genus Gloeospermum: Filling a
blank spot in the cyclotide map of
Violaceae

Cyclotides are a component of the
innate defence of Oldenlandia affinis

Identification of candidates for
cyclotide biosynthesis and cyclisation
by expressed sequence tag analysis of
Oldenlandia affinis

The first paper to define
cyclotide genes

30

108

109

38

The first paper to examine 110

the up-regulation of
cyclotide-like genes in
response to infection

45

The first paper to report 44

the gene sequence of
an ‘acyclotide’, pro-
viding insights into
biosynthesis

46

47

48

111

112

A paper reporting cyclotide 49

precursors and
processing proteins in
Violaceae plants

113

114

(continued)
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Year

Title

@ Milestone

Ref.

20114

20114

2011

2012

20124

2012

2013

2013

20154

2015

2015

2015

2015

20164

Discovery of an unusual biosynthetic
origin for circular proteins in
legumes

Discovery and characterization of novel
cyclotides originated from chimeric
precursors consisting of albumin-1
chain a and cyclotide domains in the
Fabaceae family

Discovery of a linear cyclotide from
the bracelet subfamily and its
disulfide mapping by top-down
mass spectrometry

Novel cyclotides and uncyclotides
with highly shortened precur-
sors from Chassalia chartacea and
effects of methionine oxidation on
bioactivities

Cyclotides associate with leaf vascula-
ture and are the products of a novel
precursor in Petunia (Solanaceae)

Cyclic peptides arising by evolutionary
parallelism via asparaginyl-endopep-
tidase-mediated biosynthesis

Discovery of linear cyclotides in
monocot plant Panicum laxum
of Poaceae family provides new
insights into evolution and distribu-
tion of cyclotides in plants

Cyclotide discovery in Gentianales
revisited-identification and char-
acterization of cyclic cystine-knot
peptides and their phylogenetic
distribution in Rubiaceae plants

Distribution of circular proteins in
plants: large-scale mapping of
cyclotides in the Violaceae

Molecular cloning and characterization
of a cyclotide gene family in Viola
modesta

Exogenous plant hormones and
cyclotide expression in Viola uligi-
nosa (Violaceae)

Micropropagation of Viola uliginosa
(Violaceae) for endangered species
conservation and for somaclonal
variation-enhanced cyclotide
biosynthesis

Transcriptomic screening for cyclotides
and other cysteine-rich proteins in
the metallophyte Viola baoshanensis

Gene coevolution and regulation lock
cyclic plant defence peptides to their
targets

Two papers reporting
a novel precursor
arrangement for
cyclotide genes in
butterfly pea

The first report of
cyclotides in a
Solanaceae plant

Paper reporting the
detection of cyclotides
in herbarium specimens

Paper making a link
between cyclotide
localization in plants
and function

115

65

71

117

116

80

78

92

120

121

122

123
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acid-based discovery of cyclotides, and gives a flavor of the work done in this
field. This includes discoveries of not only cyclotide precursor sequences***®
18,49,64,71,93,95,108, 111, 12,115.122 [yt the sequences of auxiliary processing enzymes
involved in cyclotide production.''®'1923¢ A gignificant proportion of papers
reporting cyclotide-related nucleic acid sequences initially focused on O. affinis
(Rubiaceae),’®193113:11% the plant in which kalata B1 was originally discov-
ered,® and on several Violaceae species,*”’™49:86:92:93,109,120-122 [t recent stud-
ies have examined a wide range of species in other plant families, including
the tropical vine Momordica cochinchinensis,’* and the legume Clitoria ter-
natea,**''>"1%123 a5 well as petunia plants.'” It is interesting to note that
although sequences encoding acyclotides have been found in species from
both the monocot and dicot plant lineages, no cyclotides (i.e. cyclic peptides)
have yet been found in monocots.

Perhaps the most significant finding to emerge from studies of nucleic
acid sequences encoding cyclotides is that plants have used several alterna-
tive genetic blueprints for cyclotides and hence several strategies for their
production. These include the evolution of dedicated genes specifically for
making cyclotides, as well as alternatively co-opting other pre-existing genes,
most notably albumin genes, to incorporate cyclotide nucleic acid sequences.
The Oak genes from O. affinis provide an example of the former®® and the cli-
otide genes from butterfly pea (Clitoria ternatea) provide an example of the
latter.*»''>123 This genetic diversity suggests that cyclotides arose in different
species via convergent evolution, rather than having a common genetic or
biosynthetic origin in all plant species.

14.3.3 Analysis

We populated this category with papers that involve experimental or computa-
tional approaches to detect or analyze cyclotides in some way (but not including
3D structure determination or membrane binding, which are included in their
own sections below). Table 14.2 contains a list of articles classified as ‘analysis’
and demonstrates that a range of detection approaches, mass spectrometry
analyses and other biophysical techniques have been applied to cyclotides, as
have bioinformatics and database analyses. As far as the latter is concerned,
as noted earlier, much information on cyclotides is contained in CyBase, a
database dedicated to ribosomally synthesized cyclic peptides and circular
proteins. CyBase is freely accessible and was first described in 2006,'® but new
features and analyses were reported in 2008 and 2010.*° CyBase is curated
and regularly updated in the Craik laboratory at the University of Queensland.

The key messages from Table 14.2 are that natural cyclotides are readily
detectable in plants using methods ranging in sophistication from TLC to
mass spectrometry, and that exogenously administered cyclotides can be
detected in a range of biological and environmental samples. The impor-
tance of mass spectrometry in the sequencing and detection of cyclotides
is paramount, and is perhaps the single most important technique for their
analysis. NMR has played a major role in 3D structure determination (see
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Table 14.2  Selection of analytical studies of cyclotides.

Technique Title of published study Ref.
A. Detection in plants and in the environment and SAR” studies
TLC? Application of TLC chemical method to detection of cyclotides in plants 51
Environment Biomedicine in the environment: Sorption of the cyclotide kalata B2 to montmorillonite, goethite and humic acid 129
Quantification Quantification of small cyclic disulfide-rich peptides 130
Extraction Optimization of cyclotide extraction parameters 73
Isolation A comparative study of extraction methods reveals preferred solvents for cystine knot peptide isolation from 133
Momordica cochinchinensis seeds
QSAR‘ Cyclotide structure-activity relationships: Qualitative and quantitative approaches linking cytotoxic and anthel- 134
mintic activity to the clustering of physicochemical forces
Localization =~ Immunolocalization of cyclotides in plant cells, tissues and organ supports their role in host defense 139
Pharmaco- Biodistribution of the cyclotide MCoTI-II, a cyclic disulfide-rich peptide drug scaffold 140
kinetics
B. Mass spectrometry
MALDI Peptide quantification by MALDI mass spectrometry: investigations of the cyclotide kalata B1 in biological fluids 125
MALDI Quantitative analysis of backbone-cyclised peptides in plants 126
LC-MS A new 'era’ for cyclotide sequencing 127
MALDI Elucidating the structure of two cyclotides of Viola tianshanica maxim by MALDI TOF/TOF MS analysis 60
LC-ESI-MS A liquid chromatography-electrospray ionization-mass spectrometry method for quantification of cyclotides in 128
plants avoiding sorption during sample preparation
MALDI Cyclotides associate with leaf vasculature and are the products of a novel precursor in Petunia (Solanaceae) 117
imaging
Pharmaco- Improved method for quantitative analysis of the cyclotide kalata B1 in plasma and brain homogenate 138
kinetics
C. Databases and bioinformatics
Database CyBase: a database of cyclic protein sequence and structure 18
Database CyBase: a database of cyclic protein sequences and structures, with applications in protein discovery and 19

engineering (an update)

0tT¢
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Bioinformatics Analysis and classification of circular proteins in CyBase

Bioinformatics Prediction and characterization of cyclic proteins from sequences in three domains of life

Bioinformatics Two Blast-independent tools, CyPerl and CyExcel, for harvesting hundreds of novel cyclotides and analogues from
plant genomes and protein databases

Nomenclature Nomenclature of homodetic cyclic peptides produced from ribosomal precursors: An IUPAC task group interim
report

D. Biophysical methods’

AUC? A comparison of the self-association behaviour of the plant cyclotides kalata B1 and kalata B2 via analytical
ultracentrifugation

Solution The self-association of the cyclotide kalata B2 in solution is guided by hydrophobic interactions

NMR
PFG* NMR Translational diffusion of cyclic peptides measured using pulsed-field gradient NMR

20
132
136

137

132

131

135

“Structure-activity relationships.

bThin layer chromatography.

‘Quantitative structure-activity relationships.

YAnalytical ultracentrifuge.

‘Pulsed field gradient.

/Biophysical methods associated with 3D structure are covered in Table 14.3 and those associated with membrane binding are covered in Table 14.4.
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Section 14.3.4), as well as in examining the self-association and translational
diffusion of cyclotides.

14.3.4 Structures, Folding and Dynamics

As is clear from Figure 14.3, along with discovery, structure is a very active
topic within the field of cyclotide research, with 89/381 = 23% of cyclotide
papers fitting into this category. NMR is the predominant technique for
determining the 3D structures of cyclotides, but molecular modelling,* neu-
tron diffraction'” and X-ray crystallography'®*** have also been applied for
studying either the structures or intermolecular interactions of cyclotides.
The oxidative folding behavior of cyclotides has also been studied by NMR
and HPLC or LCMS methods,®115%170171 and stable two-disulfide interme-
diates have been identified. Interestingly, the folding pathways for Mobius
and trypsin inhibitor cyclotides both involve a similar two-disulfide inter-
mediate, but differ in their conversion to the final CCK product. In terms of
dynamics, NMR diffusion measurements'®® have provided useful informa-
tion on the molecular dynamics of cyclotides bound to micelles. There have
also been studies on the dynamics of MCoTI-I and MCoTI-II bound to trypsin
using NMR relaxation measurements. %%

The PDB currently contains coordinates for 27 cyclotide-related structures,
which are listed in Table 14.3. Of the PDB-deposited structures, most are of
native cyclotides, but a number of synthetic derivatives have also been char-
acterized, including some artificially linearized in the backbone and some
containing point mutations aimed at exploring structure-activity relation-
ships, along with some grafted cyclotide derivatives. One of the noteworthy
features of cyclotide structures is that they are relatively rigid, which is one of
the features that makes them useful as drug design scaffolds. Given the rigid
CCK structure of cyclotides and the fact that several representative structures
have been determined for each of the three subclasses of cyclotides, it can be
anticipated that in the future, computer-based homology modelling may be
all that is required for generating structural information on new cyclotides.

So far, there is no full 3D structure of a cyclotide precursor protein,
but a recent study suggests that cyclotide precursors are likely to have an
unstructured N-terminal Pro-domain upstream of well-structured cyclotide
domains.””” Some structural information is available on small fragments
of these N-terminal domains, and interestingly, the two examples studied
adopt a helical structure as isolated peptides in solution (see Table 14.3). It
would certainly be of interest to gain more structural information on intact
precursors, especially in the presence of their processing enzymes.

One key structural class missing from the PDB that is of much current
interest in the field of cyclotide research is that of asparaginyl endopeptidase
processing enzymes. The recent development of a recombinant method for
expressing one of these proteins in E. coli'"® should facilitate such studies.
Another sparsely studied area in terms of structure relates to complexes
of cyclotides. The first study of a cyclotide complex was on metal ion binding
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Table 14.3 PDB entries for cyclotide-related three-dimensional structures.?
Name of Year/
peptide Organism PDBID Comment Ref.
Plant-derived native cyclotides
Kalata B1 O. affinis 1KAL®  First structure of a cyclotide ~ 1995
(kB1)
“ “ 1K48 Contains incorrect disulfide ~ 2002'*
paring -not recommended
for use®

“ “ 1JJZ Un-optimized coordinates for 2002

1K48

“ “ 1INB14p Best high resolution structure, 2003 '**

the preferred kB1 structure
for analysis?

“ “ 1ZNU In DPC micelle solution 2006 '
Kalata B2 “ 1PT4 In aqueous solution 2005 '
Kalata B2 “ 2KCH  Micelle-bound structure 2009 '8
Kalata B5 “ 2KUX In aqueous solution, pH study 2010°’
Kalata B7 “ 2JWM  Mn* binding in DPC micelles 2008'"°
Kalata B7 “ 2M90  Solution state structure 201338
Kalata B§ “ 2B38 Solution state structure 2006
Kalata B12 “ 2KVX pH study to probe conserved ~ 2011'%*

Glu
Varv F V. arvensis 3E4H¢ First crystal structure of a 2009 '#
cyclotide
Varv F “ 2K7G Solution state structure 20098
Vhr-1 V. hederacea 1VBS8 In aqueous solution 2004 %
Vhl-1 “ 1ZA8 In aqueous solution 2005%
Vhi-2 “ 2KUK In aqueous solution 20101
Cycloviolacin V. odorata 1INBJ¢  High resolution structure 2003
01
Cycloviolacin “ 2KNM  Inaqueous solution 2009 1%
02
[E6EM¢]CyO2° “ 2KNN  pH study to probe conserved 2009 '*
Glu
Cycloviolacin “ 2GJ0 In aqueous solution 2006
014
Violacin A “ 2FQA¢ First reported ‘acyclotide’ 2006*
Tricyclon A V. tricolor 1YPS8 Extra-long loop 6 cyclotide 2005%
Cter M C. ternatea 2LAM First structure of a Fabaceae ~ 2011'*
cyclotide
Palicourein P condensata  1R1F Extra-long loop 6 cyclotide 2004'%
MCOTI-II M. cochinchin- 11BO4p  First structure of a TI cyclotide 20012
ensis
“ “ 1HA94 Comparison with acyclic 20011
analogues
MCoTI-V “ 2LJS Acyclic MCoTI peptide 2012116
Synthetic cyclotides
[Ala1,15]kB1  Disulfide 1N1U Missing one disulfide bond 2003 !
mutant
[A23-28]kB1  Acyclic 10RX Backbone opened in loop 6 20032
permutant

(continued)
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Table 14.3 (continued)
Name of Year/
peptide Organism PDBID Comment Ref.
[P20DV21K]  Grafted 2F21 Grafted kB1 analogue to test 2006
kB1 cyclotide folding
[W19K, Grafted 2F2] Grafted kB1 analogue to test 2006 '%
P20DV21K] cyclotide folding
kB1
All-D kalata B1 Synthetic 2JUE4p  Mirror image synthetic form  2011'%
cyclotide of kB1
Linear kalata  Acyclic mutant 2KHB Backbone opened in loop 6 201217
B1
[W23WW]kB1 Synthetic 2MN1 Extra Trp residue in loop 5 201435
mutant
[GGG] Synthetic 2MH1  kB1 cyclized using sortase A~ 2014 2%
kB1[GGT] mutant
D/L KalataB1 Racemic 4TTM Racemic kalata B1 2014°%
mixture
[G6AJkalata B1 Synthetic 4TTN Quasi racemic mixture 2014°%%
mutant
[V25A]kalata  Synthetic 4TTO Quasi racemic mixture 201429
B1 mutant
[Y15S]kalata  Synthetic 2MWO  Used to probe cation binding 20163
B7 mutant
[ASSIMCOTI-II Folding 2POS¢p Two-disulfide intermediate 2008
intermediate
MCOTI-II Acyclic mutant 2IT8 Backbone opened in loop 6 201117
linear
MTabl13 Grafted 2MT84p Grafted MCOTI-II analogue 2015%¢
cyclotide designed as a drug lead for
CML
kB1[ghrw; Grafted 2LUR¢ Grafted kalata B1 analogue 2012%*
23-28] cyclotide designed as a drug lead for
obesity
Cyclotide precursor fragments
OaNTR 0. affinis 1WN8  NTR fragment of kalata B3 2004 1%
precursor
VONTR V. odorata 1WN4  NTR fragment of kalata S 2004 1%
precursor
Cyclotide complexes
Trypsin: M. cochinchin- AGUX4p Crystal structure of complex 2013 '
MCoTI-II ensis
Hdm2:MCoTI-I Synthetic 2M864p Hdm2 with anti-tumour 2013°%
cyclotide cyclotide
Kalata B7 0. affinis 2JWM¢ In complex with Mn 200817

“Table includes entries found in the PDB (www.rcsb.org) using a search for the terms
“cyclotide” or “kalata” or “knottin” or “MCoTI”". Milestone or noteworthy structures are indi-

cated with the 4 symbol.

P1KAL, the prototypical structure of a cyclotide was determined before the term ‘cyclotide’ was
introduced, so does not appear using the above search strings in the PDB, but is deposited

there.

°A later study'** showed that the 1K48 structure has an incorrect disulfide connectivity.
“This is the PDB file (1NB1) we recommend as the preferred structure of kalata B1.
‘Cycloviolacin O2 with Glu6 methylated.
'The entry for kalata B7 is duplicated on this line (from earlier in the Table) to reflect that it can
be considered as a complex (with manganese ions).
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to the cyclotide kalata B1.'°® There have been two structures of complexes
between cyclotides and other macromolecules reported, one of the MCoTI-II
trypsin interaction and one of a grafted cyclotide interacting with the oncop-
rotein Hdm2.**” There has also been a study on the dynamics of MCoTI-I
with bound trypsin.’®®'*® As noted above, NMR has been used to study the
structure of cyclotides bound to DPC micelles, used as surrogates for mem-
brane binding.'**'”

14.3.5 Bioactivity

We can broadly divide studies on the biology of cyclotides into studies of bio-
activity and studies of biosynthesis. Studies on the bioactivities of cyclotides
comprise the third largest category by publication numbers (61/381 = 16%)
of all categories in Figure 14.3. The presumed natural function of cyclotides
is as host defense molecules and accordingly many of the bioactivity cate-
gorized papers have involved studies of the insecticidal,*>'**'7®*'” nema-
tocidal,?!®219:223:227:228239 mg|luscicidal,®®® or other cytotoxic bioactivities
of cyclotides.? 8106188215 Of course we cannot exclude the possibility that
cyclotides might have additional or alternative natural functions and this is
an area that warrants further investigation.

Recently, much of the focus of cyclotide bioactivity research has been not
so much on the bioactivities of natural cyclotides, but on the artificial intro-
duction, or grafting, of desired pharmaceutical bioactivities into a cyclotide
framework, as discussed in more detail in Section 14.3.8. Introduced
bioactivities include anti-tumor, analgesic, anti-HIV, anti-obesity and anti-
angiogenic activities, amongst others. We make no further comment here
on this topic, as it has been well covered in recent reviews,?32233:244,333,367

14.3.6 Biosynthesis

Biosynthesis is a very important topic in the field of cyclotide biology. As
noted in Section 14.3.1, cyclotides are ribosomally synthesized by plants via
enzymatic processing from a diverse range of precursor proteins. Some of
these precursors encode just one cyclotide domain, whereas others encode up
to six cyclotide domains, of either the same or different cyclotides. Recently,
some precursors from the Cucurbitaceae plant family have been found to
produce a series of tandem repeats of cyclic peptide domains terminated by
a linear (acyclotide) domain,” demonstrating the versatility of cyclotide pro-
duction and perhaps providing clues as to the evolution of cyclotides.
Research over the last few years has focused on the discovery of enzymes
mediating the biosynthetic pathway by excising cyclotide domains from
their precursors and cyclizing them. In particular, the enzymes butelase''®
and OAEP1'" have been isolated and shown to cyclize cyclotide substrates
in vitro. These asparaginyl endopeptidases recognize conserved Asn or Asp
residues atthe C-terminus of the cyclotide domain in the precursor sequences
and ligate them with the N-terminal residue of the cyclotide domain to form
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loop 6 (Figure 14.1) of mature cyclotides. Precursors that lack the essential
Asn or Asp residue are not able to be cyclized and this is the primary mecha-
nism that leads to acyclotides.***>%%117

Together, the topics of bioactivity and biosynthesis have been the sub-
jeCtS Of 96 paperSG,9,23,27,28,30,33,44,54,70,72,81784,90,94,110,1137115,1177121,148,166,174,183,
185,188,203,211-224,226-272 and 20 reVieWS
262,266,267,270.271 that fit into the topic of the natural ‘biology’ of cyclotides.
In the future, we anticipate that this field will expand and lead to develop-
ments in the ‘synthetic biology’ of cyclotides. The beginnings of this field
are already apparent in studies producing cyclotides in cells using intein-
based approaches®***** and in the in vitro enzymatic cyclization of synthetic
cyclotide precursors.'’®'"® The stable nature of cyclotides, in particular,
makes them amenable to adaptation of their biosynthesis using a range of
chemical or biological approaches.

23,212,216,220,221,224,230,232,233,238,243,244,247,252,261,

14.3.7 Synthesis

As with many peptides or proteins isolated from natural sources, it is use-
ful to have methods of artificially making cyclotides so that their structures,
functions and applications can be systematically studied, and/or they can
be manufactured on a large scale. The main reason for wanting to synthe-
size cyclotides is not that are they are produced in limited amounts natu-
rally, but that some can be difficult to separate and purify given that a single
plant may express dozens to hundreds of similar cyclotides. Additionally,
synthetic approaches allow very specific changes to be made to a peptide to
explore structure-activity relationships. In the case of cyclotides, solid-phase
approaches to their synthesis were developed in the 1990s"**”°7*”> and have
underpinned many applications since then.

Briefly, the main technique used for the solid phase peptide synthesis
of cyclotides involves an adaptation of native chemical ligation, in which
thioester-based chemistry is used to assemble and cyclize the cyclotide
sequences, with disulfide bond formation being the second step in the pro-
cess. As with bioactivity, we do not address this topic here in detail as it has
been well covered in recent reviews.?®>287391:3%% We simply point out that syn-
thesis and drug design of cyclotides go hand in hand, and we have grouped
these topics in Figure 14.3 under the banner of ‘applications’. Together they
account for nearly 100 publications.

14.3.8 Drug Design and Protein Engineering Applications

Drug design is an increasingly important area of cyclotide research, with
56/381 = 15% of cyclotide papers fitting into this category, most of which
were done in the last decade. Many of these studies involve cyclotide graft-
ing. Figure 14.4 highlights the grafting concept, which basically involves
the synthesis of a cyclotide in which a foreign bioactive epitope is inserted,
with the aim of maintaining its biological activity while enhancing its
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Bioactive epitope

Stable cyclotide framework Grafted cyclotide

Figure 14.4 Schematic illustration of the grafting concept for cyclotides. Basically,
a bioactive epitope that may have been discovered in one of a variety
of ways (including screening, computational design, phage display or
derived from a bioactive epitope of a larger protein) is inserted into
one of the loops in the cyclotide framework. In the case illustrated, a
bioactive helix is grafted into loop 6 of kalata B1.

stability. The targets of these ‘designer’ cyclotides include enzymes (both
intracellular and extracellular), cell surface receptors and protein-protein
interactions, highlighting the versatility of the cyclotide scaffold in drug
design. Intracellular targets are currently of particular interest in the phar-
maceutical industry and provide a point of difference between cyclotides
and other protein-based modalities, such as antibodies, which cannot
enter cells.

Although most studies involving grafting so far have focused on pharma-
ceutical applications, it can be anticipated that in future, the grafting concept
is likely to be applied for agrichemical uses, including crop protection agents,
as well as for diagnostic agents and imaging agents. The desirable features
of cyclotides, including stability and plasticity to sequence substitution, by
and large apply equally to these applications as they do to pharmaceuticals.
One possible exception here is that for agrichemical applications, regula-
tory authorities do not favor extreme stability, and some level of digestibility
may need to be engineered into agriculturally directed cyclotides. Overall,
though, cyclotides can be regarded as useful molecular design and protein
engineering frameworks.

14.3.9 Membrane Binding, Cell Penetration and Toxicity

Membrane binding is an increasingly active field of cyclotide research, with
27/381 = 7% of cyclotide papers fitting into this category, again with most
activity in this field having occurred over the last decade. In contrast to
the drug design aspects of cyclotide research described above, membrane
binding studies have focused mainly on native cyclotide sequences. Table
14.4 provides a summary of the key papers in this field and highlights the
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Table 14.4 Membrane binding and cell penetration studies of cyclotides.*

Technique

Title of published report (@pMilestone papers indicated) Yr/Ref.

Membrane binding

SPR?

NMR*

Bioassay
Bioassay

NMR

Electrophys?

NMR

NMR/X-ray

Synthesis/
bioassay

Bioassay

SAR’

Vesicle leakage

SPR

SPR

NMR

SPR/vesicle
leakage

Neutron refl/

and ITC#

NMR/SPR/CM"

MD'

@ Studies on the membrane interactions of the
cyclotides kalata B1 and kalata B6 on model
membrane systems by surface plasmon resonance

Conformation and mode of membrane interaction
of cyclotides - structure of kalata B1 bound to a
dodecylphosphocholine micelle

Mechanism of action of cytotoxic cyclotides:
Cycloviolacin O2 disrupts lipid membranes

Plant cyclotides disrupt epithelial cells in the midgut
of lepidopteran larvae

Divalent cation coordination and mode of membrane
interaction of cyclotides: NMR spatial structure of
ternary complex kalata B7/Mn**/DPC micelle

@ The biological activity of the prototypic cyclotide
kalata B1 is modulated by the formation of multimeric
pores

Despite a conserved cystine knot motif, different
cyclotides have different membrane binding modes

Combined X-ray and NMR analysis of the stability of
the cyclotide cystine knot fold that underpins its
insecticidal activity and use as a drug scaffold

Lysine-scanning mutagenesis reveals a previously
unidentified amendable face of kalata B1 for
optimisation of nematocidal activity

The cyclotide cycloviolacin O2 from Viola odorata has
potent bactericidal activity against Gram-negative
bacteria

Cytotoxic potency of small macrocyclic knot proteins:
Structure-activity studies of native and chemically
modified cyclotides

Cyclotide-membrane interactions: Defining factors of
membrane binding, depletion and disruption

@ Decoding the membrane activity of the cyclotide
kalata B1: The importance of PE phospholipids
and lipid organization on hemolytic and anti-HIV
activities

A synthetic mirror image of kalata B1 reveals that
cyclotide activity is independent of a protein receptor

The role of conserved Glu residue on cyclotide stability
and activity: A structural and functional study of
kalata B12

@ Phosphatidylethanolamine binding is a conserved
feature of cyclotide-membrane interactions

Cyclotides insert into lipid bilayers to form membrane
pores and destabilize the membrane through
hydrophobic and PE-specific interactions

@ Anticancer and toxic properties of cyclotides are
dependent on phosphatidylethanolamine
phospholipid targeting

Defining the membrane disruption mechanism of
kalata B1 via coarse-grained molecular dynamics
simulations

2005347

2006 %8

2007348
20082

2008'7°

200934

200918

20098

2010228

2010%%°

2011188

201131

201132

20111

2011

20123

201217

201435

2014 3%
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Technique Title of published report (@pMilestone papers indicated) Yr/Ref.

MD Dynamic scenario of membrane binding process of 201437
kalata B1

CM Emulsions stabilized by mini eyclic proteins for 2014358

bioactive compound delivery

SPR/bioassay ~ Lysine-rich cyclotides: A new subclass of circular knotted 2015
proteins from Violaceae

Vesicle leakage Selective membrane disruption by the cyclotide kalata ~ 20163%°
B7: Complex ions and essential functional groups in
the phosphatidylethanolamine binding pocket

Cell penetration

CM @ The cyclic cystine knot mini-protein MCoTI-I is 200773
internalized into cells by macropinocytosis

CcM @ ldentification and characterization of a new family 2011362
of cell-penetrating peptides. Cyclic cell-penetrating
peptides

CcM @ Cellular uptake of cyclotide MCoTI-1 follows multiple 201136
endocytic pathways

FC//NMR Structural parameters modulating the cellular uptake 20143

of disulfide-rich cyclic cell-penetrating peptides:
MCOTI-II and SFTI-1

SPR/FC/CM @ The prototypic cyclotide kB1 has a unique mechanism 2015°%
of entering cells

FC Optimization of the cyclotide framework to improve cell 201573
penetration

CM Cellular uptake of a cystine-knot peptide and modulation 2016°%

of its intracellular trafficking

“Table includes papers principally focused on membrane binding or cell penetration of
cyclotides. Noteworthy milestones are indicated with the 4 symbol.

bSPR, surface plasmon resonance.

‘NMR, nuclear magnetic resonance.

“Electrophysiology.

°SAR, structure-activity relationship study.

/Neutron reflectrometry.

8ITC, isothermal calorimetry.

hCM, confocal microscopy.

‘MD, molecular dynamics.

JFC, flow cytometry.

fact that the fundamental studies on understanding cyclotide membrane
binding have helped to explain their natural functions as pesticidal agents.
Furthermore, these studies have underpinned their potential uses as cell
penetrating peptides.

The main finding to emerge from these cyclotide membrane binding stud-
ies is that one specific lipid, phosphatidylethanolamine, PE, is targeted by
many cyclotides of the Mobius and bracelet, but not trypsin inhibitor sub-
families. In particular, a lack of PE binding for a given cyclotide correlates
with a lack of biological activity. Furthermore, the fact that an all-D kalata
B1 binds almost equally to biological membranes as does native kalata B1'%*
supports the idea that there is no chiral protein recognition involved in the
membrane binding process.
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14.4 Reviews

We hope that the above analysis provides a useful summary of trends in
the primary cyclotide literature. In addition to these original contribu-
tions, there have been a large number of articles that have reviewed various

aspects of cyclotides. Overall, there have been 102 reviews on cyclotides'™
20-23,31,34-36,55,56,68,69,74-76,87,89,96,99,146,150,156,160,163,169,170,177,178,189,191,200-202,206,207,212,216,

220,221,224,230,232,233,238,243,244,247,252,261,262,266,267,270,271,280,283-290,298,301,303,304,306,310,311,313,

316,317,319,321,323,330,331,333,337,340,350,353,367-381 that haVe COVered either general or Spe-
cificaspects of cyclotide research, as summarized in Table 14.5. These include
abook devoted to cyclotides," nearly 20 book chapters, and around 80 reviews
in journals. Several specialized areas of cyclotide research have been exten-
sively reviewed, e.g. the discovery of cyclotides?>*?31:3%736:5:56,68,69,74-76,87,89,96,99,220
and research on their bioactivities.23,212,216,220,221,224,230,232,233,238,243,244,247 How-
ever, the analysis in Table 14.5 highlights that there has been little or no
review activity associated with some aspects of cyclotide research, namely
cyclotide gene sequences, cell penetration and toxicity. Cell penetration is a
relatively new aspect of cyclotide research and is currently rapidly evolving.

Table 14.6 provides the titles of selected key reviews, both general and
specific. We have highlighted some recommendations for reviews in specific
topic areas, as well as identifying a few review articles that provide historical
perspectives.

14.5 Conclusions

The number of papers devoted to cyclotide research is on an upward growth
trend and cyclotides continue to be a fruitful area of investigation. They
remain a structurally unique class of molecules, with no other proteins

Table 14.5 Summary of cyclotide review topics.

Topic References or comments
General reviews 21,22,367-374,376-381
Discovery and Discovery 23,31,34-36,55,56,68,69,74-76,87,89,96,99,220
Characteri- Gene sequences Topic not yet reviewed
zation Analysis 20
Structure 56,146,150,156,160,163,169,170,177,178,
189,191,200-202,206,207
Biology Bioactivity 23,212,216,220,221,224,230,232,233,238,243,
244,247
Biosynthesis 252,261,262,266,267,270,271
Applications  Synthesis 252,270,271,280,283-290,298,301
Drug design 2-4,191,201,303,304,306,310,311,313,316,317,

319,321,323,330,331,333,337,340
Mechanisms Membrane binding 350,353,375

Cell penetration Topic not yet reviewed

Toxicity Topic not yet reviewed
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Table 14.6 Selected key reviews on cyclotides. Noteworthy reviews are indicated

with the * symbol.

Year®  Title of published report *Noteworthy Reviews  Ref.
General reviews
2001  Plant cyclotides: Circular, knotted - 369
peptide toxins
2001*  Circular proteins - no end in sight First review on circular 22
proteins
2006  The cyclotide family of circular mini- - 304
proteins: nature's combinatorial
peptide template
2012*  Circular proteins from plants and fungi Comprehensive review 69
on plant-derived
cyclic peptides,
including cyclotides
2014  Chemistry and biology of cyclotides: - 368
Circular plant peptides outside the box
2016*  Advances in botanical research: plant A book of 10 chapters 1
cyclotides covering all aspects
of cyclotide research
Historical overviews/accounts
2000  Oldenlandia affinis (R&S) DC. A plant - 23
containing uteroactive peptides used in
African traditional medicine
2012  The bountiful biological activities of - 367
cyclotides
2013  Joseph Rudinger Award memorial - 377
lecture: Discovery and applications
of cyclotides
Reviews on cyclotide discovery and structures
2004  Discovery, structure and biological - 34
activities of the cyclotides
2004  Squash inhibitors: From structural motifs - 156
to macrocyclic knottins
2007* NMR as a tool for elucidating the struc- Key review on structures 169
tures of circular and knotted proteins of cyclotides
2010  Naturally occurring circular proteins: Dis- - 374
tribution, biosynthesis and evolution
2011 Structure and modelling of knottins, a - 191
promising molecular scaffold for drug
discovery
2016* Discovery, structure, function, and The most recent review 380
applications of cyclotides: Circular on cyclotides
proteins from plants
Reviews on cyclotide bioactivity and biosynthesis
2004*  Anti-HIV cyclotides An early comprehensive 36
review on anti HIV
activity of cyclotides
2009  Circling the enemy: Cyclic proteins in plant - 224
defence
2011  Circular micro-proteins and mechanisms - 262
of cyclization
2013 Cyclotide biosynthesis - 267

(continued)
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Table 14.6 (continued)

Year®  Title of published report *Noteworthy Reviews  Ref.
Reviews on cyclotide synthesis and drug design applications
2010*  Cyclotide synthesis and supply: From A review on plant-cell- 285
plant to bioprocess based production sys-
tems for cyclotides
2010  Biological activities of natural and engi- - 286

neered cyclotides, a novel molecular
scaffold for peptide-based therapeutics

2011*  The chemistry of cyclotides Comprehensive 287
review on cyclotide
chemistry

2011  Cyclotides: A patent review - 319

2013*  Cyclotides as grafting frameworks for Overview of the princi- 4

protein engineering and drug design ples and practise of
applications cyclotide grafting

2016  Synthesis and protein engineering - 301

applications of cyclotides
Reviews on the membrane binding and mechanisms of action of cyclotides

2009  Membrane binding of cyclotides - 350
2012* Importance of the cell membrane on the  Review on the relation- 353
mechanism of action of cyclotides ship between mem-
brane binding and
biological activity
2015  Anincreasing role for phosphatidyleth- - 245

anolamine as a lipid receptor in the
action of host defence peptides

“Noteworthy reviews are indicated with the * symbol.

having both a cyclic backbone and a cystine knot. Discovery of cyclotide pep-
tides accounts for a significant proportion of all cyclotide research, although
we anticipate that in the future there will be a shift towards discovery at the
nucleic acid level, followed by targeted proteomics, rather than front-line
peptide-based discovery. Studies of the structures of cyclotides is a mature
field and computer-based modelling is likely to be more common in the
future for predictions of the 3D structures of newly discovered cyclotides.
The main role for experimental structure determination is likely to be in
studies of cyclotide complexes with their macromolecular targets and/or
membranes, as there are relatively few such studies available at present. The
role of cyclotides in plants and their mechanisms of host defense action are
gradually being delineated, but much remains to be discovered in terms of
understanding their biosynthesis. Also, it is important to note that we can-
not exclude that cyclotides might have additional or alternative natural func-
tions and we encourage further investigation in this area.

The number of papers categorized as ‘applications’ is increasing and in
our opinion, the ultimate value of cyclotides derives from their stability
and tolerance to sequence substitution, thus facilitating their use as scaf-
folds in drug design or in agriculture. Although still a small field (approxi-
mately 30 papers) there have been significant advances in understanding the
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mechanisms of action of cyclotides over the last decade and their potential
applications as cell penetrating peptides is showing great promise. Overall,
cyclotides have proven to be a topologically fascinating class of peptides but
their full potential has probably not yet been realized.
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15.1 Introduction

This chapter sums up the different approaches to harness the promising ther-
apeutic potential of cyclic peptides in drug discovery and proposes a number
of areas which need improvement in order to make cyclic peptides live up
to their full potential as drug candidates. It is clear that improved methods
to rapidly and efficiently synthesize cyclic peptides and modify them are
essential to explore this region of chemical space. A better understanding of
what governs the physicochemical characteristics of this compound class is
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essential to allow the better prediction of the properties of designed cyclic
peptides. With this goes the ability to accurately and reliably predict the
solution and binding conformations of cyclic peptides, as well as theoret-
ical approaches for determining which peptides are likely to cyclize easily,
and which are not. How such compounds bind to their target proteins is
just beginning to be understood and improvements are necessary to allow
the design of cyclic peptides that bind specifically to extended binding sites.
Finally, the ability to utilize biosynthetic machineries from diverse pathways
to create hybrid molecules with desirable characteristics is proposed as a
major target for future investigation.

15.1.1 Advantages of Cyclic Peptides

Cyclic peptides offer great potential as therapeutic agents because of their
target selectivity and activity in nanomolar to picomolar concentrations.
However, issues such as their bioavailability and/or size falling outside of
the desired therapeutic range are often encountered. Cyclic peptides are
robust alternatives to linear peptides that can help overcome several hurdles
in therapeutic development.' Eliminating the charges on the N- and C-ter-
mini through cyclization can improve stability against metabolic enzymes
and confer higher biological membrane permeability, as well as increase
bioavailability.>* Compared to their linear counterparts, cyclic peptides can
engage targets through numerous and spatially distributed binding inter-
actions, thereby having increased binding affinity and selectivity.” What is
more, cyclization considerably reduces the conformational flexibility of the
peptide backbone, allowing control over the size and shape of the ring and
providing an entropic advantage on binding.**”

There are already over 100 cyclic peptide-containing drugs in the clinic or
in late stage clinical trials including the immunosuppressant cyclosporine,
the anti-tumor agent plitidepsin and the antibiotics daptomycin, vancomy-
cin and gramicidin.>*” These naturally-derived or synthetically produced
cyclic peptides are very attractive scaffolds for the pharmaceutical industry
due to their diverse activities, which include, amongst others, antibacterial
potential and the ability to re-sensitize bacteria to previously-used antibi-
otics, as well as anti-tumor and anti-inflammatory properties.>” There is
evidence that cyclic peptides can modulate therapeutic targets that involve
flat and extended binding sites, such as class B GPCRs and protein-protein
interactions (PPIs) (Figure 15.1).>*

Having the pharmacokinetic qualities of small molecules and the
target-binding characteristics of biologics, cyclic peptides have become
widely recognized as a promising class of molecules for novel therapeutics
(Figure 15.1).>*

However, challenges in the synthesis of these compounds on a large scale
and with a sufficient level of purity have significantly contributed to their
under-exploitation. In order to maximize the therapeutic potential of these
cyclic structures and to favor their commercial use, alternative approaches
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Figure 15.1 Cyclic peptides can modulate targets not amenable to small mole-
cules, while still being cheap and offering an oral route of administra-
tion (c.f. biological drugs).

are needed to address and satisfy certain key aspects. Ideal strategies would
involve the use of small reaction volumes, fast reactions with high yields,
and a low risk of intermolecular reactions. Moreover, the final product
should be easy to purify upon completion and obtained in a ready-to-use
form, while the overall processes should be reproducible and easy to scale
up when necessary. While most of these requirements can be attained and
successfully completed through many current chemical and/or biochemical
approaches, method-specific advantages and drawbacks remain with regard
to high-throughput production, compatibility with specific amino acid
sequences and overall cost.”

15.2 Synthetic and Biosynthetic Approaches to
Cyclic Peptides
15.2.1 Synthetic Methods for Cyclization

Various bioactive natural cyclic peptides and analogues, including modified
peptide-based macrocyclic derivatives (e.g. heterocycle-containing cyclic pep-
tides) have been synthetically prepared, with different cyclization methods
highlighted in various reviews.”? > Depending on its functional groups, a pep-
tide can be cyclized in four different ways: head-to-tail, head-to-side chain, side
chain-to-tail or side chain-to-side chain (Figure 15.2). In this section, we give
an overview of the key problems associated with peptide cyclization, focusing
on head-to-tail cyclization of homodetic (all-amide linked) peptides, as simi-
lar problems can be encountered with the other modes of cyclization. Recent
advances in the field will also be highlighted, as well as aspects to be addressed
towards improving the availability and utility of cyclic peptides as drugs.
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Figure 15.2 The four possible ways a peptide can be constrained in a macrocycle.

The chemical methods for cyclic peptide synthesis generally involve prepa-
ration of the required peptide sequence using proteogenic or non-proteo-
genic amino acids (AA), which is often performed on resin, typically followed
by activation of the carboxyl terminal group and subsequent macrocycliza-
tion with a free amino group of the peptide. This last step can be performed
in solution, or on resin via attachment of an AA side chain such as Asp, Glu,
Ser, Thr, Cys, Lys, Tyr, His or Arg.

There are several issues associated with peptide macrocyclization. Firstly,
the carboxyl group needs to be activated by a coupling reagent. Contrary to
the case of Fmoc or Boc-protected a-AAs,™ the activation of peptide acids
and cyclization in the presence of a base will be associated with a high
risk of epimerization, as typically observed in peptide fragment condensa-
tions.' Secondly, the activated peptide must adopt an entropically disfa-
vored pre-cyclization conformation before being able to react. The energy
of this conformation depends on the peptide length and sequence, and o-AA
configuration.’ A too high pre-cyclization conformation energy will lead to
slow cyclization and will result in the generation of a significant number of
side-products, as well as low yields. The side-products are often linear and
cyclic oligomers, which result from intermolecular reactions. This has been
often observed even when performing on-resin cyclization reactions in high
dilution conditions (typically 10 *-10"° M) or with pseudodilution.'>*® More-
over, slow cyclizations are commonly accompanied by significant quantities
of epimerized by-products and impurities associated with the solvents and
coupling reagents used.

The effects of parameters such as the length and sequence of the pep-
tide precursor, the configuration of a-AAs and the method of activation on
the yield of the desired cyclic peptides have been extensively investigated
(Figure 15.3). Constrained small-sized rings (2 to 4 AA residues) and medi-
um-sized rings (5 to 8 AA residues) are generally difficult to prepare in
good yields, unless their sequences include AAs that help induce a B-turn
in the peptide precursor. For instance, the formation of cyclodipeptides (or
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diketopiperazines) can be greatly facilitated by the presence of p-amino
acids or AAs that can adopt a cis-conformation such as glycine, proline and
N-alkylated AAs. Cyclic tripeptides such as cyclotriproline have been suc-
cessfully prepared by on-resin cyclization, but extended formation of cyclic
oligomers is frequently observed with other AAs."”'® Recalcitrant serine- and
threonine-containing cyclic tripeptides and tetrapeptides have also been
obtained in good yields using pseudoproline derivatives of these residues,
enabling the required B-turn conformations to be attained for cyclization."?°
What is more, novel approaches have led to significant advances in the syn-
thesis of natural-like cyclotetrapeptides, as reviewed by De Leon Rodriguez
et al.®* The methods involve the use of pseudoproline residues, microwaves
or solid-phase and ring contraction reactions by rearrangement of amino
ester fragments.

The cyclization of natural and synthetic pentapeptides, hexapeptides and
heptapeptides has been reported to lead to extensive epimerization of the
C-terminal activated residue and/or to the formation of cyclic dimers.?*
Alkali ions such as sodium and caesium ions were shown to effectively assist
the cyclization of pentapeptides and heptapeptides, respectively, suppos-
edly by chelating the amide carbonyl oxygens and therefore templating the
intramolecular reactions.”®*” Meutermans used a ring contraction reaction
involving a removable amino ester linker to produce cyclopentapeptide
cyclo(Ala-Ala-Phe-Leu-Pro), albeit in low overall yield.”® In a more recent
study, a dehydrophenylalanine residue was used in the peptide chain as a
traceless turn-inducer to help cyclization, leading to an impressive 74% yield
under non-diluted conditions. An 1-Phe AA residue was then generated by
Rh-catalyzed hydrogenation, leading to natural product dichotomine E.*
Cyclization of hexapeptides can also be problematic as demonstrated by
the low yield (2%) obtained for H-Phe-Pro-Phe-Pro-Phe-Pro-OH. Interest-
ingly, replacing the first L-Phe residue with D-Phe gave a significantly higher
yield of 57% of cyclohexapeptide.”® In another study, the group of Yudin
exploited the relative weakness of the amide bond at an aziridine residue
in a cyclotetrapeptide to incorporate a dipeptide fragment leading to the
generation of a cyclohexapeptide.*® Moreover, in a systematic study that
compared the cyclization yields for all the possible heptapeptide precursors
of cyclo(Tyr-Gly-Gly-Pro-Phe-Pro-Gly), it was found that small or large
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residues at both termini of the peptides gave low yields of cyclic product.
However, an excellent 88% yield was achieved after 24 h of cyclization using
H-Gly-Tyr-Gly-Gly-Pro-Phe-Pro-OH.**

Although the use of an on-resin pseudodilution strategy has proven suc-
cessful, there have been cases where this technique has led to unsatisfactory
yields. For example, the synthesis of the cytostatic cycloheptapeptide phakel-
listatin-5 via resin attachment to the B-carboxyl group of an Asp residue gave
only 15% yield of cyclic product.’® An elegant on-resin peptide cyclization
was developed by means of the Kenner’s ‘safety-catch’ sulfonamide linker.*?
The technique is particularly useful, as it removes the need to anchor the
side chain of a residue to perform on-resin cyclizations. Impressively, it has
enabled a 192-member library of cyclic decapeptides to be prepared and
tested for antibacterial activity.” The yield of the macrocyclizations, however,
remains relatively modest.

Another important parameter for successful macrocyclization is the choice
of the coupling reagent. For instance, cyclization of the thymopentin analogue
H-Val-Arg-Lys(Ac)-Ala-Val-D-Tyr-OH using benzotriazole-based coupling
reagents gave <25% of product with extensive epimerization of the tyrosine resi-
due, while HAPyU gave 55% yield of the product within 30 minutes with negligi-
ble epimerization. Interestingly, in the case of the cyclization of a thymopentin
analogue from the linear precursor H-Arg-Lys-Asp-Val-Tyr-OH, HAPyU was
also very effective with no epimerization or oligomerization, even at a high
peptide concentration (0.1-0.2 M).** Other studies have highlighted the impor-
tance of this aspect, and parameters such as the solvent and base used, the pres-
ence of racemization suppressants, and the temperature of cyclization.**3>~7

Other strategies have also been investigated, such as the use of thioester
C-terminal groups, in which the cyclization is performed by intramolec-
ular ligation,’®* or assisted by a metal such as silver(1).” Although these
approaches require the installation of a thioester group in the peptide, they
have the advantage of being performed under non-diluted conditions. For
example, a recent study reported the efficient synthesis of a small cyclic RGD
peptide based on a combination of micro-flow technology, triphosgene-
mediated peptide chain elongation and micro-flow photochemical macro-
lactamization. This enabled a more rapid (<5 min) and clean synthesis of the
cyclic peptide.”!

Many larger peptides, usually containing 8 to 15 AA residues, have been
cyclized in modest to good yields. Examples include the synthesis of cyclic
nonapeptide chevalierin C under high dilution,** the antibiotic cyclic deca-
peptide gramicidin S obtained via cyclodimerization,* the immunosuppres-
sant cyclic undecapeptide cyclosporine A and its analogues generated by
solid-phase synthesis** and a library of cyclic pentadecapeptides as B-hair-
pin mimetics synthesized in solution.”® Compared to the smaller peptides
described above, cyclization of large peptides (i.e. up to about 20 AA resi-
dues) may be facilitated through the increased flexibility and stability of the
required pre-cyclization conformation.

In summary, in the past 20 years, major advances have been recorded in the
field of linear peptide synthesis and macrocyclization. These have enabled
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chemists to cyclize peptide sequences of various sizes in modest to excel-
lentyields. One of the major advances has been the development of coupling
reagents and mild coupling methods that minimize the risk of epimerization
of the C-terminal residue over the course of the cyclization. Nevertheless,
effective peptide cyclization is largely contingent on the existence of peptide
sequence features, and reagents that promote it.” As highlighted in Section
15.4, computer modelling methodologies should also help researchers to
select the optimal method of peptide macrocyclization. All these areas of
peptide research are expected to remain very active in the years to come.

15.2.2 Biochemical Methods for Cyclization

In contrast to synthetic methodologies, biochemical approaches do not
require high dilution conditions, specific catalysts or larger scale prepa-
ration of the starting peptide material.”*® Biochemical strategies include
sortase-mediated ligation,”” split-intein circular ligation of peptides and pro-
teins (SICLOPPS)* and enzymatic macrocyclization by biosynthetic enzymes
from both non-ribosomal peptide (NRP) and ribosomally synthesized and
post-translationally modified peptide (RiPP) pathways.* These enzyme-
catalyzed macrocyclizations are alternative systems that present several
advantages over other approaches. They do not require high dilution con-
ditions or large quantities of organic solvent and are unlikely to lead to epi-
merization and oligomerizations, including cyclic oligomer side-products.
Therefore, these biochemical methods can be considered “greener” technol-
ogies than purely chemical synthesis of cyclic peptides.

An LPXTG motif at the C-terminus, along with an oligo-G motif at the
N-terminus, is needed in a peptide sequence for sortase-mediated ligation,
where X is a variable residue. This motif is then incorporated into the result-
ing product.”” SICLOPPS is another very powerful method to produce a large
diverse library in vivo that suits high-throughput screening systems.*®*° It
involves rearranging the order of the elements of the intein, yielding an active
cis-intein (IC:target peptide:IN) and resulting in cyclization of the target pro-
tein/peptide sequence upon splicing (Figure 15.4). The main advantage of
this method is that any target can be incorporated into the SICLOPPS vector,
without limitations on sequence identity by engineering restriction sites into
the C-terminal (IC) and N-terminal inteins (IN)."®*' A disadvantage is that
only the 20 canonical amino acids can be included, which limits the chem-
ical diversity accessible. Although this has been partially addressed by the
use of amber stop-codon suppression, it is still limited to one non-natural
amino acid per peptide.**

Alternative biosynthetic approaches involve the use of cyclization systems
employed in the synthesis of NRPs and RiPPs. Many bioactive cyclic peptides
are produced by template-directed syntheses on large and multi-modular
non-ribosomal peptide synthetases or hybrid polyketide (PKS/NRPS)-based
systems. Cyclization through NRPS-based enzymology is often obtained
through a thioesterase domain and associated modifications include p-amino


http://dx.doi.org/10.1039/9781788010153-00340

Published on 14 December 2017 on http://pubs.rsc.org | d

SH

ZH Target peptide o) w
o . 0
N -
\ﬂvn \:)LH/[“/WWO qb B J HZ » HN O
o~ 2
m ' ' o&“ SH
2 Fusion protein o £ \c
NH, H Active intein
: O
/4 HZ s o)
L o 2

= Lactam Y\N \ﬁy( J\NH \\)’)\( NHZ

Lactone Lariat Thioester

Figure 15.4 The expressed fusion protein folds to form an active intein. An N-to-S acyl shift at the target N-terminal intein junction pro-
duces a thioester, which undergoes transesterification with a side chain nucleophile (serine or cysteine, Z = O or S) at the
C-terminal intein junction to form a lariat intermediate. An asparagine side chain liberates the cyclic product as a lactone,
and a Z-to-N acyl shift generates the thermodynamically favored lactam product in vivo.

2.1mang ay3 03 Yoo v — sap1adad 194D

LVE


http://dx.doi.org/10.1039/9781788010153-00340

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00340

View Online

348 Chapter 15

acids, p-hydroxy amino acids and non-proteinogenic amino acids. Its engi-
neering principles have been developed on surfactin and other similar sys-
tems and efficiently and consistently applied for the production of many
cyclic peptides, such as daptomycin.>®

Ribosomally encoded natural products have proven more tractable to
genetic manipulations than NRPS and hybrid NRPS/PKS-derived com-
pounds, as they are much simpler genetic systems and more amenable to
bioengineering.”® They are encoded as precursor peptides that are matured
by post-translational modification enzymes encoded on the same gene clus-
ter. These enzymes incorporate features such as thiazoles, oxazoles and D-ste-
reocentres to give the modified precursor peptide, which may be cyclized by
means of a ligase or a cyclase.”>*® Macrocyclases from RiPP classes have been
recently identified and used for cyclization of peptides, such as PatG,,,. pro-
duced by the cyanobacterium Prochloron sp.,** butelase-1 from the plant Cli-
toria ternatea,” GmPOPB involved in a-amanitin biosynthesis®**” and PCY1
responsible for the biosynthesis of the plant orbitide segetalin A.>®

PatG,,,., @ macrocyclase from the patellamide biosynthetic pathway, is a
subtilisin-like protease that has been structurally and mechanistically char-
acterized. It recognizes a three-residue signal (AYD) at the C-terminus of the
core sequence, cleaves it off and cyclizes the substrate (Figure 15.5). The
enzyme is highly tolerant to changes in the substrate sequence®” and has
been successfully used to produce a library of patellamide-like cyclic pep-
tides in vitro.*

Butelase-1 is an asparagine/aspartate peptide ligase that is responsible for
the formation of plant cyclic peptide cyclotides.” This enzyme is currently
isolated from the medicinal plant Clitoria ternatea, and was only expressed in
an insoluble form in E. coli, a problem that has halted its wider application
in biotechnology. GmPOPB is a prolyl oligopeptidase involved in o-amanitin
biosynthesis. This enzyme requires the substrate to have a 25-mer at the

(a) Binding (b) Acyl complex formation (c) Adoption of the PCC fold allowing
H N\,\ o formation of a cyclizing peptide bond
2
o\ 2 -5 NH QNH
AYD 0" & N2 ot -
PatG,,,. | AYD 07y, NH,
Phe,q, LYSses iy O~ AYD
His,e LYSsos Ser,g; i I\

Figure 15.5 Cartoon showing a substrate binding with PatG,,,. and the steps of
enzyme-mediated cyclization. (a) The peptide binds to the enzyme
through the recognition signal. (b) PatG,,,. cleaves the recognition
signal and forms an acyl complex with the residue at position P1.
(c) An amide bond is formed and macrocyclization of the peptide is
completed. Reproduced from J. Booth, C.-N. Alexandru-Crivac, K. A.
Rickaby et al., J. Phys. Chem. Lett., 2017, 8, 2310-2315, DOI: 10.1021/
acs.jpclett.7b00848.5" © 2017 American Chemical Society. Published
under the terms of the CC BY 4.0 licence, https://creativecommons.
org/licenses/by/4.0/.
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C-terminus that is cleaved off before cyclization and is not highly tolerant to
variations in substrate sequence.’®”” PCY1 is a member of the S9A family of
serine proteases involved in the biosynthesis of the orbitide segetalin A. The
enzyme requires and cleaves off a 13-mer at the C-terminus of the sequence
to be cyclized.?®

Cyclic peptides are attractive scaffolds with the potential to incorporate
a large number of protein domains of medicinal value, in order to allow for
more efficient delivery. However, despite the success of current synthetic
and biosynthetic approaches used for generating cyclic compounds, there
are still method-specific limitations that need to be addressed. Future devel-
opments, both chemical and biological, should aim for 100% conversion to
the final cyclic products along with reduced costs and time of production.
Furthermore, in order to emphasize an improved utility, novel systems would
need to be able to use traceless macrocyclases and process a broader range of
sequences, including both canonical and non-natural amino acids. Therefore,
the development of practical protocols that mimic the power of Nature's strat-
egies remains paramount for the advancement of novel peptide-based drugs.

15.3 PK/ADMET Properties of Cyclic Peptides
15.3.1 Introduction

The use of bioinformatics tools and the creation of a reliable model is a priority
in the design of new membrane-permeable cyclic peptides. A recent study
conducted by Hewitt et al., based on a library of 1152 cyclic peptides with
diverse backbone geometries inspired by natural products, describes the role
of the side chain orientation and steric factors in determining membrane
permeability. It also highlights how important the combination of bioinfor-
matics with experimental work is in designing and predicting the potential
of synthesized cyclic compounds.®?

Cyclic peptides have surface areas suitable for interacting with so-called
“difficult” drug targets, which typically possess large, flat or groove-shaped
binding sites.®>"® This is highly significant, as it is thought that approxi-
mately half of the exploitable drug targets belong to this class.®® However, the
difficulty in the design of cyclopeptide pharmaceuticals resides in the fact
that these compounds belong to a chemical space of molecules that do not
satisfy the currently accepted Lipinski’s rule-of-5 (Ro5) for orally absorbed
drugs.®”®® Large compounds often suffer from poor pharmacokinetics, such
as low solubility and cell permeability,*® increased efflux and metabolism.

15.3.2 Prediction of PK/ADMET Properties of Cyclic Peptides:
The New ‘Beyond Rule of 5’ Guidelines
A recent study by Villar et al. on a small number of natural macrocycle-pro-

tein complexes was able to define key characteristics of macrocycles.** Based
on this dataset, physicochemical guidelines comparable to Lipinski’s rules”
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are proposed for both orally available and non-orally available macrocycles
(Table 15.1). It is clear that the macrocycle ranges are far larger than those for
conventional drugs, and despite their higher polar surface areas, some are
already orally available. These guidelines need to be verified against larger
datasets and computational studies, which are usually hampered by the dif-
ficulty in reliably predicting the solution structure of macrocycles.

To facilitate the design of macrocycles with drug-like properties, Villar et al.
described several key points that should be tested to verify their assertions
regarding the physicochemical properties (Table 15.2).°* The authors con-
cluded that drug-like macrocycles typically have one or two large substitu-
ents comprising 20-30 heavy atoms, as well as multiple smaller substituents
that bind to the protein. Roughly 1 in 3 ring atoms interact with the protein,
which contributes to ca. 25% of the contact area, suggesting that all regions
of the macrocycle may be of importance to achieve good binding. Secondly,
critical binding interactions are mediated by a single polar heavy atom sub-
stituent, meaning that great attention should be paid to the role of such
atoms in the macrocycle design process. Furthermore, the balance of polar
and non-polar atoms in macrocycles is similar to that for conventional drugs

Table 15.1 Physicochemical guidelines relevant to the design of macrocycles based
on macrocyclic drugs in current clinical use.*

Property Conventional drugs Oral MC drugs Non-oral MC drugs
MW <500 600-1200 600-1300
clogP <5 -2t06 -7to2
PSA <140 A? 180-320 A? 150-500 A2
Number of HBDs <5 <12 <17
Number of HBAs <10 12-16 9-20
Number of rotatable <10 <15 <30
bonds

Table 15.2 Structural guidelines relevant to the design of macrocycles based on
macrocyclic drugs in current clinical use.**

Property Observed range*
Ring size (R) 14-38

Number of substituents 4.4 (3-8)

Large substituents (=5 HA)? 1.9 (1-3)

Small substituents (2-4 HA)” 2.4 (1-6)
Proportion of HA that are in substituents 47% (40-59%)
Number of peripheral groups® 5-12
Polar/nonpolar balance, substituents ~30/70
Polar/nonpolar balance, peripheral groups ~60/40

Degrees of unsaturation in ring ~0.4R-4 (+3)
N:O ratio 0.25:1(0-0.4:1)
Chiral centers 15 (9-18)

“Mean (10-90% range).
PHA (non-hydrogen atoms).
‘Peripheral groups are groups connected to the MC ring that contain only a single HA.
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and the clogP values remain in the same range, whilst the polar surface area
increases with molecular size (Table 15.1).

A second study generated a family of 200 de novo designed non-peptidic
macrocycles to try and understand the structural and conformational deter-
minants of macrocycle cell permeability.”’ This showed that certain func-
tional groups, substituents and molecular properties overwhelmingly affect
the cell permeability. Molecular simulations were used to try and understand
how the structures of these macrocycles affect their physicochemical proper-
ties. It was found that the incorporation of functionalities like primary and
secondary amines, triazoles, urea and sulfonamides lowered the cell per-
meability and/or rapid efflux, whereas groups like phenyl, pyridine, tertiary
amines and isoxazole had a positive effect on the macrocycles’ permeability.
What is more, a combination of some of these groups, like phenyl and ter-
tiary amines, gave a synergistic increase in permeability, while others were
antagonistic (e.g. numbers of oxygens vs. nitrogens in the molecule). It was
also concluded that cellular efflux and passive permeability is inversely pro-
portional to the ring size.

The low diversity of the test set limits the apparent applicability of these
conclusions, one of which is that the extension of the rule-of-5 is possible
for macrocycle space. However, this study emphasized the need for larger
test sets with consistently-measured physicochemical properties and exper-
imentally-derived solution conformations, in order to derive a reliable set of
design parameters for orally and non-orally available macrocycles. This may
suggest that specific design criteria would need to be developed for different
classes of compounds, such as cyclic peptides and other types of macrocycles.

There are several factors involved in the cell permeability of cyclic pep-
tides such as peptide size, cyclization, net charge, lipophilicity, intermolec-
ular hydrogen bonding potential, internal hydrogen bonds, formulation,
solvent accessibility of amide hydrogens and N-methylation. These can have
an effect as a single modification, but can also act in combination. More than
that, orally available cyclic peptides need to overcome additional challenges,
such as acid and enzymatic degradation in the gastrointestinal tract, the loss
of efficacy before reaching the target and entering the cells via passive diffu-
sion and/or active transport.”

Currently, the physicochemical properties and cell permeability of drug
candidates (quantitative-structure-property-relationship or QSPR) can be
calculated via training sets based on properties of known drugs.””’* This
method is therefore limited by the lack of data for macrocycles and cyclic
peptides.®®”® An alternative strategy with promising results is computa-
tional modelling of cyclic peptides’ conformations in low and high dielec-
tric environments.”® As described above, cyclization can improve a drug’s
permeability and stability against enzymatic degradation and increase its
oral availability.”” However, further research is required to establish more
comprehensive and inclusive guidelines towards the design of macrocycles.
Extensive experimental datasets and bioinformatics tools will help to fill the
current gaps and facilitate the prediction and design of highly specific drugs
to target the ‘undruggable’ space.


http://dx.doi.org/10.1039/9781788010153-00340

Published on 14 December 2017 on http://pubs.rsc.org | doi:10.1039/9781788010153-00340

View Online

352 Chapter 15

15.3.3 Backbone Modifications Affecting PK and ADMET

A critical step involved in passive diffusion is the ability to form intra-
molecular hydrogen bonds leading to a reduction of exposed hydrogen
bonds and the polar surface area. Several strategies aiming at masking or
burying polar groups of cyclic peptides have successfully led to increased
membrane permeability and bioavailability (Figure 15.6). These include
the N-methylation of solvent-exposed amide groups,”’®”® while preserving
intramolecularly hydrogen-bonded amide NH groups,'®’®%"8 as well as
the shielding of polar groups by large hydrophobic groups.®>®° There are
several other modifications leading to favorable ADMET properties, such
as manipulating the stereochemistry of the cyclic peptide scaffold in cer-
tain positions, for example through incorporation of y-amino acids as in
didemnin B,*? or p-amino acids.®*** The use of an exocyclic control element
(ECE) contributes to the overall rigidification of the macrocyclic structure
and has been shown to improve the permeability of cyclic peptides with
polar side chains.®
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Figure 15.6 Effect of N-methylation’ (A) and shielding®® (B) on RRCK permeability,
and bioavailability (F). RRCK P,,,: Ralph-Russ canine kidney perme-
ability. Intramolecular hydrogen-bonding is shown as presumed in a

lipophilic environment.
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A study based on somatostatin analogues showed improved permeability
and bioavailability in rats after multiple N-methylations of exposed amides.*
However, a separate systematic study in which cyclohexaalanine was N-meth-
ylated in different combinations recorded contradictory results.*® In certain
cases, N-methylation of solvent exposed amides nullified the permeabil-
ity, while in others N-methylation increased it. It was concluded that while
N-methylation of solvent-exposed NHs can be beneficial, the number and
position of N-methyl groups is not directly correlated with the permeability
of polar as well as non-polar peptides.®

The main drawback of these methods is the generation of cyclopeptides
that are significantly more lipophilic, but less soluble, which could impact
on their oral bioavailability. Hydrophobic compounds, while being more
membrane permeable, are also more rapidly metabolized by cytochrome
P450 enzymes in the liver, leading to rapid blood clearance.”” In contrast,
compounds that are too hydrophilic, such as multiply charged antibacterial
cyclopeptides, will most probably not be orally absorbed and will not reach
blood circulation.”®%8

Remarkable environment-dependent conformational effects have been
observed for thiazole-containing cycloheptapeptide 6, which unexpectedly
displayed both high permeability and high solubility (Figure 15.7).*” NMR
spectroscopy in CDCIl; (non-polar, membrane-like) and DMSO-d; (polar,
water-like) combined with computer-aided conformational analysis of 6
revealed that it exists in a single conformation in CDCl;, where the NH amide
groups are shielded, but in multiple conformations in DMSO-d, where the
NH amide groups are more exposed to the solvent. On the contrary, poorly
soluble analogue 5 was described to exist in similar conformations in non-
polar and polar solvents. The limited number of permeable cyclic peptides
with no N-methylation or intramolecular hydrogen bonds®*® strongly sup-
ports the key role of the conformation in the bioavailability and bioactivity.*

N-H

o 0
O%% O% P
N N
5: Danamide D 6: Danamide D analogue
PAMPA P, = 2.1 x 10 cm/s PAMPA P, = 17 x 10 cm/s
Thermodynamic solubility = 8 uM (PBS, pH 7.4) Thermodynamic solubility = 111 uM (PBS, pH 7.4)

Figure 15.7 Effect of environment-dependent conformations on membrane per-
meability and solubility. PAMPA P.: permeability (P.) in the parallel
artificial membrane permeability assay.
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By analyzing pairs of polar enantiomers using PAMPA (passive cell perme-
ability on artificial membrane) and Caco-2 cell membrane assays, Marelli
et al. could predict human intestinal permeability and investigate the drug
efflux.®® Other examples of peptides using active transport are lysine- or argi-
nine-rich cell-penetrating peptides (CPPs). The guanidinium cationic groups
of Arg seem to be crucial for efficient cell penetration, a role attributed to
their capacity to interact with the polar head of the phospholipids in the
membrane or sulfate groups of the glycosaminoglycans. The CPP pep-
tides are usually described as entering the cells via the endosome. A recent
study, however, demonstrated the influence of the position of the cycliza-
tion and stereochemistry on the cellular uptake of octa- and nona-arginine
derivatives.?*

An alternative approach to improve membrane permeability is the use of
stapled a-helices, in which the side chains that are cyclized are placed on the
same face of the helix in order to stabilize the secondary structure. A number
of these stapled peptides have been reported to have cellular penetration,
likely through an active uptake mechanism.*® Another strategy is the hydro-
gen-bond surrogate (HBS) approach that differs in the attachment of the ole-
fins directly to the backbone. More HBS-stabilized helices were reported with
improved metabolic stability compared to that of non-stabilized controls,
reduced cytotoxicity, effective cell penetration, and/or potent cellular activity
consistent with selective inhibition of their intended targets.*

Overall, significant progress has been made in the understanding and
design of cyclic peptides with enhanced solubility and membrane passive
diffusion, which will, in turn, lead to an increase in the number of orally
absorbed cyclic peptide drugs on the market. Most notably, the discovery of
the properties of chameleon-type macrocycles constitutes a major advance-
ment in the development of drug discovery tools for medicinal chemists.”
One could expect the systematic computer-aided design of cyclic peptides
possessing such properties, whether intrinsically present or intentionally
introduced via customized side chains to create interactions that are benefi-
cial for solubility and cell permeability. Progress in the development of per-
meability and clearance prediction models, whether based on training sets
or new in silico approaches, will undoubtedly help the development of cyclic
peptide drugs. Finally, understanding the mechanisms of active transporter
proteins such as the recently revealed structure of P-glycoprotein® and the
study of solute carrier membrane transport proteins® are among the key
aspects for further tackling the medicinally promising realm of “difficult”
drug targets using macrocycles and cyclic peptides.

15.4 Prediction of Structures of Cyclic Peptides

The three-dimensional structure of a given cyclic peptide directly influences
its physical properties, thus making this a key goal in drug discovery. How-
ever, despite extensive research into how exactly the 3D structure can affect
the properties of macrocycles, the elucidation of 3D structures remains
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non-trivial. NMR can be used to elucidate which atoms are involved in intra-
molecular H-bonding, and circular dichroism is an indispensable technique
for exploring aspects of protein secondary structure, such as o-helices and
B-sheets, which can be embedded into macrocyclic structures;'® however, nei-
ther of these gives an accurate depiction of the global structure of a given cyclic
peptide. While this information can be obtained via the use of X-ray crystal-
lography, it must be remembered that the conformation elucidated using this
technique is representative only of a single conformation that a cyclic pep-
tide can adopt. In reality, the conformational behavior exhibited by the large
majority of cyclic peptides is extremely solvent-dependent and changing this
variable may lead to drastic changes in the overall 3D structure.”

In addition, the aforementioned techniques can only be employed when
there is sufficient physical material with which to work. In the context of the
design process for a given cyclic peptide being targeted for a functional appli-
cation, this is not ideal due to the multitude of features which must be con-
sidered.” For example, it may be advantageous to investigate different types
of cyclization (i.e. head-to-tail, head-to-side chain, disulfide, side chain-to-
side chain) or the incorporation of non-canonical, N-methylated or b-amino
acids; however, experimentally generating, testing, analyzing and comparing
large libraries of what are often synthetically challenging compounds would
be extremely demanding in terms of time and resources. For that reason,
when knowledge of sequence-structure relationships is the intended goal,
computational methods tend to be favored.

Great efforts have been made in the development and validation of computer-
based structural prediction techniques.”®**'%! These methods normally eval-
uate the (free) energy of a certain structure using an effective energy function
(which can be physics-based or knowledge-based) with implicit solvation, in
addition to a conformational search (sometimes with clustering) algorithm
to locate the low-energy minima in a similar fashion to the de novo methods
used for proteins and peptides, such as ROSETTA,'** I-TASSER,'® QUARK
and PepLook'** and Pep-Fold.'” It must be noted that, despite the progress
made regarding the refinement of these techniques, they are still limited.
They often struggle with consistently predicting the experimental structures
of CPs as in the case of a-conotoxin, for which ROSETTA cannot produce a
structure resembling that observed experimentally.'” This can be attributed
to the CPs themselves, which often have distinct conformations separated
by minute differences in free energy.'”” This puts a very high demand on the
accuracy of the energy function.'®® Furthermore, the bioactivity of a CP may
be related to its conformational dynamics, information that is difficult to
obtain without physically realistic conformational sampling.

15.4.1 Conformational Search Algorithms

There are a vast array of different conformational search algorithms from
which to choose, the main difference between each being the mechanism
by which they reduce the dimensionality of the conformational space.”
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Distance geometry methods describe a molecule using distance restraints.
Stochastic search algorithms, such as those utilized by popular software such
as MacroModel and MOE,'"" operate by defining variables that characterize
the system (such as dihedral angles or bond lengths) and then randomly
assigning discrete values to each of these variables, after which the resulting
conformations are scored. Methods such as CAESAR'*® and Omega''’ employ
systematic search algorithms. Here, a variety of likely conformations of indi-
vidual fragments are amassed to build the final structures.

The techniques discussed above are all popular choices for search algo-
rithms used in the generation of cyclic peptide libraries for virtual screening.
However, if low-energy structures are desired, it is often necessary to cou-
ple these with additional software, for example combining kinematic search
algorithms with additional ROSETTA functions.”

Fragment based algorithms for the structure prediction of cyclic peptides
have largely been adapted from those used to predict structures in linear pep-
tide systems.''''*> They function by identifying conformations that individ-
ual residues or specific fragments are likely to adopt before assessing them for
the structural prediction of the sequence in question.®® Some popular pieces
of software that use fragment based algorithms include PepLook,'’> PEPstr-
MOD,'" PEP-FOLD,'"* and I-TASSER.'"® The efficacy with which each of these
programs can model cyclic peptides is highly dependent on the nature of the
cyclic peptide. In order to make the most appropriate selection, factors such
as size, method of cyclization, and the nature of the included residues must
be considered.” As observed in Table 15.3, there are options available for
the modelling of CPs, which include various different cyclization methods,
varying lengths of CP and non-canonical residues. The reliability with which
these structures can be predicted depends on the capability of the confor-
mational search algorithm to generate all plausible structures that could be
adopted, as well as the accuracy of the energetic function.”® Research into
both of these aspects is still being actively conducted.

15.4.2 Molecular Dynamics Simulations

A molecular dynamics simulation involves the numerical integration of New-
ton’s equation of motion to simulate the dynamics of the system. Provided
the run is of sufficient length, it is possible to obtain a Boltzmann-weighted
ensemble. Unfortunately, conventional MD simulations are often limited due
to the tendency to remain kinetically trapped in local free energy minima,
which often remain separated from the global minimum by large free energy
barriers. This is particularly problematic in small cyclic peptides where
coherent changes in dihedral angles over multiple residues are required to
sample a new conformation.

Molecular dynamics has the advantage that water molecules can be dealt
with explicitly."'*'"” It is, however, limited by both the sampling efficiency
and the efficiency of the force field used. Additional limitations of conven-
tional MD simulations arise due the structures of the cyclic molecules: the
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Table 15.3

List of the aforementioned methods and their compatibility in relation to the stated CP properties.

MC Size Methods of Non- canonical
Method Description (no. of residues) cyclization residues
PepLook'®  Iterative Boltzmann-Stochastic algorithm which utilizes ¢ and y; Up to 30 Disulfide, head- Yes
angles derived from the structural alphabet of Etchebest et al. to-tail (via
Generates a series of random peptide conformations before distance
selecting the lowest energy model restraints)
PEP-FOLD- Uses a structural alphabet of 27 motifs derived from the Hidden Mar-  9-25 Disulfide (via No
fold'* kov Model. First determines the letters from the structural alphabet the inclusion
which make up the sequence and then uses a greedy algorithm and of disulfide
coarse grained forcefield to build these into a model potentials)
I-TASSER™® A combination of both threading and ab initio methods. Sequence 10-1500 Disulfide, head- No
is first threaded through a structural library from the PDB using to-tail (via
LOMETS. A global structure is built up by assembling fragments. distance
Unaligned regions are generated using an ab initio approach restraints)
PEPstr- An update on PEPstr that allows a user to introduce modifications/ 7-25 Disulfide, head- Yes
MOD' insertions at chosen positions throughout the structure. The sec- to-tail (via

ondary structure is predicted using PSPIRED and BetaTurns. An
initial structure is generated using the tleap module of AMBER11,
which is then minimized and subjected to a very short MD simu-
lation using AMBER11 or GROMACS to yield the final 3D structure
prediction
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inherent ring strain present in small macrocycles creates large free energy
barriers between the different conformations and larger macrocycles can
have incredibly vast structural ensembles."”''® Both of these issues mean
that sampling the full conformational ensembles can be extremely difficult.
Because of this, there has recently been a great deal of focus on the devel-
opment of a number of advanced sampling techniques which employ paral-
lelization algorithms.””'"*'** Thanks to these, it is now possible to conduct
MD simulations in the microsecond time range with some reports of simula-
tions being run on a millisecond timescale even being reported.'***® One of
the most popular of these methods is replica-exchange molecular dynamics
(REMD), or parallel tampering as it is also known."'*'?*

REMD explores conformational space by using different replicas which are
each simulated at a different temperature in parallel. At regular time inter-
vals, the configurations of these replicas are exchanged using Metropolis
acceptance criteria. Conformational sampling is more efficient at high tem-
peratures. REMD exploits this fact to enhance the sampling of the replicas
in all general degrees of freedom. The technique has previously been used
to model structural ensembles of some cyclic peptides and peptoids.'* ™! It
should be noted that optimal performance of REMD calculations can only be
achieved provided that the overlap in energy space between replicas is suffi-
cient so as to allow adequate exchanges to be accepted. In addition, although
REMD simulations enhance the sampling of conformations, they do so for
all degrees of freedom. In instances where there are large numbers of confor-
mations separated by large free energy barriers, it may be preferable to uti-
lize a method in which the slow degrees of freedom are specifically targeted.

Metadynamics is another well-used method of enhanced sampling that
operates by accelerating rare events.'?> A time-dependent external potential
is applied to the space of a small number of degrees of freedom, known as
collective variables (CVs), to discourage the system from revisiting config-
urations which have already been sampled and making it possible for the
system to quickly escape low energy space and explore conformational space
more rapidly.”’ Bias exchange metadynamics, BE-MetaD, is a variant of meta-
dynamics. BE-MetaD runs several replicas in parallel, in a similar fashion to
REMD, each biased on one of the CVs. Regular exchanges are attempted and
accepted or rejected by a probability generated by a metropolis criterion.

REMD and BE-MetaD have been evaluated and both shown to be able to
reproduce the same conformational distribution of a small cyclic peptide
observed in standard MD simulations but over a much shorter time (1/12
and 1/175 of the time for the respective techniques).'*

15.4.3 Force Fields

Ideally, a good force field should strike a good balance in how it handles dif-
ferent aspects of secondary structure and should demonstrate the ability
to accurately describe thermodynamic properties in addition to kinetic
rates pertaining to relevant biological processes such as protein folding.'*
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This is a non-trivial matter as the parameterization of the majority of force
fields is carried out by fitting quantum chemistry calculations to empiri-
cal data and, as a result, even well-established force fields often have to be
re-parameterized occasionally.”*®"*>*” A number of force fields have been
developed for linear peptide and protein systems, including various iter-
ations of AMBER,"?%13¢7139 GROMOS,"*'*! OPLS'"**'** and CHARMM, 34144
all of which remain popular. However, cyclic peptides cannot be simply
treated in the same manner as linear peptides. For example, the increased
ring strain in smaller cyclic peptides can force them to assume non-ca-
nonical dihedrals which are almost never encountered in the standard
systems for which these force fields were designed and prevents them
from adopting regular secondary structures.”” In addition, great care
should be taken to ensure correct description of the interactions between
cyclic peptides and the solvent. The intramolecular H-bonds induced by
the ring strain present in small CPs can force them to adopt conforma-
tions in which the CONH groups in the backbone are exposed to the sol-
vent. This means that the solvent can play a pivotal role in the resulting
CP structure.

Yu et al. have evaluated how effectively several force fields, which were
designed for linear peptides, could be extended to model cyclic peptide sys-
tems.'* In this NMR based study, it was possible to experimentally identify
only one highly populated conformation, however, computationally, each of
the force fields tested returned numerous conformations with significant
populations. This led the authors to conclude that re-parameterization is
vital in order to achieve accurate modelling of cyclic peptides.

In addition, there has recently been some effort directed towards the
development of force fields capable of handling CP systems,'*® including res-
idue specific force fields, such as RSFF1 and RSFF2 '**'* which have proven
efficient at both folding proteins and at modelling cyclic peptides in molec-
ular dynamics simulations. Interestingly, RSFF2 has also been shown to be
capable of predicting structures of N-methylated CPs (provided there was
experimental information regarding the presence of cis/trans isomers).'*®
It is hoped that this force field could be developed to have the capacity to
describe isomerization, and thus it could be utilized for reliable de novo
structure prediction for cyclic peptides.

15.4.4 Predicting Whether Peptides Will Cyclize

Peptide trajectories have been successfully studied through accelerated
dynamics (AXD), through which reaction coordinates are constrained within
two “boxes” containing the transition states of interest. This simulates an
accelerated rate of reaction, which then requires multiplication by correc-
tion factors. This has often proven to be difficult. Boxed molecular dynam-
ics (BXD) complements AXD as the reaction coordinate is more efficiently
explored by being split into several “boxes”, instead of just two, including
regions that would otherwise be rarely considered. Trajectories are therefore
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run consecutively, generating kinetic rate coefficients for exchange between
neighboring boxes and efficiently mapping the free energy in each state.'*’

The BXD strategy has been successfully applied to simulate the loop forma-
tion dynamics in small peptides, which is the fold adopted to favor non-enzy-
matic peptide cyclization.””® Therefore, this method was also implemented
in predicting cyclizable peptide sequences, as reported by Booth et al. A
computational method using BXD was compared with experimental data
obtained from macrocyclization reactions using PatG,_,. macrocyclase and
an 84% prediction accuracy was reported. A pre-cyclic conformation (PCC)
was observed to be obtained after the macrocyclization signal is cleaved by
the enzyme, which was used to indicate the propensity of a given peptide to
bend onto itself. The BXD system provides both thermodynamic and kinetic
information and its simplicity and speed make it suitable for broad use in
obtaining reliable information on the least and most favorable sequences for
peptide macrocyclization® (Figure 15.8).
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Figure 15.8 A sketch of the BXD method is shown on the left. With conventional
MD, a simulated trajectory (blue line) will not be able to cross large free
energy barriers, so sampling is poor. With BXD, reflecting boundaries
are placed along the reaction coordinate chosen to describe the pro-
cess, splitting the phase space into boxes (n, n + 1, n + 2.--). By restrict-
ing the trajectory within a box for a length of time, and then allowing
it to pass into the next box and restricting it there, the boxes act as a
thermal ratchet and allow free energy barriers to be crossed. On the
right, a plot of the reaction coordinate value against simulation time
from a BXD simulation shows how the trajectory (blue) moves through
the boxes and samples the space. The boxes’ boundaries are shown by
vertical lines. Reproduced from J. Booth, C.-N. Alexandru-Crivac, K. A.
Rickaby et al., J. Phys. Chem. Lett., 2017, 8, 2310-2315, DOI: 10.1021/
acs.jpclett.7b00848.5" © 2017 American Chemical Society. Published
under the terms of the CC BY 4.0 licence, https://creativecommons.
org/licenses/by/4.0/.
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15.4.5 Conclusions

In conclusion, there has been much research effort expended on the devel-
opment of computational techniques for the accurate structure prediction of
cyclic peptides. While great improvements have been, and are continuing to
be made, there is still some way to go to reach a stage where de novo rational
design of cyclic peptides via a computational route can be accomplished,
and it remains a very active field of study. This will require the development
of force fields that can parametrize amino acid residues in the unusual con-
formations sometimes present in cyclic peptides, rapidly and reliably search
the conformational space taking into account solvent effects, and predict
whether any given linear peptide will fold to allow chemical or biosynthetic
macrocyclization.

15.5 Binding of Cyclic Peptides to Targets

Antibodies are well-known for their highly-specific binding to billions of tar-
gets using different sequences and spatial arrangements of the 20 canoni-
cal amino acids that make up their complementarity determining regions
(CDRs). These CDRs are assemblies of conformationally defined loops
that interact with their cognate targets. Similarly, p-hairpins are consid-
ered important recognition motifs for many therapeutically relevant recep-
tors.””'”'3 Large libraries of small molecule ligands have been synthesized
to simulate these structural motifs and interact with the relevant targets."*
Cyclic peptides are considered the prototypical B-turn mimetics which have
the ability constrain pharmacophore elements in different conformations,
giving an additional dimension to the chemical diversity of cyclic peptides.
Therefore, macrocycles may have antibody-like binding specificities, as well
as ‘drug-like’ characteristics. Binding of macrocycles to target proteins can
be categorized into three major binding geometries (Figure 15.9).°* In the
first of these, the structure sits in the receptor binding groove perpendicu-
larly with other side chains interacting near to the active site, with the rest
of the structure exposed to the solvent. It has been found that most large
macrocycles adopt this mode of binding. The remainder of the large mac-
rocycles favor a second type of binding geometry where the macrocycle lies
horizontally (face-on) on the protein surface with one or more big substit-
uents anchored in adjacent binding pockets. The third category is mainly
adopted by small macrocycles, which tend to have a compact globular con-
formation, fitting inside the binding cleft of the target protein. Macrocycle
binding, in physicochemical terms, tends to account for the overall balance
between hydrophobic/hydrophilic groups in the molecule. This was evident
by analyzing the ratio of polar/non-polar groups interacting with a hydro-
phobic binding site (73% non-polar and 27% polar) and it was found to be
identical to the ratio of non-polar/polar atoms constituting the macrocycle, a
characteristic observed in some natural products that can help guide chem-
ists in designing good ligands. Various atoms are involved in ligand-receptor
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Target
binding
geometries

Cyclosporine—Cyclophilin

Pectenotoxin-2—Actin Macbecin-hsp90

Figure 15.9 Binding modes of macrocyclic drugs. This figure illustrates 3 major
binding modes: perpendicular to the protein surface (Cyclosporine-
cyclophilin) and face on to the protein (Pectenotoxin-2-Actin) for large
macrocycles, and a compact globular conformation for smaller mac-
rocycles (Macbecin-hsp90).%*

contacts including c-bonded backbone atoms, peripheral atoms (e.g. methyl,
carbonyl and hydroxyl groups) and larger ring substituents, such as amino
acid side chains. The latter was found to represent 60% of ligand atoms
involved in direct contact with the target protein, while the macrocycle back-
bone and peripheral atoms constitute 38% and 15% of the molecule interact-
ing with the receptor, respectively. This makes cyclic peptides ideal as high
affinity binders given the variety of natural and non-natural amino acid side
groups available and the possible conformations that can be adopted by pep-
tide macrocycles.**

The ability of cyclic peptides to interfere with protein-protein interactions
(PPI) can be exploited effectively in rational design by first identifying the
most critical protein-protein contact points or hotspots. Computational
tools such as ROSETTA can be used to find these by using alanine scans. This
has been very successful with 79% agreement with experimental data.'>**¢
LoopFinder is a powerful tool in searching structural databases to identify
peptide loops involved in PPIs.**

What is critical is the improved finding of hotspots in the extended
binding sites of targets and rational strategies to design macrocycles with
complementary characteristics and desirable drug-like properties. This is
hampered by the difficulty in accurately predicting the solution conforma-
tion of the cyclic peptides (see Section 15.4) and when bound to the target
protein. Computational methods have been utilized effectively to predict the
PPI hotspots as a starting point for drug discovery. One of the powerful tools
in this regard is alanine scanning based on the ROSETTA molecular model-
ling package, in which all residues at the interface of each of the interacting
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proteins is substituted with alanine followed by binding energy calculations
to map the critical loops for PPL.'>> Having determined the active site and the
corresponding interacting loop sequences, the design process then starts by
building analogues of these loops and more importantly their solution con-
formations. Many search algorithms are available to predict the conforma-
tion of such peptides with Monte Carlo conformational searching being the
most appropriate option available.””” The binding of generated conforma-
tions can be scored using various types of docking software, such as GLIDE,
CLICK DOCKING, AADS and AUTODOCK. Although these computational
approaches are good starting points, they need to be tailored to cyclic pep-
tides and supported with experimental data available from natural products
to improve their efficiency.

15.6 Hybrid Systems to Generate Diversity in Cyclic
Peptides

Recent advances in our knowledge of how complex natural products are
biosynthesized has allowed the recruitment of biosynthetic machineries to
synthesize these compounds. Genome and metagenome mining approaches
have identified several biosynthetic gene clusters that remain intractable or
cryptic in their native hosts.”®'* The expression of these clusters in heter-
ologous systems has generated a wide array of novel structures.’® Combi-
natorial biosynthesis is an emerging field that allows the reprogramming of
biosynthetic pathways by mixing and matching genes from known biosyn-
thetic clusters to produce unnatural compounds or to introduce structural
modifications to natural scaffolds.'®* Given the interest from pharmaceuti-
cal companies in exploring the therapeutic potential of cyclic peptides,'®'**
and the challenges encountered in their chemical synthesis, there are con-
certed efforts to harness these biosynthetic machineries. Cyclic peptides
are biosynthesized either via ribosomal or non-ribosomal routes. Although
ribosomal peptides do not incorporate amino acids beyond the canonical 20
proteinogenic amino acids and thus have, in theory, limited structural diver-
sity, they can be extensively post-translationally modified, and these modifi-
cations lead to products with many features resembling the non-ribosomal
peptides.’® It is now evident that many natural macrocyclic peptides incor-
porating diverse modifications are produced by a ribosomal route and are
collectively known as ribosomally synthesized and post-translationally mod-
ified peptides (RiPPs).” The precursor of these compounds is usually a lon-
ger, typically ~20-110 residues in length, linear precursor peptide encoded
by a structural gene that contains the sequence to be processed into the final
product (the core peptide), as well as sequence(s) for recognition and for
directing the processing enzymes. RiPPs offer many advantages when com-
pared to non-ribosomal peptides that make them very attractive for bioengi-
neering. These include: (1) the simplicity of the biosynthetic machinery; (2)
the co-linearity between the structure of the final product and the sequence
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of the core peptide and (3) the distant separation of the sequence to be pro-
cessed from the enzyme recognition sequence. These factors make it pos-
sible to predict the final product structure from the sequence of the gene
cluster'® and allow the application of site-directed mutagenesis to alter the
core peptide and thus the final product without jeopardizing the enzyme-
substrate binding. The latter approach has been successfully used to pro-
duce unnatural cyanobactins,®®'® lantibiotics,'**"*® thiopeptides, >
lasso peptides’! and linear azol(in)e-containing peptides (LAPs).'”> Gener-
ating diversity by introducing variations in the core peptide sequence was
one of the features that enabled the combinatorial biosynthesis of RiPPs.
Other enabling features include the presence of a specific portable short rec-
ognition signal for each processing enzyme, the promiscuous nature of the
processing enzymes and the pathway modularity.'”* Examples of how these
features enabled combinatorial biosynthesis include the recent development
of engineered post-translational modifying enzymes that are fused to their
recognition signals and thus could successfully modify stand-alone core pep-
tides."”*'”” Interestingly, some processing enzymes that don’t require recog-
nition signals outside of the core peptide have also been reported.'”®"’® The
promiscuous nature of the enzymes allowed the generation of cyclic pep-
tides containing unnatural amino acids'’*"*! and non-amino acid chemi-
cal building blocks, e.g. benzyl rings, polyethers and alkyl chains.'®*'®* The
modular nature of the pathways allowed the exchange of genes between dif-
ferent pathways. However, this exchange is still restricted to pathways that
share high sequence similarity and encode compounds from the same class
of RiPPs, e.g. the patellamide and the trunkamide cyanobactin pathways.
Current efforts are focused on exchanging genes from pathways that encode
compounds from different classes of RiPPs. These unnatural compounds
will have hybrid structural features from these different classes. Critical steps
are to engineer a precursor peptide that has the recognition determinants of
these enzymes and to control the timing of processing by each enzyme. The
recent development of engineered enzymes that are fused with their recogni-
tion signals'’*'”® is a great advance and should enable the in vitro generation
of hybrid RiPPs. Another challenge arises from the fact that some of these
post-translational modifications involve the same residue, e.g. cysteine is
involved in the formation of the cyanobactin thiazoline heterocycles and the
lantibiotic lanthionine bridges. An understanding of the kinetics and direc-
tionality of processing by the modifying enzymes could help overcome this
problem. For example, the cyanobactin heterocyclase from the trunkamide
pathway requires a 37-amino acid leader sequence in order to process all cys-
teine residues in the core sequence. In the absence of this leader sequence,
the enzyme can only process the C-terminal cysteine'®* leaving the internal
cysteines available for processing by enzymes from other classes of RiPPs. In
summary, the use of biosynthetic enzymes from different classes of RiPPs
could generate novel compounds with hybrid structural features from these
classes and this represents a new direction to generate diversity in cyclic pep-
tides (Figure 15.10).
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Figure 15.10 Expanding the chemical diversity of RiPPs via incorporation of
hybrid structural features from different classes. RiPP biosynthetic
pathways contain gene(s) encoding the precursor peptide (grey) and
others encoding the tailoring enzymes. Each set of tailoring enzymes
incorporates structural features characteristic to one class of RiPPs.
Making hybrid RiPPs involves the construction of an engineered pre-
cursor peptide (striated yellow) that can be recognized by a cocktail
of enzymes from different biosynthetic pathways.

15.7 Conclusions

This chapter has provided insight into which areas of cyclic peptide research
need further effort to make this compound class of greater utility in the drug
discovery process. It is clear that they show much promise in that they com-
bine the properties of biologics in addressing extended binding sites with
the desirable drug-like characteristics of small molecules. The synthesis of
highly diverse cyclic peptide libraries will need development of both syn-
thetic and biosynthetic strategies, with the optimal strategy likely to adopt
the best elements of both. A clearer understanding of how cyclic peptides
bind to their targets will assist in the design of future generations of cyclic
peptides, which have greater affinity and specificity. Coupled to this is the pre-
diction of the solution conformation and the structural parameters of cyclic
peptides that allow them to cross membranes and adopt biologically rele-
vant conformations. Understanding which modifications improve or worsen
desirable physicochemical properties will permit better design of drug-like
cyclic peptides and lead to the development of a useful set of guidelines for
the design of such compounds. Predicting whether designed peptides can be
cyclized will also prevent much wasted effort. A great deal of research effort is
being extended in all of these areas with solutions to these problems arising
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regularly as a result. Cyclic peptide research is likely to thrive in the next few
years heralding an era in which we can design and rapidly synthesize a cyclic
peptide that binds with high affinity and specificity to its target and has effi-
cacy in the clinic.
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