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Abstract

Macrocyclic compounds such as cyclic peptides have emerged as a new and exciting class of drug
candidates for inhibition of intracellular protein-protein interactions, which are challenging targets
for conventional drug modalities (i.e., small molecules and proteins). Over the past decade, several
complementary technologies have been developed to synthesize macrocycle libraries and screen
them for binding to therapeutically relevant targets. Two different approaches have also been
explored to increase the membrane permeability of cyclic peptides. In this review, we discuss these
methods and their applications in the discovery of macrocyclic compounds against protein-protein
interactions.

Summary Statement

Intracellular protein-protein interactions are challenging targets for conventional small molecules
or biologics. However, recent development of macrocyle synthesis and delivery technologies has
now made it possible to discover cell-permeable and metabolically stable macrocyclic compounds
to effectively inhibit intracellular protein-protein interactions.
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INTRODUCTION

It is estimated that at any given time, a human cell may contain about 130,000 binary
interactions between proteins [1]. Perturbation of any of these protein-protein interactions
(PPIs) may lead to altered cellular behaviour and potentially human diseases. It is thus not
surprising that PPIs have emerged as an exciting class of targets for inhibitor development,
both as research tools for dissecting the complex interaction networks and as therapeutics
against a wide variety of human diseases and conditions [2]. There is also significant interest
in developing chemical entities to enhance PPIs as a means of disease intervention [3],
which will not be the subject of this review.

For convenience, PPIs can be classified into three different classes [4]. The first class of PPIs
involves binding of short peptide motifs in their extended conformation to small protein
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domains, as exemplified by the 120 SH2 domains and 260 PDZ domains in humans [5,6].
The SH2 domains require a phosphotyrosine (pY) for binding, but each recognize a specific
sequence immediately C-terminal to the pY residue [7]. PDZ domains, on the other hand,
bind to specific partner proteins by recognizing the 3-5 residues at their C-termini [8,9]. The
interaction between these protein domains and their peptide ligands resembles in many ways
the binding mode of proteases to their peptide substrates, i.e., the peptide ligand is typically
in the extended B-strand conformation, with the side chains of key ligand residues plugging
into distinct pockets on the protein surface. These PPIs are generally druggable by short
peptides, peptidomimetics, or small molecules, and will not be emphasized in this review.
The second class of PPIs is mediated primarily by structured epitopes, for example a single
a-helix in one of the binding partners. Prominent examples of this class include the
interactions between p53 and MDMZ2 [10], Bcl2 and Bak [11], and estrogen receptor and
coactivator [12]. This type of PPIs can be effectively inhibited by stapled peptides which,
compared to the linear peptide counterparts, have greatly improved binding affinity and
metabolic stability. As demonstrated by the Verdine [13] and Walensky groups [14], stapling
can also result in sequence- and staple-dependent improvements in cell permeability. Indeed,
a stapled peptide against the p53-MDM?2 interaction, ALRN-6924 (Aileron Therapeutics),
has already entered phase I clinical trial [15]. Readers interested in stapled peptides are
directed to two excellent recent reviews [16,17]. Cyclotides, a family of disulphide-rich
cyclic peptides, have been employed as an “ultra-stable™ scaffold, onto which known
binding motifs were grafted. The engineered cyclotides acted as effective PPI inhibitors
against, for example, p53-HdmX [18] and CD2-CD58 interactions [19]. For a
comprehensive coverage on the use of cyclotides in drug discovery, readers are referred to a
recent review by Craik [20]. Finally, the third class of PPIs involve large, flat interfaces
formed by multiple motifs that are distal in the primary structure. These PPI interfaces
usually lack any major binding pocket or structurally well-defined binding motif and are
challenging to target by the conventional drug modalities. This third class is the focus of the
current review.

Because the greater majority of PPIs take place intracellularly, the early efforts of PPI
inhibitor development focused on small molecules, which have the ability to passively
diffuse across the cell membrane and are orally bioavailable. However, it quickly became
clear that PPIs are a challenging class of targets for conventional small molecules [21].
Small molecules excel in binding to large, deep binding pockets, such as those found at the
surfaces of enzymes, G protein-coupled receptors, and ion channels. These binding sites can
partially or completely envelope the small-molecule ligand, thereby generating many points
of contact (and a large binding interface) and high binding affinity. In contrast, the same
small-molecule ligand can only interact with a flat PPI interface on one of its sides and the
two-dimensional interaction results in much fewer points of contact and greatly reduced
binding affinity relative to binding in deep pockets. To compensate for the reduced points of
contact associated with a two-dimensional binding mode, one must increase the size of the
ligand so that its binding surface area matches that of the PPI interface. One way to generate
large binding surfaces is to use another protein such as a monoclonal antibody. In fact,
monoclonal antibodies against PPI targets such as tumour necrosis factor-a (TNFa) (e.g.,
Humira) and programmed cell death protein 1 (e.g. Opdivo) have already become
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blockbuster drugs on the market. Non-immunoglobulin proteins have also been developed as
PPI inhibitors [22]. However, protein drugs generally cannot cross the cell membrane and
can only be used to target extracellular PPIs. Additionally, protein drugs are prone to elicit
immune responses and have high costs of production.

Over the past decade, macrocycles (or large ring-shaped molecules) including cyclic
peptides have emerged as an exciting new modality for inhibition of PPI targets [23,24].
With molecular weights typically in the range of 500-2000 Da, macrocycles are 3-5 times
larger than the conventional small-molecule drugs and structural studies of macrocycle-
protein complexes revealed that macrocycles possess binding surfaces that are similar in size
to those of antibodies and native PPI interfaces [25,26]. The cyclic structures of macrocycles
also resemble the constrained peptide loops in the complementarity-determining regions of
antibodies. Accordingly, macrocycles have demonstrated antibody-like binding affinity and
specificity for challenging targets such as the flat interfaces of PPIs. In the meantime,
macrocycles retain many of the drug-like properties of small molecules such as metabolic
stability and a lack of immunogenicity. However, macrocycles have historically been
underexploited as drugs owing to two formidable technical challenges [27]. First, because of
their cyclic nature, macrocycles are difficult to rationally design by fragment-based,
computational, or other conventional small-molecule drug discovery approaches. Although
the remarkable success of a few macrocyclic natural products (e.g. cyclosporine A) in the
clinic has inspired decades of intense search for additional macrocyclic natural products as
therapeutics [28], many of the naturally occurring macrocycles (or their analogues) are not
suitable as drugs because their structural complexity renders their chemical synthesis
commercially non-viable. Second, many macrocycles, including almost all cyclic peptides,
are impermeable to the cell membrane and, like proteins, cannot access intracellular targets.
Fortunately, several powerful combinatorial library technologies have been developed over
the past 10 years to synthesize and screen large libraries of macrocyclic compounds against
protein targets. Significant advances have also been made in improving the membrane
permeability and oral bioavailability of macrocyclic drugs with analysis of current clinically-
relevant macrocycles and natural products [29, 30]. This review provides a summary of the
key advances in these two areas.

METHODS FOR DISCOVERY OF MACROCYCLIC PPI INHIBITORS

Phage Display Libraries

Originally pioneered by Smith [31], phage display employs peptide sequences expressed as
fusions to virion coat proteins of the M13 phage, an engineered Escherichia coli
bacteriophage, and later other phage types including T4 [32], T7 [33], and A phage [34]. In
brief, foreign DNA sequences derived from digests of specific genes or synthetic DNA
libraries are inserted into the phage genome to code for peptide fusions at the N- or C-
terminus of specific coat proteins. The minor coat protein plll has been the most popular site
for peptide insertion and the resulting recombinant phage maintains infectivity with the
addition of up to ~30 residues. The first-generation phage displayed macrocycle libraries
involved peptides cyclized through a disulphide bond between two cysteine residues
flanking the random peptide sequences (Figure 1A). Screening of such a cyclic peptide
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library by Wells and co-workers resulted in the discovery of a biological probe to elucidate
the binding interface between the antibody Fc fragment and Protein A, a component of the
Staphylococcus aureus cell wall [35]. From a naive library of 4 x 109 cyclic peptides,
multiple rounds of affinity-based panning were performed to isolate two consensus 18-mer
sequences which inhibited the Fc-protein A interaction with an 1Csq value of 5 pM.
Subsequent modifications yielded a 13-residue cyclic peptide (Figure 1C, compound 1; ICsgq
= 25 nM) which was later employed as a probe in competition-based assays to discover
small-molecule inhibitors of the interaction.

A limitation of phage displayed libraries is that generally only proteinogenic amino acids
can be used as building blocks. As such, the resulting cyclic peptides, especially
conformationally flexible large rings, remain susceptible to proteolytic degradation. High
degrees of conformational flexibility also limits the gains in binding affinity and/or
specificity provided by macrocyclization. Further structural rigidification of cyclic peptides
displayed on phage was recently accomplished through the introduction of a small-molecule
scaffold following library expression. By exploiting the unique nucleophilicity of the
cysteine side chain, Winter and Heinis [36] treated a phage display library of the general
sequence C-Xg-C-Xg-C (where X is any of the 20 proteinogenic amino acids) with
tristloromomethyl)benzene, resulting in the formation of ~4 x 109 bicyclic peptides (Figure
1B). Three rounds of affinity-based selection resulted in a potent inhibitor against kallikrein,
exhibiting an I1Csq value of 1.5 nM in an ex vivo intrinsic coagulation assay in human serum.
The validity of bicyclic peptides as PPI inhibitors was demonstrated by Mund and co-
workers who screened a fris(bromomethyl)benzene-constrained bicyclic peptide library
against HECT-type ubiquitin ligases [37]. After multiple rounds of affinity-based selection
and amplification, these investigators discovered a lead macrocyclic peptide (compound 2,
Figure 1C) which inhibited the ubiquitination of Smurf2 HECT domain (ICgq = 2.5 uM).
The excellent specificity of the macrocyclic inhibitor enabled its use as a biological probe in
competition assays for the identification of a small-molecule inhibitor against the same
interaction.

In an attempt to diversify the building blocks of phage display libraries, Schultz and co-
workers introduced unnatural amino acids into phage, by incorporating a nonsense codon
(UAA) into the coding sequence and decoding the amber codon with an engineered tRNA
charged with the desired unnatural amino acid [38]. This technique can in principle
introduce a wide range of unnatural building blocks including pharmacophores into phage
displayed macrocycle libraries, but is limited to only one unnatural building block per
sequence/library. Alternative small-molecule scaffolds, such as 1,3,5-triacryloyl-1,3,5-
triazinane, N,N’,N’~(benzene-1,3,5-triyl)tris(2-bromoacetamide), and N,NV’,N’*-
benzene-1,3,5-triyltrisprop-2-enamide have been employed to generate bicyclic peptides
with different core structures (i.e., flexibility and size) [39,40]. Phage display libraries
containing crown ether-like macrocycles (constructed with A,N*-[1,2-ethanediyl-oxy-2,1-
ethanediyl]bis(2-bromoacetamide)) and photo-switchable azobenzene linkers (e.g., 3,3’-
bis(sulfonato)-4,4’-bis(chloroacetamido)-azobenzene have also been developed by the
Heinis and Derda groups, respectively [41,42].
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MRNA Display Libraries

The desire to generate libraries of greater structural diversity than phage display (which is
limited to ~10° different molecules by the efficiency of bacterial transformation) led to the
development of mMRNA display technology by Roberts and Szostak [43]. In an mRNA
display library, each peptide is covalently linked to its own encoding mRNA sequence, thus
creating a similar genotype-phenotype correlation to that of phage display (Figure 2A). The
size of an mRNA display library is limited by the number of encoding DNA molecules that
can be chemically synthesized in a research laboratory (~1013 different sequences). The
~10,000-fold increase in library size (relative to phage display) allows mRNA display
libraries to exhaustively and redundantly cover the entire sequence space of cyclic peptides
of up to 10 residues. The genotype-phenotype connection is accomplished by chemically
modifying the 3’-end of each mRNA with the antibiotic puromycin; translation of the
modified mRNA results in the formation of an amide bond between puromycin and the
nascent polypeptide chain. The resulting RNA-peptide conjugates can be subjected to
multiple rounds of affinity-based screening, reverse transcription, amplification, and
transcription, allowing the most active compound(s) to be identified. Following isolation of
the desired sequence(s), the mMRNA construct(s) is converted back into DNA via reverse
transcription, amplified using PCR and sequenced. Application of mRNA display libraries
for the discovery of macrocyclic ligands was initially achieved through post-translational
macrocyclization of the peptide sequence. Typically, a bifunctional crosslinker bearing
reactive electrophiles is used to react with the N-terminus and/or the side-chain nucleophiles
of cysteine or lysine residues. For example, Schlippe et al. employed dibromoxylene to
crosslink cysteine side chains via thioether formation (Figure 2B) [44], whereas Millward et
al. used disuccinimidyl glutarate as a general strategy to cyclize between the N-terminus and
a lysine side chain near the C-terminus (Figure 2B) [45]. Because of the large library sizes
and iterative screening capability, ligands of very high binding affinity and specificity have
been identified from mRNA display libraries, often rivalling that of monoclonal antibodies.

Since mRNA display libraries are generated in a cell-free system, their chemical space can
be expanded beyond the canonical amino acid building blocks through reprogramming the
genetic code. Suga and co-workers produced an mRNA display library of natural product-
like macrocycles by using the FIT (Aexible h-vitro 7ranslation) system [46]. FIT operates
through the use of Flexizyme, an artificial ribozyme which efficiently charges tRNA’s with
non-canonical amino acids such as A®-methylated amino acids and amino acids bearing
pharmacophoric side chains [46]. Further work by Iwasaki et al. showed that when the
initiator tRNAMet was charged with an A®-chloroacetyl-amino acid, the resulting peptides
underwent spontaneous cyclization by forming a thioether bond between the N-terminal
chloroacetyl group and a C-terminal cysteine side chain [47]. This macrocyclization method
was found to be very general, having few limitations in the primary sequence composition.
The Suga group later extended the FIT system into the RaPID (~Random non-standard
Peptides htegrated Discovery) system by integrating genetic code reprogramming,
ribosomal synthesis, and mRNA display [48]. The RaPID system allows the synthesis of
very large libraries of natural product-like macrocycles (up to 1012-1014 different
compounds), which can be readily screened for binding to challenging protein targets such
as PPIs. For example, they generated an mRNA display library of ~1012 macrocycles

Biochem J. Author manuscript; available in PMC 2019 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dougherty et al.

Page 6

containing four different N®-methylated amino acids and subjected the library to multiple
rounds of affinity-based screening against ubiquitin ligase E6AP, yielding several inhibitors
with sub-to-low nanomolar Kp values. The most potent peptide (compound 3, Figure 2C)
reduced E6AP-mediated ubiquitination of p53 and Prx1 in a dose-dependent manner [48].

Intein-Based Libraries

Inteins (/rternal proteins) are protein domains that catalyze post-translational protein
splicing, resulting in the ligation of N- and C-terminal flanking sequences (exteins) [49].
Certain inteins, after being split into N- and C-terminal fragments, can reassemble in trans to
form a functional domain that catalyzes the ligation of extein sequences fused to the N- and
C-terminal intein fragments (i.e., frans-splicing) [50]. Benkovic and co-workers exploited
this unique trans-splicing activity to develop the split mtein drcular figation of peptides and
proteins (SICLOPPS) technology, which permits the synthesis and screening of cyclic
peptide libraries inside £. colicells (Figure 3A) [51]. The diversity of SICLOPPS libraries is
limited by the bacterial transformation efficiency, to ~10° members. Whereas other
macrocycle libraries can only be screened for binding to protein targets, SICLOPPS libraries
are screened phenotypically, e.g., inhibition of intracellular enzyme activities. When
integrated with the two-hybrid system, SICLOPPS libraries have been screened for
inhibition of intracellular PPIs. For example, Horswill et al. screened ~108 cyclic peptides
and identified eight low UM inhibitors that blocked the dimerization of ribonucleotide
reductase in an ELISA assay (e.g. compound 4, Figure 3B) [53]. Tavassoli and Benkovic
also discovered low uM cyclohexapeptide inhibitors against the homodimerization of
aminoimidazole-4-carboamide ribonucleotide transformylase (compound 5, Figure 3B) [54].
Non-canonical amino acids (e.g., 4-benzoylphenylalanine) have been introduced into intein-
based libraries through expansion of the genetic code, resulting in the discovery of cyclic
peptidyl inhibitors against the HIV protease (compound 6, Figure 3B) [55]. More recently,
the intein-based method has been extended to produce and screen macrocycle libraries inside
mammalian cells. By adapting the dnaE split inteins previously developed for the bacterial
system, Kinsella et al. transfected human B cells with retroviral vectors harbouring ~10°
sequences and screened the resulting cyclic peptide library for inhibition of IL-4 signaling.
The active hits reduced IL-4 induced transcription of the germ line e gene [56]. Tavassoli
and colleagues reported a cyclic hexapeptide, cyc/o(CLLFVY), which inhibits hypoxia
inducible factor (HIF) heterodimerisation by binding the PAS-B domain of HIF-1a,, without
affecting HIF-2a. [57]. By screening a cyclononapeptide library, they also discovered cyclic
peptides that inhibit the dimerisation of the C-terminal binding protein (CtBP)
transcriptional repressor [58]. One of the cyclic peptides, CP61 (compound 7, Figure 3B),
disrupted CtBP homo- and heterodimerisation at 20 UM in vitro and inhibited the function
of CtBPs in cellulo at 50 pM. Human breast cancer cells treated with the compound showed
decreased mitotic fidelity, proliferation, and colony-forming potential.

DNA Encoded Libraries

Several investigators independently developed DNA-encoded macrocycle libraries and
applied them to ligand discovery. DNA-templated synthesis (DTS), developed by Liu and
co-workers [54], has been extensively used for macrocycle-based drug discovery. DTS
technology takes advantage of DNA hybridization to enhance the reactivity of individual
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components. In brief, each building block is covalently attached to a specific encoding DNA
sequence, and DNA hybridization brings two reactants into close proximity enhancing their
reactivity. At the same time, the DNA tag serves as a record for the reaction steps involved in
the construction of the macrocycle. After an active hit is identified from the library, its
structure is readily inferred by sequencing the attached DNA sequence. The versatility of
DTS in designing and screening macrocyclic PPI inhibitors led to Ensemble Therapeutics
leveraging it as its primary drug discovery platform. Seigal et al. [60] screened a focused
DTS library against XIAP, an intracellular protein involved in caspase sequestration and
apoptosis regulation by binding to the N-termini of caspases with its BIR2/BIR3 domains.
Based on a natural tetrapeptide binding motif (AVPI), the researchers designed a library of
~10° unique macrocycles, which were cyclized between azido/alkynyl-containing residues
via click chemistry. An initial library hit inhibited the BIR2-SMAC interaction with an 1Cgg
value of 0.36 pM (compound 8, Figure 4A). Optimization by medicinal chemistry led to a
dimeric inhibitor which blocked the BIR2/3-SMAC interaction with a nanomolar 1Cgq value
and acted as an effective antitumor agent in a mouse xenograft model (compound 9, Figure
4A) [60]. A different version of DNA-encoded libraries was independently developed by
Harbury and co-workers [61,62] and has recently become the core technology for DICE
Molecules, a new biopharmaceutical company specializing in macrocyclic drug discovery
against challenging targets. Neri and co-workers also pioneered the DNA-encoded self-
assembling chemical (ESAC) libraries for lead discovery, which serves as the platform
technology behind start-up Philochem AG. [63]. While promising, as of the date of this
publication the Harbury and Neri methods have not yet resulted in any published,
biologically active macrocyclic PPI inhibitor.

Diversity-Oriented Synthesis Libraries

Diversity-oriented synthesis (DOS) aims to expand the accessible chemical space for drug
discovery by generating diverse libraries around natural product-like scaffolds [65]. Starting
from a limited number of scaffolds and large sets of diversity elements, DOS can quickly
arrive at structurally diverse compound libraries in a limited number of synthetic steps,
making it ideal for discovery of initial hit/lead compounds against new targets. For example,
researchers at Tranzyme Pharma developed a parallel, solid-phase synthesis of 14- to 18-
membered macrocyles by cyclizing a tripeptide sequence around a conformationally rigid
scaffold [66]. Fluorescence-based whole-cell screening of the macrocycle library (up to 104
unique members) yielded potent antagonists against the human maotilin receptor (e.g.
compound 10, Figure 4B). Further optimization through incorporation of unnatural amino
acids produced potent, biologically active macrocycles in ex vivo assays [66,67]. Screening
of Tranzyme’s proprietary libraries also produced a clinical candidate, TZP-101 (compound
11, Figure 4B), as a ghrelin receptor antagonist [68]. TZP-101 was found to be effective for
treating complications of postoperative ileus - a condition that affects the normal mechanical
function of the gastrointestinal tract. Some of the macrocyclic hits were found to be orally
bioavailable in both rats and monkeys. Meanwhile, researchers at the Broad Institute
synthesized a 2070-member aminoalcohol-based macrocycle library in the one macrobead-
one stock solution format and used the compounds to generate a small-molecule microarray
[69]. Screening of the microarray against Sonic Hedgehog N-terminal peptide (ShhN)
produced a moderately potent hit (Figure 4B, compound 12; Kp = 9 uM). Other
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investigators have also applied DOS to prepare various macrocycle libraries [65, 71],
although the latter studies have not yet resulted in biologically-active PPI inhibitors. A
distinct advantage of DOS is its compatibility with a wide variety of building blocks and
chemical reactions. However, DOS library compounds must be screened individually,
limiting the number of compounds that can be practically screened in a research laboratory.
It is likely that, in order to improve the probability of identifying highly potent PPI ligands,
focused DOS libraries will need to be designed for each PPI target.

One-Bead-Two-Compound (OBTC) Libraries

One-bead-one-compound (OBOC) libraries containing up to ~108 different macrocycles, in
which each library bead carries multiple copies of a unique macrocycle (e.g., ~100 pmol on
a 90-um TentaGel bead), can be readily prepared by the “split-and-pool” synthesis method
of Lam and Houghtern [72,73]. Various strategies were also developed to rapidly screen
these libraries against protein targets of interest and isolate the most active hit compound(s)
[74]. Structural determination of the macrocyclic hits, however, remained a major challenge
until 2006 when Pei and co-workers developed the OBTC libraries [75]. In an OBTC library,
each bead is spatially segregated into outer and inner layers with a unique macrocycle
synthesized on the bead surface and a corresponding linear peptide synthesized in the inner
layer as an encoding sequence (Figure 5A). During library screening against
macromolecular targets (e.g., proteins), the target molecules are too large to diffuse into the
bead interior and therefore only have access to the macrocycles on the bead surface. Once an
active hit is identified, its structure is readily determined by sequencing the linear encoding
peptide inside the bead by using the partial Edman degradation-mass spectrometry (PED-
MS) technique previously developed in the Kent and Pei laboratories [76,72]. The OBTC
method was initially applied to generate large libraries of monocyclic peptides, which were
screened for binding to enzymes, cell surface receptors, as well as PPIs. For example,
screening a library of cyclohepta- to cyclononapeptides identified an inhibitor against the
HIV-1 capsid protein (Figure 5C, compound 13; Kp = 0.4 uM), which blocked the capsid
protein from binding to lysyl-tRNA synthetase [78]. Wu et al. screened a 3-million member
library against the oncogenic K-Ras G12V mutant and identified a modestly potent cyclic
peptide inhibitor against K-Ras (Figure 5C, compound 14), which orthosterically blocked
the Ras-Raf interaction with an 1Cgg of 0.7 uM [79].

The OBTC methodology was later extended by Lian ef a/. to synthesize bicyclic peptide
libraries [80]. Briefly, after an orthogonally protected linear peptide library is prepared, the
linear peptides in the surface layer are selectively deprotected and converted into bicyclic
structures by the formation of three amide bonds between a rigid small-molecule scaffold
(e.g., trimesic acid) and the N-terminal amine as well as the side chains of a C-terminal
(5)-1,3-diaminopropionic acid (Dap) and an internal lysine residue (Figure 5B). With an
overall planar geometry, the bicyclic peptides were found to be very effective for binding to
flat protein surfaces, such as the PPI interfaces. Screening of a naive library containing 3-5
random residues in each ring against TNFa led to the discovery of a relatively potent low-
molecular-weight TNFa antagonist (Figure 5C, compound 15; Kp = 0.45 uM), which
effectively protected cells from TNFa-induced cell death. Screening of the same library
against G12V mutant K-Ras protein resulted in the discovery of two different classes of K-
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Ras ligands [81]. One class of K-Ras ligands (e.g., compound 16 in Figure 5C) bound
apparently to a site at or near the effector protein-binding site and inhibited the Ras-Raf
interaction, whereas the second class bound to a yet unidentified site and did not inhibit the
Ras-Raf interaction (Figure 5C, compound 17) [82].

METHODS FOR IMPROVING THE CELL PERMEABILITY OF MACROCYCLES

Molecules generally enter mammalian cells through two different mechanisms: passive
diffusion - where a molecule spontaneously diffuses across the cell membrane — and active
transport — where a molecule binds to a cell-surface receptor and is internalized by an
energy-dependent process (e.g. endocytosis). Most of the FDA approved small-molecule
drugs enter cells presumably by passive diffusion. In the small-molecule space, Lipinski’s
Rule of Five (Ro5 [83], which includes a molecular weight of <500, <5 hydrogen bond
donors, <10 hydrogen bond acceptors, and an octanol-water partition coefficient LogP<5)
has provided empirical guidance for achieving passive membrane permeability and desirable
pharmacokinetic properties (e.g. oral bioavailability). Macrocycles usually have
considerably higher molecular weights (=500), a higher number of hydrogen bond donors
and acceptors, as well as much greater polar surface areas relative to Ro5 molecules. While
these attributes make them desirable for targeting the large, flat surface areas at the PPI
interfaces, they also greatly impede membrane permeability, as desolvation of a large
number of tightly bound water molecules, which is required in order for a molecule to
passively diffuse across the hydrophobic region of the lipid bilayer, is energetically very
unfavourable. As mentioned earlier, lack of membrane permeability was one of the two key
factors that prevented a broader application of macrocycles as therapeutic agents. Since the
majority of therapeutically-relevant PPI’s occur inside the cytosol, researchers have been
actively exploring both cellular entry mechanisms to improve the membrane permeability
and oral bioavailability of macrocycles.

Passive Diffusion

Some naturally-occurring macrocycles, most notably cyclosporine A (CsA, which is a cyclic
undecapeptide, Figure 6A), fall well outside the Ro5 space and yet cross the cell membrane
by passive diffusion and have respectable oral bioavailability (e.g., F = 29% for CsA [84]).
The unique attributes of CsA have inspired medicinal chemists to investigate the molecular
basis of these unusual properties and attempt to generalize the mechanism for designing cell-
permeable macrocycles. It has been noted that orally bioavailable macrocyclic natural
products often contain a high percentage of A*-methylated peptide bonds. In the case of
CsA, 7 out of its 11 peptide bonds are A*-methylated. A*-methylation reduces the number
of hydrogen bond donors, thus lowering the amount of desolvation energy and increasing the
overall hydrophobicity, both of which facilitate passive diffusion through the membrane.
However, Lokey and co-workers have shown that global A®-methylation of all peptide
bonds is actually detrimental to membrane permeability and oral bioavailability and, within
a given cyclic peptide sequence, the precise number and location of A®*-methylation are
critical [85]. Similarly, by generating a combinatorial library of 54 differentially A*-
methylated cyclo(D-Ala-Alag) peptides, Kessler and colleagues discovered scaffold-specific
N*-methylation patterns that conferred superior intestinal permeability [86]. These and other
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findings suggest that membrane permeability is likely related to the ability of a macrocycle
to adopt alternative conformations in apolar versus aqueous environments. When in an
apolar environment (e.g., the hydrophobic region of the lipid bilayer), CsA adopts a closed
conformation, forming four intramolecular hydrogen bonds among the backbone amides
(Figure 6B), which compensate for the loss of hydrogen bonding interactions with water and
effectively lower the desolvation energy [87]. In other words, formation of the
intramolecular hydrogen bonds is able to “hide” the hydrogen bond donors and acceptors
from the apolar environment. Upon crossing the membrane, CsA relaxes back to the open
conformation, in which the backbone amides are available for hydrogen bonding with water
and/or protein target. Passive diffusion across the membrane by “beyond the Ro5”
macrocycles is certainly not unique to CsA [88]. Ahlbach et al. systematically examined 39
macrocyclic natural products and their derivatives through /n silico modeling and identified
common structural features amongst the membrane-permeable macrocycles [89]. Most of
the membrane-permeable macrocycles formed extensive intramolecular hydrogen bonds and
only one of them contained no A®-methylation. By employing the rules learned from natural
products (i.e., A®-methylation, intramolecular hydrogen bonds, and side-chain
hydrophobicity), Hoffman and coworkers [85] as well as investigators at GlaxoSmithKline
[86] and Pfizer [87] have designed a number of cyclic peptide model systems with excellent
membrane permeability and oral bioavailability. Fairlie and colleagues also dramatically
improved the oral bioavailability of a Sanguinamide A derivative through strategic occlusion
of backbone amides from solvent by using hydrophobic side-chains (e.g., substitution of
tert-leucine for alanine) [92].

Given the dramatic effects of A®-methylation on both bioavailability and proteolytic
stability, researchers have developed both chemical and biological methods to introduce A2-
methylated residues into macrocyclic PPI inhibitors. Although less reactive than canonical
amino acids, AM®-methylated amino acids can be directly incorporated into macrocycles
during solid-phase synthesis by using standard coupling reagents. White et al. also
developed a methodology to exhaustively methylate all accessible amide bonds of support-
bound peptides [93]. Kodadek and co-workers prepared macrocyclic peptoid libraries
containing diverse A®-alkylated glycine residues while employing traditional solid-phase
synthesis and cyclization techniques [95]. A*-Methylated amino acids can be readily
incorporated into ribosomally synthesized macrocycle libraries by applying the RaPID
platform [48].

The challenge inherent in developing passively diffusible macrocycles is how to properly
balance membrane permeability against aqueous solubility and the ability of the macrocycle
to engage a wide variety of protein targets. The very attributes required for membrane
permeation (i.e., limited number of hydrogen bond donors/acceptors and lipophilicity)
places a major limitation on the aqueous solubility and the types of target sites that they are
capable of engaging. Essentially all of the studies described in the preceding section have
focused on model systems, with the goals of achieving membrane permeability/oral
bioavailability and/or understanding the structural basis of membrane permeability/oral
bioavailability. The membrane-permeable cyclic peptides that have been designed so far are
predominantly hydrophobic macrocycles, few of which have been evaluated for binding to
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protein targets. It is likely that these hydrophobic macrocycles will be restricted to targeting
hydrophobic PPI interfaces.

Active Transport

A potentially more general approach to imparting membrane permeability is to covalently
attach a macrocycle of interest to a cell-penetrating peptide (CPP). CPPs are short peptides
(typically 5-30 amino acids) that are capable of crossing the plasma membrane of
eukaryotic cells without causing significant damage to the cell membrane [96]. Out of the
>1800 different CPPs discovered to date [97], the arginine-rich CPPs such as Tat,
octaarginine (Rg), and penetratin have been most widely used for delivering cargos including
small-molecule drugs, peptides, proteins, nucleic acids, and nanoparticles into mammalian
cells. While the detailed mechanism of their cellular entry remains inadequately defined, it is
now generally accepted that the CPPs and CPP-cargo conjugates enter cells primarily by
endocytosis mechanisms, especially at low concentrations (<10 puM) [98]. By attaching an
Rg sequence to a Grb2 SH2 domain inhibitor, cyclo(AApYVNFFE), Zhang et al. obtained a
cell-permeable cyclic peptide inhibitor that disrupted the actin filaments and inhibited the
proliferation of breast cancer cells at 20 UM concentration [99]. Desimmie et al. conjugated
Tat to a disulfide cyclized nonapeptide inhibitor against the LEDGF/p75 interaction
identified from a phage display library (CVMGHPLWC) and the peptide conjugate inhibited
HIV replication with an 1Cgq of 19 pM in cell culture [100]. A major limitation of the CPPs,
however, has been their poor cytosolic delivery efficiencies (defined as the ratio of cytosolic
over extracellular cargo concentration), which are generally below 5% [101]. The vast
majority of the internalized CPPs (or CPP-cargo conjugates) is usually entrapped inside the
endosomes. As a result, very high doses are typically required to achieve therapeutic effects,
leaving little therapeutic window.

Recently, several research groups independently reported that cyclization of Arg-rich CPPs
improved their cellular uptake efficiencies relative to the linear counterparts [102,103,104].
In particular, Pei and co-workers discovered a family of small cyclic peptides as
exceptionally active CPPs [e.g., cyclo(FPRRRRQ), where @ is 2-naphthylalanine; CPP1 in
Figure 7], having cytosolic delivery efficiencies up to 60-fold greater than that of Tat
[106,107]. These cyclic CPPs not only serve as powerful vehicles for efficient delivery of
cargo molecules (including small molecules, peptides, and proteins) into the cytosol and
nucleus of mammalian cells, but have also provided the much needed mechanistic probes
which have, for the first time, led to a well-defined mechanism of action for the CPPs [107].
The cyclic CPPs (and the CPP-cargo conjugates) enter cells by endocytosis and efficiently
escape from the early endosome by inducing CPP-enriched regions of the endosomal
membrane to bud off as small, unstable vesicles which subsequently collapse inside the
cytosol. As expected, the cyclic CPPs also have greatly improved metabolic stability over
the linear CPPs.

The cyclic CPPs provide a flexible platform for delivering cargos in at least four different
modes (Figure 7). The most straightforward and cargo tolerant mode is the exocyclic
delivery mode, in which the cargo molecule is covalently attached to the side chain of a
glutamic acid (Figure 7). A variety of small molecules, linear peptides, and proteins have
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been efficiently delivered into mammalian cells in vitro using this method [105,106]. Cyclic
peptides have been effectively delivered by fusing them with a cyclic CPP to form a bicyclic
system (bicyclic delivery, Figure 7). By using this method, Lian et al. generated a potent,
highly selective, and cell-permeable bicyclic peptide inhibitor against protein tyrosine
phosphatase 1B (PTP1B) (Figure 8, compound 18; Kp = 37 nM), which potentiated insulin
signaling in HepG2 cells at nanomolar concentrations [103]. Similarly, fusion of a
previously discovered, membrane-impermeable cyclic peptide inhibitor of Pinl with cyclic
CPP1 produced a potent bicyclic Pinl inhibitor that was highly active in cell culture
experiments (Figure 8, compound 19; Kp = 72 nM). The generality of the bicyclic delivery
strategy was further demonstrated by the synthesis of a combinatorial library of 5.7 million
cell-permeable bicyclic peptides [109]. Screening of the bicyclic peptide library against the
G12V K-Ras protein identified a K-Ras inhibitor that blocked the Ras-Raf interaction with
an ICgq value of 3.4 uM, inhibited MEK and AKT phosphorylation, and induced apoptosis
of lung cancer cells at low pM concentrations (compound 20, Figure 8,). Short peptidyl
cargos have also been directly inserted into the cyclic CPP ring (endocylcic delivery, Figure
7). For example, Upadhyaya et al. synthesized an OBTC library of 1.5 million monocyclic
peptides by integrating a CPP-like motif and K-Ras binding sequences into a single ring
[81]. Screening of the library identified a cycloundecapeptide which inhibited the Ras-Raf
interaction with moderate potency (ICsg = 650 nM) and was marginally cell-permeable.
Optimization of the peptide led to an improved compound, cyclorasin 9A5 (compound 21,
Figure 8), which has both improved potency against the Ras-Raf interaction (1C5g = 120
nM) and cell-permeability. Cyclorasin 9AS5 potently inhibited the activation of MEK,
ERKY,, and AKT and induced apoptosis of lung cancer cells (LDgg ~3 uM). Finally, some
target proteins (e.g., PDZ domains) require the peptide ligand in an extended conformation
for binding and cyclization of the peptide ligand reduces or abolishes target binding. Qian et
al. reported a reversible cyclization strategy to deliver these linear peptide ligands (Figure 7)
[110]. In this case, a peptide of interest is fused with a CPP motif at its N- or C-terminus and
the peptide fusion is cyclized with a disulfide bond between the N-terminal (or C-terminal)
thiol and the side chain of an internal cysteine. The resulting cyclic peptide has greatly
improved cellular uptake efficiency and proteolytic stability. Upon entering the mammalian
cytosol (where the target protein is localized), the disulfide is reduced by intracellular
glutathione to release the biologically active linear peptide for binding to the intended target.
As a proof of principle application, the investigators designed a peptidyl inhibitor against the
PDZ domain of CFTR-associated ligand (CAL-PDZ), a protein which binds to the C-
terminus of CFTR and chaperones CFTR to the lysosome for degradation (compound 22,
Figure 8). Treatment of lung epithelial cells harboring a defective CFTR mutant (AF508)
with the peptide inhibitor reduced the amount of lysosomal degradation, thereby increasing
the amount of membrane-bound CFTR and improving the chloride ion channel activity. This
results suggests an improved version of the peptide inhibitor may provide a novel treatment
of cystic fibrosis [110]. An improved and more general reversible cyclization method for
intracellular delivery of any linear peptidyl drug was recently developed and applied to
generate a bicyclic peptide inhibitor against the NEMO-IKK interaction [106].
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CONCLUDING REMARKS AND OUTLOOK

The challenge of targeting intracellular PPIs has fueled an explosive growth in research
activities on macrocycles during the past decade. These efforts have now led to several
powerful and largely complementary technologies for peptidic macrocycle library synthesis
and screening. The availability of these technologies has made the discovery of macrocyclic
ligands against protein targets (including those involved in PPIs) a relatively routine
exercise, although it still requires considerable effort and resources to obtain a macrocyclic
ligand that is capable of binding to the intended protein target with antibody-like affinity and
specificity. Significant progress has also been made on understanding the structural features
that facilitate membrane permeability and the mechanism by which peptides cross the cell
membrane, both by passive diffusion and through active transport. Integration of the
technologies from the above two fields has already delivered macrocyclic PPI inhibitors that
are highly potent and metabolically stable in cellular assays, with some having demonstrated
impressive pharmacodynamic endpoints in animal models. These recent developments
suggest that intracellular PPI targets, once considered as “undruggable”, may be druggable
after all. Future studies should further assess the generality of macrocycles as PPI inhibitors
and advance some of the macrocyclic PPI inhibitors into the clinic.
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(A,B) Schemes showing examples of phage displayed monocyclic (A) and bicyclic peptide
libraries (B). (C) Structures of macrocyclic PPI inhibitors derived from phage display
libraries.
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Reactions involved in two different cyclization methods for mRNA display libraries. (C)
Structure of a macrocyclic PPI inhibitor against EGAP derived from an mRNA display

library.
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(A) Scheme showing the generation of a SICLOPPS cyclic peptide library. (B) Structures of

macrocyclic PPI inhibitors identified from SICLOPPS libraries.
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(A) Scheme showing the design of an OBTC monocyclic peptide library. (B) Scheme

showing the design of an OBTC bicyclic peptide library. (C) Structures of representative
macrocyclic PPI inhibitors obtained from OBTC libraries.
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(A) Structure of CsA. (B) CsA exists in a closed conformation when in apolar environment

and an open conformation in water.
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Examples of cell-permeable macrocyclic inhibitors which enter cells by active transport and
target intracellular proteins.
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