
Research Overview

Peptide Technologies in the Development of Chemical
Tools for Chromatin-Associated Machinery

Kimberly D. Barnash, Kelsey N. Lamb, Lindsey I. James , and Stephen V. Frye*
Center for Integrative Chemical Biology and Drug Discovery, Division of Chemical Biology

and Medicinal Chemistry, UNC Eshelman School of Pharmacy, University of North Carolina at
Chapel Hill, Chapel Hill, North Carolina 27599

Strategy, Management and Health Policy

Enabling

Technology,

Genomics,

Proteomics

Preclinical

Research

Preclinical Development

Toxicology, Formulation

Drug Delivery,

Pharmacokinetics

Clinical Development

Phases I-III

Regulatory, Quality,

Manufacturing

Postmarketing

Phase IV

ABSTRACT Discerning a mechanistic understanding of the cause-and-effect relationships between
chromatin post-translational modifications (PTMs) and DNA accessibility for replication, transcription,
and repair is an elusive goal being pursued using molecular and cellular biology, biochemistry, and more
recently chemical inhibition. Chemical intervention of the chromatin-associated complexes that regulate
PTM maintenance and chromatin structure faces numerous challenges due to the broad surface-groove
interactions between many of these proteins and histones; yet, the increasing interest in understanding
chromatin-modifying complexes suggests tractable lead compounds will be critical for elucidating the
mechanisms of chromatin dysregulation in disease states and validating the druggability of these domains.
Peptides and peptidomimetics afford several advantages to efficient inhibitor development including a
rational starting point, modular assembly, and retention of secondary structure. Numerous peptide tech-
nologies have been employed in the chromatin field to characterize substrate interactions, evaluate ligand
selectivity, and optimize potent peptidomimetic inhibitors. We describe the progress and advantages of
these efforts, and provide a perspective on their implications for future chemical probe and drug discovery
efforts. Drug Dev Res 78 : 300-312, 2017. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Innovative chemical strategies to interrogate pro-
tein function have irrevocably altered how we understand
biological systems. Chemical tools contribute to an under-
standing of target-specific biology, but the extent to which
they do so is fully dependent on the quality of the chemi-
cal tools [Bunnage et al., 2013; Frye, 2010; Arrowsmith
et al., 2015]. Ultimately, high-quality chemical probes
must have nanomolar or better target affinity, well-
characterized selectivity, and activity in cells. These
probes do not replace modern genetics or molecular biol-
ogy, nor is that the intent. Instead, they complement
these approaches by disrupting (enhancing or inhibiting)
a specific function or interaction of the target protein. In
contrast, genetic mutations and small interfering RNA

(siRNA) knockdowns or gene knockouts may ablate sev-
eral activities of the target and can prevent participation
in, or the formation of, larger protein complexes. The
chemical probe is intended to exquisitely elucidate the
role of an individual protein modality in a temporally
resolved and dose-dependent manner [Frye, 2010].
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The stringent standards for chemical probe status
require a significant upfront investment. While early
stage hit discovery often focuses on screening diverse
and purchasable compound libraries, the chemical space
occupied by these libraries tends to be biased toward
pockets of more traditional, “druggable” targets (i.e.,
enclosed and hydrophobic) [Hopkins and Groom,
2002]. Often designed around aromatic scaffolds, the
inherent “drug-like-ness” and lack of conformational
complexity within these libraries frequently proves inad-
equate for inhibition of common protein–protein inter-
actions (PPIs) [Tsomaia, 2015]; yet, constructing
libraries of structurally diverse small molecules with
complex, three dimensional features would be high risk,
time consuming, and expensive [Hann and Oprea,
2004]. In contrast, peptidic and peptidomimetic ligands
can adopt unique 3D conformations, naturally mimick-
ing PPIs and promoting induced-fit binding through
specific hydrogen bond contacts of the amide backbone
and complimentary side group functionalities.

The low-cost and ease of peptide synthesis, accom-
panied by a variety of technological advances in screen-
ing, position peptidic ligands as an intriguing alternative
to traditional small molecules for PPI inhibitor discovery
[Lam et al., 1997; Smith and Petrenko, 1997; Frank,
2002; Takahashi et al., 2003]. Moreover, when a PPI has
been structurally characterized, peptide optimization
may proceed from a rational starting point. For instance,
structural characterization of the interaction between an
a-helix of p53 and MDM2 [Kussie et al., 1996] spurred
extensive efforts in peptide and peptidomimetic ligand
development for MDM2. Novartis employed combina-
torial chemistry, structure-activity relationship (SAR)
studies, and structure-based design (SBD) to evolve a
low affinity 12-mer peptide of p53, first into a cellularly
active, sub-micromolar 12-mer ligand, and then into a
single-digit nanomolar, non-natural peptide inhibitor of
MDM2 [Chène et al., 2000; Garcia-Echeverria et al.,
2000; Sakurai et al., 2006; Furet et al., 2012]. Peptide
SAR subsequently contributed to an understanding of
the PPI hotspots between p53 and MDM2 that were
found to be targetable by small molecules [Ding et al.,
2005; Grasberger et al., 2005; Vassilev et al., 2004]. This
and related examples demonstrate the significant impact
peptide inhibitors can have as tools for therapeutic vali-
dation and as stepping stones toward small molecule dis-
covery efforts [Sattler et al., 1997; Friberg et al., 2012].

Despite the many benefits of peptide ligand dis-
covery, it is important to note some of the challenges
that may need to be overcome when venturing into
peptide optimization. Peptides suffer from poor phys-
icochemical properties often due to their polar back-
bone and charged side groups [Tsomaia, 2015]. For
instance, the hydrogen bond donation capacity of the

amide proton has been shown to be a significant con-
tributor to the poor membrane permeability of small
peptides [Kwon and Kodadek, 2007; Tan et al., 2008].
Peptide ligands selected as starting points for optimiza-
tion may also incur issues of low affinity and poor
selectivity, making preliminary assay development and
characterization challenging. Additionally, natural
peptides are often substrates for proteases, and in the
case of in vivo studies, peptides can face rapid clearance
in the liver and kidneys [Tsomaia, 2015].

Fortunately, a range of strategies have been devel-
oped to overcome poor peptide properties. First, trunca-
tion studies to determine the minimal peptide sequence
required for binding and the use of an alanine scan
[Cunningham and Wells, 1989] can both provide insight
into the potential interaction hot spots of the PPI and
reduce the total molecular weight of these ligands,
which is crucial if cellular penetration is desired. Next,
replacing natural amino acids with non-natural ones
simultaneously provides an opportunity for potency
enhancement and reduces susceptibility to protease
degradation [Gentilucci et al, 2010]. For example,
D-amino acids are a commonly applied, non-natural
substitution in peptide optimization. Additionally, back-
bone N-methylation is able to both rigidify the peptide
conformation and improve permeability [Biron et al.,
2008]. Instituting conformational constraints is one strat-
egy to improve affinity by reducing the entropic penalty
of binding [Khan et al., 1998], and this premise is often
applied in the development of macrocyclic or stapled
peptide inhibitors [Bock et al., 2013]. Lastly, the avail-
ability of structural information for a specific target can
help guide which of these approaches for improving
ligand permeability may be most applicable.

Burgeoning efforts to better understand chro-
matin biology suggests a need for chemical tools to
help dissect the function of critical PPIs among
chromatin-associated proteins. Higher-order packag-
ing of DNA into chromatin within the nucleus is
dynamically regulated and requires exquisite coordi-
nation between the factors that direct this packaging
and those that require access to the underlying DNA
for replication, transcription, and repair [Wang et al.,
2007]. The core repeating unit of chromatin, known
as the nucleosome, contains approximately 147 base
pairs (bp) of DNA wrapped nearly twice around an
octamer of histone proteins. Extensive efforts in
chromatin-based research have shown that the
deposition of post-translational modifications (PTMs)
on histone and non-histone proteins is an essential
mechanism for recruiting the factors that regulate
replication and transcription [Strahl and Allis, 2000;
Bode and Dong, 2004; Huang and Berger, 2008;
Benayoun and Veitia, 2009; Delmore et al., 2011;
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Sadakierska-Chudy and Filip, 2015]. Commonly
described PTMs of histone tails include methylation,
ubiquitinylation, sumoylation, acetylation, crotonyla-
tion, butyrylation, ADP-ribosylation, and phosphory-
lation, although others have been discovered and
many more are likely to exist [Andrews et al., 2016].

Although an individual PTM might appear
minor in the context of the totality of chromatin reg-
ulation, these marks are central to the complex biol-
ogy of epigenetics. The simplistic view of this
regulation may be summarized as follows: PTMs are
deposited and removed by distinct enzymes (referred
to as “writers” and “erasers,” respectively) and ulti-
mately interpreted by proteins that bind to the mark
and mediate a biological effect (“readers”). Many of
these writers, readers, and erasers intricately connect
with one another to coordinate their functions, trig-
ger activities of the chromatin machinery, and indi-
rectly regulate gene transcription. The diversity of
both the types of modifications and their locations
yields an overwhelming number of potential messages
[Ernst et al., 2011] Despite rigorous examination, a
knowledge gap persists in our understanding of how
mechanistically many of these marks elicit a biologi-
cal response, and chemical probes can play a central
role in closing this gap. Herein, we detail current
efforts in peptidic and peptidomimetic tool develop-
ment for the chromatin PTM regulatory machinery.
We focus on available technologies for the prelimi-
nary assessment of peptide–protein interactions, the

evolving field of peptidomimetic inhibitor discovery
against these proteins, and the implications of these
studies for future small molecule efforts.

PRELIMINARY CHARACTERIZATION OF PEPTIDE–
PROTEIN INTERACTIONS

Prior to initiating a program to optimize a pep-
tidic inhibitor for a target of interest, a thorough knowl-
edge of the substrate preferences for that target can be
hugely insightful. Profiling protein–peptide interac-
tions via microarray platforms has had an enormous
impact on the characterization of chromatin-associated
protein ligands. Beyond simply better understanding
the binding preferences of a protein, the extensive
sequence selectivity data that microarrays provide con-
structs a strong preliminary SAR profile that may rap-
idly allow peptide truncation and ligand optimization
(Fig. 1). Moreover, a known peptide ligand for the
pocket of interest enables the development of assays to
efficiently screen compound collections or conduct
follow-up peptide SAR.

Microarray chips with libraries of histone peptides
affixed to a solid surface are capable of probing protein
affinity and selectivity with minimal cost associated and
material per chip [Uttamchandani and Yao, 2008].
Importantly, peptide microarrays are typically amenable
to libraries of hundreds of peptides, or even more with
the appropriate infrastructure, but significant synthetic
effort and time are required to synthesize, purify, and

Fig. 1. Microarray screening platform. Preliminary microarray profiling facilitates substrate and selectivity characterization along with spurring
subsequent assay development and inhibitor optimization. [Color figure can be viewed at wileyonlinelibrary.com]
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characterize the individual peptides for each library
[Rothbart et al., 2012]. An exceptional example of such
an approach comes from the Strahl group. They devel-
oped histone peptide microarrays labeled with >4000
peptides [Rothbart et al., 2012]. In brief, biotinylated
histone peptides decorated with variable PTMs are syn-
thesized and printed on a streptavidin coated glass slide.
Next, the slide is coated with a His- or glutathione S-
transferase (GST)-tagged target reader protein followed
by the addition of a fluorescently-labeled secondary anti-
body. Fluorescence confirms that the target protein is
bound and indicates a positive protein–peptide interac-
tion. Although spotting final peptides onto chips for
screening is relatively straightforward, careful design of
the peptide library and optimization of screening condi-
tions are critical to yield the information of interest.

When seeking to assign an endogenous ligand for
less well-characterized reader proteins, peptide librar-
ies require greater diversity in both the PTMs and his-
tone sequences. (Scott B. Rothbart et al., 2012) For
instance, the BAH domain of ORC1 was thought to
associate with chromatin based upon the reported
function of an orthologous domain in budding yeast
[Kuo et al., 2012]. To assess the validity of this hypothe-
sis, an 82 histone peptide library was probed with GST
labeled ORC1BAH and significant fluorescence was
observed for only H4K20me2-containing peptides.
This subsequently led to insights into a genetic disease
that features mutations adjacent to the ORC1 methyl-
lysine (Kme) binding site [Kuo et al., 2012]. In con-
trast, when seeking to better profile the binding selec-
tivity of a reader domain with a known substrate, a
diverse library designed around the substrate sequence
might be more informative and help to probe combina-
torial PTM effects [Rothbart et al., 2012].

In another example, the Strahl lab used their pep-
tide libraries to characterize the multivalent engagement
of UHRF1’s tandem tudor domain (TTD) and plant
homeodomain (PHD) with histone H3, residues 1–10
[Rothbart et al., 2013]. The TTD had previously been
shown to bind preferentially to H3 lysine 9 trimethyla-
tion (H3K9me3) [Rothbart et al., 2012], but secondary
profiling of the dual domain construct showed synergism
between TTD binding and the PHD domain’s recogni-
tion of residues 1–4 of H3. Moreover, the array profile
demonstrated that several PTMs on these four H3 N-
terminal residues disrupted UHRF1 binding. The exten-
sive combinations of PTMs available in the library
afforded rapid classification of UHRF1 binding prefer-
ences, and demonstrated the utility of peptide microar-
rays for elucidating multivalent binding of chromatin-
associated proteins. Recent efforts to exploit multiva-
lency in ligand development for chromatin reader pro-
teins indicate that inhibiting these broader interfaces is

a tractable strategy [Tanaka et al., 2016; Waring et al.,
2016]. Consequently, profiling these types of multi-
domain proteins via peptide arrays might shift prelimi-
nary ligand discovery efforts to focus on disrupting both
pockets to exploit the synergy of such an interaction.

An analogous peptide array strategy applies
“SPOT” synthesis to assess protein target binding to
histone PTMs. In this approach, a peptide library can be
synthesized directly on a cellulose membrane using
standard peptide synthesis methodology and Fmoc-
protected amino acids [Nady et al., 2008; Muller and
Muir, 2015]. Following synthesis, SPOT arrays are incu-
bated with epitope tagged proteins of interest and ana-
lyzed for peptide binding by either fluorescence-based
or immunological detection [Nady et al., 2008; Muller
and Muir, 2015]. The SPOT blot platform offers certain
advantages over conventional peptide microarrays. First,
direct synthesis on the cellulose membrane eliminates
the need for purification of individual biotinylated pepti-
des necessary for the assembly of microarrays [Toepert
et al., 2003; Nady et al., 2008; Muller and Muir, 2015].
Second, thousands of modified peptides can be quickly
and efficiently synthesized in parallel on a single
SPOT array enabling the inclusion of any of the 100 plus
histone marks in a singular or combinatorial fashion
[Muller and Muir, 2015]. Importantly, screening
unpurified peptides in this strategy does raise concerns
regarding the potential build-up of synthetic by-
products and the risk of false positive results, but this
issue can be addressed via follow-up off-cellulose
orthogonal assays to characterize the interaction.

Among the most prominent applications of SPOT
array-based screening is the interrogation of chromatin-
associated proteins to identify modification-specific and
sequence-specific histone interactions. One impressive
study describes a global, systematic analysis of bromodo-
main specificity for acetylated lysine-containing peptides
[Filippakopoulos et al., 2012]. Numerous SPOT arrays
were assembled, ranging from arrays decorated with sin-
gly acetylated peptides to acetylated peptides flanked by
neighboring PTMs to polyacetylated peptides. These
studies demonstrated the preference of bromodomains
for poly-acetylated peptides over mono-acetylation [Fili-
ppakopoulos et al., 2012]. Another comprehensive study
involved characterizing the sequence specificity of the
Kme reader chromobox homolog (CBX) proteins for
their cognate methylated peptides [Kaustov et al., 2011].
Using two SPOT arrays spanning histone H3 residues
3–15 and 21–33 with H3K9me3 or H3K27me3, respec-
tively, peptides were assembled such that every residue
in the sequence was systematically mutated to each of
the twenty natural amino acids, yielding a total of 260
peptides per array. Representative members of both the
HP1 (CBX3) and Polycomb (CBX7, CBX8) sub-families
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of CBX proteins were evaluated for their binding specif-
icity, providing a wealth of peptide SAR. While CBX3
bound only H3K9me3 peptides, CBX8 was selective for
H3K27me3 peptides and CBX7 bound methylated pep-
tides on both arrays. Conserved recognition of an
“ARKme3S” motif present in both sequences was
shared across all CBX proteins, yet little sequence spe-
cificity was observed for other regions of the peptides
[Kaustov et al., 2011]. The specificity determinants char-
acterized by this study were critical to the development
of potent peptidomimetic CBX inhibitors and ultimately
led to a chemical probe for the Polycomb CBXs [Simha-
dri et al., 2014; Stuckey et al., 2016].

While peptide microarrays have been most exten-
sively applied to reader proteins of PTMs, they are cer-
tainly also amenable to substrate profiling of histone
modifying-enzymes. Thermofisher Scientific, Millipore
and Epicypher have all developed effective profiling
platforms for these enzymes which can deliver vast
amounts of information regarding substrate selectivity
and the contextual effects of other PTMs. Similarly,
rigorous examination of detection conditions for these
platforms is critical [Rothbart et al., 2012; Cornett
et al., 2016], but these approaches can rapidly inform
efforts aimed at understanding protein function and
selectivity.

Assigning endogenous ligands to chromatin-
associated proteins can illuminate novel biology and lay
a solid foundation for future peptide-to-probe optimiza-
tion. Peptide microarrays yield information on consen-
sus binding sequences and can provide initial peptide
SAR, help to inform peptide truncation plans, identify
key residues for modification, and suggest hotspot resi-
dues. Moreover, knowledge of the endogenous ligand or
a more potent analog may facilitate construction of an
assay infrastructure to pursue more extensive screening
campaigns. Thus, such peptide technologies inform bio-
logical hypotheses and can help to rapidly launch chemi-
cal probe development efforts.

PURSUING PEPTIDIC PROBES OF KME READERS

Although early efforts in peptidic ligand develop-
ment against chromatin-associated proteins included
inhibitors of the histone deacetylase (HDAC) enzyme
class [Montero et al., 2009; Olsen and Ghadiri, 2009],
this work followed early successes in small molecule
inhibitor development. Thus, we focus here on the
development of peptidomimetic ligands targeting the
less well-studied Kme readers to illustrate many of the
advantages of utilizing peptidic starting points for the
efficient targeting of PPIs in the study of chromatin
regulation. Our own early small molecule screening
campaigns for Kme reader proteins were met with

some limited success, yet led to the first-in-class Kme
reader chemical probe, UNC1215 [James et al., 2013].
However, the broad surface-groove binding modes of
many Kme readers classify them as “undruggable”
[Hopkins and Groom, 2002]. Bearing in mind that such
exposed interfaces are historically rife with failed
attempts at small molecule drug discovery, we and others
pursued peptidomimetic optimization as a rational alter-
native for probe discovery.

In the development of Kme reader inhibitors, we
were faced with a set of peptide-specific challenges to
overcome. First, many Kme readers bind methylated
histone peptides with affinities between 10 and 40 mM,
and such low potencies can be problematic for assay
development and early SAR [Botuyan et al., 2006; Guo
et al., 2009; Wigle et al., 2009; Kaustov et al., 2011]. Sec-
ond, many Kme readers of interest recognize the
trimethyl-lysine (Kme3) mark. Quaternary amines gen-
erally have poor passive membrane permeability, limit-
ing their application in cellular studies [Stuckey et al.,
2016]. Additionally, the peptide backbone is likely to
limit permeability due to the hydrogen bond donating
capacity of the amide protons [Goodwin et al., 2001;
Tan et al., 2008]. Third, the length of many methylated
histone peptides known to interact with Kme reader
domains is typically 10–20 residues [Guo et al., 2009; Xu
et al., 2010; Kaustov et al., 2011; Qin et al., 2013]. Opti-
mization efforts thus need to address truncating these
ligands while improving their affinities and properties,
as histone peptides are also generally poly-cationic and
contain other undesirable functional groups for cellular
efficacy (guanidine, primary amides, etc.). Finally, deriv-
atization of the endogenous histone ligand may result in
inhibitors that are naturally non-selective and bind mul-
tiple reader proteins.

Targeting the Polycomb CBX proteins, all of which
contain a conserved N-terminal chromodomain respon-
sible for Kme3 binding, exemplifies many of the chal-
lenges associated with Kme peptide optimization, but
also demonstrates the successful use of peptidomimetic
inhibitors to expand the ligandable proteome [Di Croce
and Helin, 2013]. The five Polycomb CBX proteins
(CBX2, 24, 26, 27, and 28) recognize H3K27me3
and serve as critical, but mutually exclusive, components
of canonical Polycomb Repressive Complex 1 (PRC1), a
key regulator of transcriptional programs. CBX7 is per-
haps the best studied Polycomb paralog, and efforts
have been focused on ascertaining its potential as a ther-
apeutic target due to its oncogenic role in several can-
cers and its effects in mediating embryonic stem cell
self-renewal [Bernard et al., 2005; Yap et al., 2010;
Klauke et al., 2013; Shinjo et al., 2014]. We and others,
therefore, sought a chemical toolbox to probe CBX, or
more specifically CBX7, function. Like the majority of
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Kme reader proteins, the CBX7 chromodomain contains
an aromatic cage that recognizes Kme3 predominantly
through p-cation interactions [Kaustov et al., 2011];
however, the formation of the aromatic cage of CBX7
seemingly requires the binding of a methylated peptide
to form a fourth antiparallel beta sheet, indicating the
necessity of the surrounding sequence for Kme3
recognition [Kaustov et al., 2011; Stuckey et al., 2016].
Peptide ligands lend themselves to this induced-fit
mode of binding as they are capable of making the
critical backbone hydrogen bonds that are required to
mediate CBX7 folding.

Pioneering CBX7 peptidic inhibitor exploration
began in the Hof group utilizing a SETDB1 peptide
shown to have higher in vitro potency for CBX7 than
the native H3K27me3 peptide [Kaustov et al., 2011].
This work led to a set of 5-mer peptide inhibitors with
sub-micromolar affinity for CBX7 [Simhadri et al.,
2014]. The most potent and selective CBX7 inhibitor
(Kd 5 200 nM; 10-fold and 1.5-fold selective over
CBX8 and CBX4, respectively) retained the Kme3, ala-
nine, and phenylalanine residues of the SETDB1 pep-
tide, yet key alterations at other positions allowed for a
significant increase in potency (Compound 1, Fig. 2A).
Substitution of a propanediol group for serine likely
preserved key hydrogen bond donors that interact with
a glutamate residue in CBX7, while introduction of a
cyclopentylalanine residue highlighted a preference for

more hydrophobic residues at the position occupied by
an arginine in the histone sequence. Finally, installation
of a para-(methoxycarbonyl)benzamide group at the N-
terminus fared best out of many well tolerated para-
substituted benzyl substituents [Simhadri et al., 2014].

Parallel efforts in our group similarly began with
optimization of the SETDB1 peptide, but we instead
focused initially on tertiary amine replacements for the
Kme3 to simultaneously improve affinity and perme-
ability [Stuckey et al., 2016]. Our efforts culminated in
the discovery of UNC3866 (Fig. 2B), the first cellular
chemical probe for CBX Polycomb chromodomains.
While UNC3866 retains many of the structural fea-
tures of compound 1, replacement of the Kme3 with a
diethyl-lysine was crucial for cellular efficacy. More-
over, extensive SAR around the N-terminal benzamide
position demonstrated that this region added dramatic
potency enhancements through key hydrophobic con-
tacts when substitutions were made at the para-
position. A potential explanation for the significance of
this position was posed by molecular dynamics simula-
tions which suggested the N-terminus as the first point
of contact between histone H3 and CBX7,which in
turn initiates the induced-fit mode of binding. Surface
plasmon resonance (SPR) studies further supported
this hypothesis by demonstrating that the rigidity and
complimentary hydrophobicity of the cap enhances
association, as opposed to dissociation, rates. Thus, the

Fig. 2. CBX peptidomimetic inhibitors. (A) A preliminary peptidomimetic ligand of the PRC1 CBXs demonstrated nanomolar in vitro
potency and was achieved via truncation and incorporation of non-natural modifications. (B) Replacement of the Kme3 with diethyl-lysine
and optimization of the N-terminal cap furnished a cellularly active chemical probe, UNC3866. (C) Replacement of the central alanine with
valine led to a new strategy for homolog specificity for CBX6 within the CBX family.
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induced-fit binding hypothesis complimented ligand
property optimization to facilitate the discovery of a
cellularly efficacious peptidomimetic chemical probe.

Careful characterization of UNC3866’s selectivity
profile led to the discovery that, despite high selectivity
outside of the chromodomain family and versus the HP1
CBX domains (CBX1, 23, and 25), UNC3866 did have
modest affinity for all of the Polycomb chromodomains
and off-target affinity for the CDY chromodomain fam-
ily. Given that these chromodomains have all been
shown to recognize H3K27me3, this result is unsurpris-
ing, but the nearly 10-fold selectivity for CBX4 and 27
over other Polycomb CBXs was interesting and suggests
some differences in the interaction interface that may
yield improved selectivity in second generation ligands.
Importantly as tools for Polycomb biology, these ligands
do not bind the other known H3K27me3 reader in this
pathway, embryonic ectoderm development (EED),
which is a WD40 domain Kme reader. By targeting the
subtle differences at the CBX-ligand interface, selective
peptidomimetic compounds have been developed for
CBX6, a Polycomb chromodomain that does not yet
have a well-defined function [Milosevich et al., 2016].
These efforts capitalized on the slightly larger alanine
binding pocket of CBX6 versus CBX4 and 27 by
substituting the alanine with a valine to deliver a pepti-
domimetic ligand that is 6- to 20-fold selective for CBX6
over the other Polycomb CBXs, and �90-fold selective
over CBX1 (Compound 2, Fig. 2C). Unfortunately, this
substitution does not improve CBX6 affinity and these
ligands retain only around 1 mM affinity for CBX6, while
differentially losing affinity for other Polycomb CBX
domains tested. Additionally, CBX2 and 28 possess
identical alanine binding pockets to CBX6 but experi-
enced a loss of affinity similar to that of CBX4 and 27,
suggesting other selectivity determinants outside of this
pocket that are not yet known. The challenge moving
forward is taking a non-selective peptidic scaffold and
incorporating non-peptide functionalities to facilitate
selective and potent chemical probe development within
the Polycomb CBX family. The multiple co-crystal struc-
tures obtained during these initial efforts should prove
invaluable to this process [Stuckey et al., 2016].

Although UNC3866 has been successfully
applied as a cellular chemical probe and its initial
mouse PK following intraperitoneal administration is
promising, this compound has fallen short of finding
utility in an in vivo context owing to poor cell perme-
ability. The modest cellular potency of UNC3866
(EC50 �7 lM) which is permeability limited illustrates
the remaining challenges in developing an in vivo
chemical probe using this template [Stuckey et al.,
2016]. Ongoing studies are aimed at further enhancing
permeability, target affinity, and the utilization of in

vivo appropriate delivery systems to overcome these
issues.

MINING PEPTIDE CHEMICAL SPACE VIA
COMBINATORIAL CHEMISTRY

The extensive effort required to investigate struc-
tural hypotheses for chromodomain inhibition is indica-
tive of the challenges inherent in systematic peptide
optimization. When carried out via solution phase
synthesis, peptide SAR is costly, time-consuming, and
often fails to discover synergistic modifications. Design-
ing selective compounds from a modestly selective, large
scaffold is not always straightforward and often comes at
the expense of potency or permeability. Fortunately, the
past three decades have witnessed the advent of impres-
sive combinatorial technologies to address these very
issues. Applying combinatorial chemistry to the optimi-
zation of peptidomimetic ligands affords a strategy for
the rapid discovery and optimization of peptidic and
peptidomimetic ligands while interrogating hundreds-
to-thousands of key structural hypotheses with minimal
effort and cost.

Combinatorial chemistry provides an economi-
cally efficient route to mine chemical space via the
rapid creation and screening of libraries on the order of
104–1012 compounds. Unlike small molecules, peptides
are well-suited to traditional combinatorial methodolo-
gies due to their efficient chemistries, modular assem-
bly, and straightforward structural deconvolution via
tandem mass spectrometry. Additionally, peptides are
uniquely capable of harnessing the cellular machinery
to develop vast phage and mRNA display-based librar-
ies. In applying combinatorial peptide assembly, the
advantages are by no means limited to hit discovery as
combinatorial hit optimization can also be achieved via
rapid exploration of targeted chemical space [Aina
et al., 2007; Gao et al., 2015]. Mining targeted chemical
space in turn informs an understanding of the struc-
tural requirements for binding and yields extensive
SAR. Ultimately, a successful combinatorial platform
for peptidic ligand optimization requires an informed
library design and a screening infrastructure to reap
the benefits of this technique without falling prey to its
pitfalls.

Multiple groups have previously explored combi-
natorial peptide optimization focused on improving
affinity. Where less advancement has occurred is in the
application of combinatorial chemistry to improve com-
pound properties and deliver biologically relevant and
selective chemical probes. Rationally designed combina-
torial libraries and appropriate screening strategies are
likely to enable the identification of ligands with
improved physicochemical properties. Furthermore, the
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amenability of combinatorial libraries to multiple rounds
of screening facilitates a target class screening effort to
yield selectivity and affinity information prior to struc-
tural deconvolution [Barnash et al., 2016].

The successful use of a combinatorial strategy to
facilitate peptide-to-peptidomimetic optimization can
be seen in our development of ligands for the central
Kme reader of Polycomb repressive complex 2
(PRC2), EED [Barnash et al., 2017]. PRC2, which con-
tains three core components, enhancer of zeste homo-
log 1 or 2 (EZH1/2), EED, and suppressor of zeste 12
(SUZ12), coordinates the methylation of H3K27 via
the enzymatic activity of EZH1 or 22. EED binds and
interprets the product of PRC2 activity, H3K27me3,
which in turn allosterically stimulates EZH2 methyl-
transferase activity mediating propagation of this PTM
[Margueron et al., 2009]. Starting with a five-residue
non-histone methylated peptide (Kd �10 mM), the
design, synthesis, and screening of two combinatorial
libraries paired with traditional SBD resulted in a 10-
fold more potent EED ligand with a reduced number
of hydrogen bond donors and a lower charge state.
Ultimately, the final ligand, UNC5115, has a molecular
weight under 600 Da, has a charge state of 12,
includes only three hydrogen bond donors, and con-
tains only a single natural amino acid (Fig. 3A). While
methylated proteins that bind to the EED reader
pocket are known to stimulate PRC2 methyltransferase
activity, our peptidomimetic ligands inhibit PRC2
methylation of an H3K27 peptide. Since these inhibi-
tors were inactive against EED aromatic cage mutants
and they were shown to compete with H3K27me3, we
concluded that they likely function allosterically by dis-
rupting the stabilization of a critical EZH2 a-helix that
facilitates opening of the enzyme’s substrate binding
channel. Consequently, PRC2 retains basal activity but
is not stimulated upon ligand binding. Disruption of
the Kme reader function of EED is consequently a via-
ble strategy for targeting PRC2, and interestingly, the
effects are unlikely to be identical to those of previously
published EZH2 inhibitors due to the retention of
basal methyltransferase activity.

In addition to EED ligand development, we
exploited the ability of on-bead libraries to be screened
repeatedly to pursue a target class screening strategy,
with the intention of repurposing UNC3866 to discover
high affinity ligands versus the chromodomains of the
CDY family. After the synthesis of a UNC3866 deriva-
tive library and a preliminary negative selection, we
screened our biased library against the target chromodo-
main, CDYL2, and employed competitor exchange
kinetics to selectively isolate higher affinity ligands than
UNC3866. Subsequent homologous chromodomain
negative selections against the CDYL2 binding beads

removed non-selective ligands, leading to the final
isolation of ligands with unique potency and selectivity
profiles as compared to UNC3866. UNC4991 is a sub-
micromolar ligand of the CDYL chromodomains that
demonstrates the importance of the N-terminal residue
in mediating chromodomain potency and selectivity
[Barnash et al., 2016]. Moreover, the library hits demon-
strate minimal tolerance to alteration at the alanine,
lysine, and serine positions yielding important insights
into the requirements for peptidomimetic binding
across chromodomains. Although these ligands have not
yet been exploited to discern novel CDYL2 biology, we
anticipate continued optimization and expanded interest
in CDYL proteins will greatly enhance the impact of
this series of ligands [Liu et al., 2017]. Moreover, this
combinatorial strategy is readily applicable to other
chromodomain-containing proteins and can rapidly
yield ligands of novel selectivity and affinity against new
targets.

The dependence of hit deconvolution on sequenc-
ing efficiency in one-bead-one-compound libraries lim-
its the utility of this approach for interrogating larger
peptides, and screening libraries of more than a few
million compounds is practically quite challenging for
most academic settings. Consequently, alternative pep-
tide library technologies have emerged over the past
three decades to interrogate larger libraries [McCaff-
erty et al., 1990; Hanes and Pl€uckthun, 1997; Roberts
and Szostak, 1997]. These display technologies (ribo-
somal, phage, and mRNA) all apply DNA sequencing,
not peptide sequencing, for final hit deconvolution.
Moreover, screening of the libraries can be conducted
on a much smaller scale due to the homogenous nature
of the selection platform which typically includes an
affinity enrichment step for protein-bound peptide
ligands. Suga and co-workers discovered a mechanism-
based, isoform selective SIRT2 macrocyclic peptide
inhibitor through mRNA display [Morimoto et al.,
2012]. Their library incorporated three non-natural
amino acids including an acetyl-lysine mimetic (trifluor-
oacetyl-lysine) that dramatically reduces the diacylation
reaction rate and a-N-(2-chloroacetyl)-L-tyrosine or a-
N-(2-chloroacetyl)-D-tyrosine to covalently react with
nucleophilic residues in or near the catalytic site. Final
ligands derived from these efforts exhibited affinity in
the single digit nanomolar range, demonstrating the
utility of using combinatorial libraries to rapidly develop
potent and selective ligands against challenging targets.
Ultimately, display techniques substantially expand the
diversity achievable with large peptide libraries, but
they are currently hindered by the limitations of genetic
encoding; however, significant effort has been invested
to address this issue and engineer technologies to incor-
porate PTM-mimetic amino acids [Guo et al., 2008;
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Morimoto et al., 2012; Kawakami et al., 2013; Knight
and Cropp, 2015; Elsasser et al., 2016]. It is likely that
the use of such display technologies will greatly increase
as improvements are made to the available chemical
diversity.

PEPTIDE AND SMALL MOLECULE
COMPLEMENTARITY FOR LIGAND DEVELOPMENT

Our own efforts in peptidomimetic inhibitor
development yielded significant advances in the under-
standing of PRC1 chromodomain function, chromodo-
main family selectivity, and allosteric regulation of
PRC2. Pursuing such peptidomimetics is advantageous
in an academic setting where diversity oriented synthe-
sis of compound libraries would be both high risk and
prohibitively expensive; yet, limited cell permeability
and in vivo efficacy restrict the current use of these
peptidomimetic ligands toward understanding chroma-
tin regulation at an organismal level. Peptidomimetics
are, however, advantageous as a window of insight into

the ligandability of PPIs. Additionally, they are easily
derivatized to facilitate new assay methodologies as our
sights shift back to small molecule discovery.

Our own preliminary efforts at small molecule
discovery against the malignant brain tumor (MBT)
family of Kme readers were distinctly biased toward
peptidic fragments which evolved into small molecule
Kme mimetics off of an aromatic core [Herold et al.,
2011; Herold et al., 2012]. These ligands were
intended to bind analogously to the native Kme but
with conformational constraints and improved con-
tacts in and around the targeted aromatic cage.
Cross-screening of these compounds within the Kme
reader and methyltransferase target classes has led to
some success, but has often resulted in modestly
potent ligands [James et al., 2013; Ma et al., 2014;
Perfetti et al., 2015; Robaa et al., 2016; Wagner
et al., 2016]. Elaborating on the current peptidomi-
metic scaffolds that target chromatin regulatory pro-
teins might spur innovative strategies to evolve
peptidomimetics toward small molecule-like chemical

Fig. 3. EED inhibitors. (A) UNC5115 is a peptidomimetic ligand of EED that was optimized via paired combinatorial chemistry and SBD.
(B) Small molecule inhibitors of EED restructure Trp364 and Tyr365 of EED’s aromatic cage (black, PDB 5GSA) as compared to the binding
mode of methylated peptides (PDB 5HYN). The small molecule inhibitors (C) A-395 and (D) EED226 are structurally divergent but induce
similar binding modes in EED.

308 BARNASH ET AL.

Drug Dev. Res.



space. Known mimetics of peptide cores have also
not been explored in this context, and future efforts
may benefit from assessing the amenability of these
peptides to such replacements [Lao et al., 2014; Bhardwaj
et al., 2016; Craven et al., 2016; Watkins et al., 2017].

Recent efforts targeting the preformed aromatic
cage of EED are suggestive of a new strategy for
small molecule antagonism of Kme reader domains
[He et al., 2017; Qi et al., 2017]. The reported EED
chemical probes, published simultaneously by AbbVie
and Novartis, completely restructure the “open” aro-
matic cage of EED resulting in analogous binding
modes. In both structures, the tryptophan of the cage
(Trp364) is flipped out toward the protein surface
due to the movement of tyrosine 365 upon binding
(Fig. 3B). This movement is facilitated by compensa-
tory ligand cation-p interactions with the two tyro-
sines of the aromatic cage in the case of A-395 (Fig.
3C), whereas EED226 (Fig. 3D) appears to form a
network of p stacking interactions through its elec-
tron deficient aromatic core. The binding mode of
the latter compound suggests the possibility of target-
ing other Kme reader proteins with small molecules
in a similar fashion. Unlike A-395, EED226 is
completely void of chiral centers and its structure is
almost fragment-like, yet its affinity for EED is low
nanomolar. Moreover, EED226 is the first Kme
reader chemical probe to lack a discernible Kme
mimetic due to replacement of this moiety with an
electron deficient aromatic ring system.

These small molecule EED modulators exem-
plify conversion of the “undruggable” into the drug-
gable via the creation of an induced-fit pocket. The
implications of these successes are that, given an
appropriate small molecule library, motifs capable of
restructuring aromatic cages could be reapplied in a
target class screening effort to reassess the small mol-
ecule ligandability of Kme reader proteins. Accord-
ingly, the challenge lies in developing and pursuing a
more appropriate chemical space to induce rear-
rangement of aromatic cages. The success of
EED226 suggests that electron deficient aromatic
fragments represent a promising starting point for
library design and inclusion in peptide frameworks
for ligand discovery. Perhaps this motif will represent
a privileged scaffold for Kme reader antagonists?

CONCLUSIONS

Modulation of chromatin compaction via PTM
deposition and removal requires exquisitely con-
trolled protein machinery. Multiprotein complexes,
such as PRC1 and PRC2, directly regulate individual
marks and indirectly regulate numerous PTMs, but

the complexity of their biology prevents molecular
and genetic techniques from elucidating a compre-
hensive understanding of their function. Moreover,
teasing apart the individual contributions of specific
domains remains an even more daunting task when
solely relying on these traditional approaches.

The growing trend toward targeting chromatin-
modifying proteins demonstrates the advantages of
chemical probes for interrogating domain function.
Kme readers are a fascinating target class that exempli-
fies the challenge of interrogating PPIs with chemical
probes. The disruption of the surface groove binding of
Kme readers to their cognate histone peptides via high-
throughput small molecule hit discovery has been only
modestly successful to date [He et al., 2017; Huang
et al., 2017; Li et al., 2017; Lingel et al., 2017; Qi et al.,
2017]. In contrast, optimized peptidomimetic inhibi-
tors are a viable alternative for cellular chemical probe
discovery with known challenges to be overcome. Pep-
tides offer several advantages including a rational start-
ing point for ligand optimization, simple chemistry, and
complementary geometric and structural features to
target large protein surfaces. In contrast, improving the
potency, selectivity, and physicochemical properties of
peptide ligands in order to achieve high-quality probes
that engender a biologically relevant endpoint can be
challenging. Strategies that enable the multi-parameter
optimization of peptidic ligands hold the potential to
drastically increase the rate of chemical probe discov-
ery for chromatin-associated machinery, while merging
on-bead peptide ligand optimization with the evolution
of small molecules will likely also be advantageous.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Aina OH, Liu R, Sutcliffe JL, Marik J, Pan C-X, Lam KS. 2007.
From combinatorial chemistry to cancer-targeting peptides.
Mol Pharmaceut 4:631–651.

Andrews FH, Strahl BD, Kutateladze TG. 2016. Insights into
newly discovered marks and readers of epigenetic information.
Nat Chem Biol 12:662–668.

Arrowsmith CH, Audia JE, Austin C, Baell J, Bennett J, Blagg J,
Bountra C, Brennan PE, Brown PJ, Bunnage ME, et al. 2015.
The promise and peril of chemical probes. Nat Chem Biol 11:
536–541.

Barnash KD, Lamb KN, Stuckey JI, Norris JL, Cholensky SH,
Kireev DB, Frye SV, James LI. 2016. Chromodomain ligand
optimization via target-class directed combinatorial repurposing.
ACS Chem Biol 11:2475–2483.

Barnash KD, The J, Norris-Drouin JL, Cholensky SH, Worley
BM, Li F, Stuckey JI, Brown PJ, Vedadi M, Arrowsmith CH,
et al. 2017. Discovery of peptidomimetic ligands of EED as
allosteric inhibitors of PRC2. ACS Comb Sci 19:161–172.

PEPTIDE TOOLS TO STUDY CHROMATIN 309

Drug Dev. Res.



Benayoun BA, Veitia RA. 2009. A post-translational modification
code for transcription factors: sorting through a sea of signals.
Trend Cell Biol 19:189–197.

Bernard D, Martinez-Leal JF, Rizzo S, Martinez D, Hudson D,
Visakorpi T, Peters G, Carnero A, Beach D, Gil J. 2005. CBX7
controls the growth of normal and tumor-derived prostate cells
by repressing the Ink4a/Arf locus. Oncogene 24:5543–5551.

Bhardwaj G, Mulligan VK, Bahl CD, Gilmore JM, Harvey PJ,
Cheneval O, Buchko GW, Pulavarti SV, Kaas Q, Eletsky A, et
al. 2016. Accurate de novo design of hyperstable constrained
peptides. Nature 538:329–335.

Biron E, Chatterjee J, Ovadia O, Langenegger D, Brueggen J,
Hoyer D, Schmid HA, Jelinek R, Gilon C, Hoffman A, et al.
2008. Improving oral bioavailability of peptides by multiple N-
methylation: somatostatin analogues. Angew Chem Int Ed 47:
2595–2599.

Bock JE, Gavenonis J, Kritzer JA. 2013. Getting in shape: control-
ling peptide bioactivity and bioavailability using conformational
constraints. ACS Chem Biol 8:488–499.

Bode AM, Dong Z. 2004. Post-translational modification of p53 in
tumorigenesis. Nat Rev Cancer 4:793–805.

Botuyan MV, Lee J, Ward IM, Kim J-E, Thompson JR, Chen J, Mer
G. 2006. Structural basis for the methylation state-specific recogni-
tion of histone H4-K20 by 53BP1 and Crb2 in DNA repair. Cell
127:1361–1373.

Bunnage ME, Chekler ELP, Jones LH. 2013. Target validation
using chemical probes. Nat Chem Biol 9:195–199.

Chène P, Fuchs J, Bohn J, Garcı�a-Echeverrı�a C, Furet P, Fabbro
D, 2000. A small synthetic peptide, which inhibits the p53-
hdm2 interaction, stimulates the p53 pathway in tumour cell
lines. J Mol Biol 299:245–253.

Cornett EM, Dickson BM, Vaughan RM, Krishnan S, Trievel RC,
Strahl BD, Rothbart SB. (2016). Chapter two: substrate specif-
icity profiling of histone-modifying enzymes by peptide micro-
array. In: M. Ronen, editor. Methods in enzymology.
Cambridge, MA: Academic Press, Vol. 574, pp. 31–52.

Craven TW, Bonneau R, Kirshenbaum K. 2016. PPII helical pepti-
domimetics templated by cation-pi interactions. ChemBioChem
17:1824–1828.

Cunningham BC, Wells JA. 1989. High-resolution epitope mapping
of hGH-receptor interactions by alanine-scanning mutagenesis.
Science 244:1081–1086.

Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM,
Kastritis E, Gilpatrick T, Paranal RM, Qi J, et al. 2011. BET
bromodomain inhibition as a therapeutic strategy to target c-
Myc. Cell 146:904–917.

Di Croce L, Helin K. 2013. Transcriptional regulation by Poly-
comb group proteins. Nat Struct Mol Biol 20:1147–1155.

Ding K, Lu Y, Nikolovska-Coleska Z, Qiu S, Ding Y, Gao W,
Stuckey J, Krajewski K, Roller PP, Tomita Y, et al. 2005. Struc-
ture-based design of potent non-peptide MDM2 inhibitors.
J Am Chem Soc 127:10130–10131.

Elsasser SJ, Ernst RJ, Walker OS, Chin JW. 2016. Genetic code
expansion in stable cell lines enables encoded chromatin modi-
fication. Nat Meth 13:158–164.

Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward LD, Epstein
CB, Zhang X, Wang L, Issner R, Coyne M, et al. 2011. Mapping
and analysis of chromatin state dynamics in nine human cell types.
Nature 473:43–49.

Filippakopoulos P, Picaud S, Mangos M, Keates T, Lambert JP,
Barsyte-Lovejoy D, Felletar I, Volkmer R, Muller S, Pawson T,
et al. 2012. Histone recognition and large-scale structural analy-
sis of the human bromodomain family. Cell 149:214–231.

Frank R. 2002. The SPOT-synthesis technique: synthetic peptide
arrays on membrane supports—principles and applications.
J Immunol Meth 267:13–26.

Friberg A, Vigil D, Zhao B, Daniels RN, Burke JP, Garcia-
Barrantes PM, Camper D, Chauder BA, Lee T, Olejniczak ET,
Fesik SW. 2012. Discovery of potent myeloid cell leukemia 1
(Mcl-1) inhibitors using fragment-based methods and structure-
based design. J Med Chem 56:15–30.

Frye SV. 2010. The art of the chemical probe. Nat Chem Biol 6:159.

Furet P, Chène P, De Pover A, Valat TS, Lisztwan JH, Kallen J,
Masuya K. 2012. The central valine concept provides an entry
in a new class of non peptide inhibitors of the p53–MDM2
interaction. Bioorg Med Chem Lett 22:3498–3502.

Gao Y, Amar S, Pahwa S, Fields G, Kodadek T. 2015. Rapid lead
discovery through iterative screening of one bead one com-
pound libraries. ACS Comb Sci 17:49.

Garcia-Echeverria C, Chene P, Blommers MJ, Furet P. 2000.
Discovery of potent antagonists of the interaction between
human double minute 2 and tumor suppressor p53. J Med
Chem 43:3205–3208.

Gentilucci L, De Marco R, Cerisoli L. 2010. Chemical modifica-
tions designed to improve peptide stability: incorporation of
non-natural amino acids, pseudo-peptide bonds, and cycliza-
tion. Curr Pharmaceut Des 16:3185–3203.

Goodwin JT, Conradi RA, Ho NF, Burton PS. 2001. Physico-
chemical determinants of passive membrane permeability: role
of solute hydrogen-bonding potential and volume. J Med Chem
44:3721–3729.

Grasberger BL, Lu T, Schubert C, Parks DJ, Carver TE, Koblish
HK, Cummings MD, LaFrance LV, Milkiewicz KL, Calvo RR,
et al. 2005. Discovery and cocrystal structure of benzodiazepi-
nedione HDM2 antagonists that activate p53 in cells. J Med
Chem 48:909–912.

Guo J, Wang J, Lee JS, Schultz PG. 2008. Site-specific incorpora-
tion of methyl- and acetyl-lysine analogues into recombinant
proteins. Angew Chem Int Ed Engl 47:6399–6401.

Guo Y, Nady N, Qi C, Allali-Hassani A, Zhu H, Pan P, Adams-
Cioaba MA, Amaya MF, Dong A, Vedadi M, et al. 2009. Meth-
ylation-state-specific recognition of histones by the MBT repeat
protein L3MBTL2. Nucl Acid Res 37:2204–2210.

Hanes J, Pl€uckthun A. 1997. In vitro selection and evolution of
functional proteins by using ribosome display. Proc Nat Acad
Sci 94:4937–4942.

Hann MM, Oprea TI. 2004. Pursuing the leadlikeness concept in
pharmaceutical research. Curr Opin Chem Biol 8:255–263.

He Y, Selvaraju, S, Curtin ML, Jakob CG, Zhu H, Comess KM,
Shaw B, Lima-Fernandes E, Szewczyk MM, Cheng D, et al.
2017. The EED protein–protein interaction inhibitor A-395
inactivates the PRC2 complex. Nat Chem Biol 13:389–395.

Herold JM, James LI, Korboukh VK, Gao C, Coil KE, Bua DJ,
Norris JL, Kireev DB, Brown PJ, Jin J, et al. 2012. Structure-
activity relationships of methyl-lysine reader antagonists. Med-
ChemComm 3:45–51.

Herold JM, Wigle TJ, Norris JL, Lam R, Korboukh VK, Gao C,
Ingerman LA, Kireev DB, Senisterra G, Vedadi M, et al. 2011.

310 BARNASH ET AL.

Drug Dev. Res.



Small-molecule ligands of methyl-lysine binding proteins. J Med
Chem 54:2504–2511.

Hopkins AL, Groom CR. 2002. The druggable genome. Nat Rev
Drug Discov 1:727–730.

Huang J, Berger SL. 2008. The emerging field of dynamic lysine
methylation of non-histone proteins. Curr Opin Genet Dev 18:
152–158.

Huang Y, Zhang J, Yu Z, Zhang H, Wang Y, Lingel A, Qi W, Gu
J, Zhao K, Shultz MD, et al. 2017. Discovery of first-in-class,
potent, and orally bioavailable embryonic ectoderm develop-
ment (EED) inhibitor with robust anticancer efficacy. J Med
Chem 60:2215–2226.

James LI, Barsyte-Lovejoy D, Zhong N, Krichevsky L, Korboukh
VK, Herold JM, MacNevin CJ, Norris JL, Sagum CA, Tempel
W, et al. 2013. Discovery of a chemical probe for the
L3MBTL3 methyllysine reader domain. Nat Chem Biol 9:184–
191.

Kaustov L, Ouyang H, Amaya M, Lemak A, Nady N, Duan S,
Wasney GA, Li Z, Vedadi M, Schapira M, et al. 2011. Recogni-
tion and specificity determinants of the human cbx chromodo-
mains. J Biol Chem 286:521–529.

Kawakami T, Ishizawa T, Murakami H. 2013. Extensive reprog-
ramming of the genetic code for genetically encoded synthesis
of highly N-alkylated polycyclic peptidomimetics. J Am Chem
Soc 135:12297–12304.

Khan AR, Parrish JC, Fraser ME, Smith WW, Bartlett PA, James
MN. 1998. Lowering the entropic barrier for binding confor-
mationally flexible inhibitors to enzymes†. Biochemistry 37:
16839–16845.

Klauke K, Radulovic V, Broekhuis M, Weersing E, Zwart E,
Olthof S, Ritsema M, Bruggeman S, Wu X, Helin K, et al.
2013. Polycomb Cbx family members mediate the balance
between haematopoietic stem cell self-renewal and differentia-
tion. Nat Cell Biol 15:353–362.

Knight WA, Cropp TA. 2015. Genetic encoding of the post-
translational modification 2-hydroxyisobutyryl-lysine. Organ
Biomol Chem 13:6479–6481.

Kuo AJ, Song J, Cheung P, Ishibe-Murakami S, Yamazoe S, Chen
JK, Patel DJ, Gozani O. 2012. ORC1 BAH domain links
H4K20me2 to DNA replication licensing and Meier-Gorlin syn-
drome. Nature 484:115–119.

Kussie PH, Gorina S, Marechal V, Elenbaas B. 1996. Structure of
the MDM2 oncoprotein bound to the p53 tumor suppressor
transactivation domain. Science 274:948.

Kwon Y-U, Kodadek T. 2007. Quantitative evaluation of the rela-
tive cell permeability of peptoids and peptides. J Am Chem
Soc 129:1508.

Lam KS, Lebl M, Krch�n�ak V. 1997. The “one-bead-one-compound”
combinatorial library method. Chem Rev 97:411–448.

Lao BB, Drew K, Guarracino DA, Brewer TF, Heindel DW,
Bonneau R, Arora PS. 2014. Rational design of topographical
helix mimics as potent inhibitors of protein–protein interac-
tions. J Am Chem Soc 136:7877–7888.

Li L, Zhang H, Zhang M, Zhao M, Feng L, Luo X, Gao Z,
Huang Y, Ardayfio O, Zhang JH, et al. 2017. Discovery and
molecular basis of a diverse set of polycomb repressive complex
2 inhibitors recognition by EED. PLoS ONE 12:e0169855.

Lingel A, Sendzik M, Huang Y, Shultz MD, Cantwell J, Dillon
MP, Fu X, Fuller J, Gabriel T, Gu J, et al. 2017. Structure-

guided design of EED binders allosterically inhibiting the epi-
genetic Polycomb Repressive Complex 2 (PRC2) methyltrans-
ferase. J Med Chem 60:415–427.

Liu Y, Liu S, Yuan S, Yu H, Zhang Y, Yang X, Xie G, Chen Z, Li
W, Xu B, et al. 2017. Chromodomain protein CDYL is
required for transmission/restoration of repressive histone
marks. J Mol Cell Biol 9:178–194.

Ma A, Yu W, Li F, Bleich RM, Herold JM, Butler KV, Norris JL,
Korboukh V, Tripathy A, Janzen WP, et al. 2014. Discovery of
a selective, substrate-competitive inhibitor of the lysine methyl-
transferase SETD8. J Med Chem 57:6822–6833.

Margueron R, Justin N, Ohno K, Sharpe ML, Son J, Drury III
WJ, Voigt P, Martin SR, Taylor WR, De Marco V, et al. 2009.
Role of the polycomb protein EED in the propagation of
repressive histone marks. Nature 461:762–767.

McCafferty J, Griffiths AD, Winter G, Chiswell DJ. 1990. Phage
antibodies: filamentous phage displaying antibody variable
domains. Nature 348:552.

Milosevich N, Gignac MC, McFarlane J, Simhadri C, Horvath S,
Daze KD, Croft CS, Dheri A, Quon TT, Douglas SF, et al.
2016. Selective inhibition of CBX6: a methyllysine reader pro-
tein in the polycomb family. ACS Med Chem Lett 7:139–144.

Montero A, Beierle JM, Olsen CA, Ghadiri MR. 2009. Design,
synthesis, biological evaluation, and structural characterization
of potent histone deacetylase inhibitors based on cyclic a/b-tet-
rapeptide architectures. J Am Chem Soc 131:3033–3041.

Morimoto J, Hayashi Y, Suga H. 2012. Discovery of macrocyclic
peptides armed with a mechanism-based warhead: isoform-
selective inhibition of human deacetylase SIRT2. Angew Chem
Int Ed 51:3423–3427.

Muller MM, Muir TW. 2015. Histones: at the crossroads of pep-
tide and protein chemistry. Chem Rev 115:2296–2349.

Nady N, Min J, Kareta MS, Chedin F, Arrowsmith CH. 2008. A
SPOT on the chromatin landscape? Histone peptide arrays as a
tool for epigenetic research. Trends Biochem Sci 33:305–313.

Olsen CA, Ghadiri MR. 2009. Discovery of potent and selective
histone deacetylase inhibitors via focused combinatorial librar-
ies of cyclic a(3)b-tetrapeptides. J Med Chem 52:7836–7846.

Perfetti MT, Baughman BM, Dickson BM, Mu Y, Cui G, Mader
P, Dong A, Norris JL, Rothbart SB, Strahl BD, et al. 2015.
Identification of a fragment-like small molecule ligand for the
methyl-lysine binding protein, 53BP1. ACS Chem Biol 10:
1072–1081.

Qi W, Zhao K, Gu J, Huang Y, Wang Y, Zhang H, Zhang M,
Zhang J, Yu Z, Li L, et al. 2017. An allosteric PRC2 inhibitor
targeting the H3K27me3 binding pocket of EED. Nat Chem
Biol 13:381–388.

Qin S, Guo Y, Xu C, Bian C, Fu M, Gong S, Min J. 2013. Tudor
domains of the PRC2 components PHF1 and PHF19 selec-
tively bind to histone H3K36me3. Biochem Biophys Res Com-
mun 430:547–553.

Robaa D, Wagner T, Luise C, Carlino L, McMillan J, Flaig R,
Sch€ule R, Jung M, Sippl W. 2016. Identification and structure–
activity relationship studies of small-molecule inhibitors of the
methyllysine reader protein Spindlin1. ChemMedChem 11:
2327–2338.

Roberts RW, Szostak JW. 1997. RNA-peptide fusions for the in
vitro selection of peptides and proteins. Proc Nat Acad Sci 94:
12297–12302.

PEPTIDE TOOLS TO STUDY CHROMATIN 311

Drug Dev. Res.



Rothbart SB, Dickson BM, Ong MS, Krajewski K, Houliston S,
Kireev DB, Arrowsmith CH, Strahl BD. 2013. Multivalent his-
tone engagement by the linked tandem Tudor and PHD
domains of UHRF1 is required for the epigenetic inheritance
of DNA methylation. Gene Dev 27:1288–1298.

Rothbart SB, Krajewski K, Nady N, Tempel W, Xue S, Badeaux
AI, Barsyte-Lovejoy D, Martinez JY, Bedford MT, Fuchs SM,
et al. 2012. Association of UHRF1 with methylated H3K9
directs the maintenance of DNA methylation. Nat Struct Mol
Biol 19:1155–1160.

Rothbart SB, Krajewski K, Strahl BD, Fuchs SM. 2012. Peptide
microarrays to interrogate the “histone code.” Method Enzymol
512:107–135.

Sadakierska-Chudy A, Filip M. 2015. A comprehensive view of the
epigenetic landscape. Part II: histone post-translational modifica-
tion, nucleosome level, and chromatin regulation by ncRNAs.
Neurotox Res 27:172–197.

Sakurai K, Schubert C, Kahne D. 2006. Crystallographic analysis
of an 8-mer p53 peptide analogue complexed with MDM2.
J Am Chem Soc 128:11000–11001.

Sattler M, Liang H, Nettesheim D, Meadows RP, Harlan JE,
Eberstadt M, Yoon HS, Shuker SB, Chang BS, Minn AJ, et al.
1997. Structure of Bcl-xL-Bak peptide complex: recognition
between regulators of apoptosis. Science 275:983–986.

Shinjo K, Yamashita Y, Yamamoto E, Akatsuka S, Uno N, Kamiya
A, Niimi K, Sakaguchi Y, Nagasaka T, Takahashi T, et al. 2014.
Expression of chromobox homolog 7 (CBX7) is associated with
poor prognosis in ovarian clear cell adenocarcinoma via
TRAIL-induced apoptotic pathway regulation. Int J Cancer
135:308–318.

Simhadri C, Daze KD, Douglas SF, Quon TTH, Dev A, Gignac
MC, Peng F, Heller M, Boulanger MJ, Wulff JE, et al. 2014.
Chromodomain antagonists that target the polycomb-group
methyllysine reader protein chromobox homolog 7 (CBX7).
J Med Chem 57:2874–2883.

Smith GP, Petrenko VA. 1997. Phage display. Chem Rev 97:391–410.

Strahl BD, Allis CD. 2000. The language of covalent histone mod-
ifications. Nature 403:41–45.

Stuckey JI, Dickson BM, Cheng N, Liu Y, Norris JL, Cholensky
SH, Tempel W, Qin S, Huber KG, Sagum C, et al. 2016. A cel-
lular chemical probe targeting the chromodomains of Polycomb
repressive complex 1. Nat Chem Biol 12:180–187.

Stuckey JI, Simpson C, Norris-Drouin JL, Cholensky SH, Lee J,
Pasca R, Cheng N, Dickson BM, Pearce KH, Frye SV, et al.
2016. Structure–activity relationships and kinetic studies of
peptidic antagonists of CBX chromodomains. J Med Chem 59:
8913–8923.

Takahashi TT, Austin RJ, Roberts RW. 2003. mRNA display:
ligand discovery, interaction analysis and beyond. Trend Bio-
chem Sci 28:159–165.

Tan NC, Yu P, Kwon Y-U, Kodadek T. 2008. High-throughput
evaluation of relative cell permeability between peptoids and
peptides. Bioorg Med Chem 16:5853–5861.

Tanaka M, Roberts JM, Seo HS, Souza A, Paulk J, Scott TG,
DeAngelo SL, Dhe-Paganon S, Bradner JE. 2016. Design and
characterization of bivalent BET inhibitors. Nat Chem Biol 12:
1089–1096.

Toepert F, Knaute T, Guffler S, Pires JR, Matzdorf T, Oschkinat
H, Schneider-Mergener J. 2003. Combining SPOT synthesis
and native peptide ligation to create large arrays of WW pro-
tein domains. Angew Chem Int Ed Engl 42:1136–1140.

Tsomaia N. 2015. Peptide therapeutics: targeting the undruggable
space. Europ J Med Chem 94:459–470.

Uttamchandani M, Yao SQ. 2008. Peptide microarrays: next gen-
eration biochips for detection, diagnostics and high-throughput
screening. Curr Pharmaceut Des 14:2428–2438.

Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F, Filipovic
Z, Kong N, Kammlott U, Lukacs C, Klein C, et al. 2004. In
vivo activation of the p53 pathway by small-molecule antago-
nists of MDM2. Science 303:844–848.

Wagner T, Greschik H, Burgahn T, Schmidtkunz K, Schott A-K,
McMillan J, Baranauskien _e L, Xiong Y, Fedorov O, Jin J, et al.
2016. Identification of a small-molecule ligand of the epigenetic
reader protein Spindlin1 via a versatile screening platform.
Nucl Acid Res 44:e88–e88.

Wang GG, Allis CD, Chi P. 2007. Chromatin remodeling and
cancer, part I: covalent histone modifications. Trend Mol Med
13:363–372.

Waring MJ, Chen H, Rabow AA, Walker G, Bobby R, Boiko S,
Bradbury RH, Callis R, Clark E, Dale I, et al. 2016. Potent
and selective bivalent inhibitors of BET bromodomains. Nat
Chem Biol 12:1097–1104.

Watkins AM, Bonneau R, Arora PS. 2017. Modeling and design
of peptidomimetics to modulate protein–protein interactions.
Method Mol Biol 1561:291–307.

Wigle TJ, Herold JM, Senisterra GA, Vedadi M, Kireev DB,
Arrowsmith CH, Frye SV, Janzen WP. 2009. Screening for
inhibitors of low-affinity epigenetic peptide–protein interac-
tions: an AlphaScreenTM-based assay for antagonists of methyl-
lysine binding proteins. J Biomol Screen 15:62–71.

Xu C, Bian C, Yang W, Galka M, Ouyang H, Chen C, Qiu W,
Liu H, Jones AE, MacKenzie F, et al. 2010. Binding of differ-
ent histone marks differentially regulates the activity and spe-
cificity of polycomb repressive complex 2 (PRC2). Proc Nat
Acad Sci 107:19266–19271.

Yap KL, Li S, Munoz-Cabello AM, Raguz S, Zeng L, Mujtaba S,
Gil J, Walsh MJ, Zhou MM. 2010. Molecular interplay of the
noncoding RNA ANRIL and methylated histone H3 lysine 27
by polycomb CBX7 in transcriptional silencing of INK4a. Mol
Cell 38:662–674.

312 BARNASH ET AL.

Drug Dev. Res.


