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ABSTRACT: The polycomb paralogs CBX2, CBX4, CBX6,
CBX7, and CBX8 are epigenetic readers that rely on “aromatic
cage” motifs to engage their partners’ methyllysine side chains.
Each CBX carries out distinct functions, yet each includes a
highly similar methyllysine-reading chromodomain as a key
element. CBX7 is the only chromodomain that has yet been
targeted by chemical inhibition. We report a small set of
peptidomimetic agents in which a simple chemical modifica-
tion switches the ligands from one with promiscuity across all
polycomb paralogs to one that provides selective inhibition of

CBX6. The structural basis for this selectivity, which involves occupancy of a small hydrophobic pocket adjacent to the aromatic
cage, was confirmed through molecular dynamics simulations. Our results demonstrate the increases in affinity and selectivity
generated by ligands that engage extended regions of chromodomain binding surfaces.
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ost-translational methylation exerts critical control over

multiple gene expression pathways.' Histone methylation
is among the most prominent and diverse of post-translational
modifications (PTMs) in which differences in the location and
degree of methylation dictate the engagement of different
partners and give varying downstream biological effects.”’ The
Drosophila protein polycomb protein reads trimethylation
marks on histone tails and is the namesake of the polycomb
group (PcG), a set of functionally diverse proteins that
coordinate to modify gene expression at hundreds of loci.*
There are five human paralogs of polycomb, CBX2, CBX4,
CBX6, CBX7, and CBXS8, each with distinct functions in
cellular differentiation during development, cancer progression,
and stem cell maintenance.’™® The canonical functions of CBX
proteins involve participation in variations of polycomb
repressive complex 1 (PRC1), within which they serve as
readers of the mark histone 3, lysine 27 trimethylated
(H3K27me3). In spite of functional differences, all polycomb
paralogs rely on a common methyllysine reader module
(chromodomain) with high structure and sequence similar-

ity

Epigenetic reader proteins are growing as a class of potential
drug targets. Inhibitors of acetyllysine-binding bromodomains
(BRD) are well-known; clinical trials for diverse malignancies
are underway, and their promise in control of inflammation,
cancer, and viral infection is being actively explored.'*~** There
are hundreds of methyl reader proteins, but progress in
inhibiting methyllysine readers has been comparatively slow.
The first examples were inhibitors of methyllysine-binding
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Malignant Brain Tumor (MBT) domains.”*™* Other recent
reports of methyllysine reader protein inhibitors include agents
targeting one tudor domain®’ and two PHD fingers.”"**

In the family of chromatin organization modifier domains
(chromodomains), the initial focus has been on CBX7, one of
the five human polycomb paralogs. (The proteins CBXI,
CBX3, and CBXS are a more distantly related set that are
heterochromatin protein 1 (HP1) paralogs). Our group
reported peptidomimetic inhibitors developed from peptide
leads,” and the group of Zhou recently reported on small
molecule inhibitors discovered through high-throughput
screening.”* The initial focus on CBX7 is partly because it is
strongly associated with many disease phenotypes, and partly
also because it tends to give higher in vitro affinities for its
native ligands than the other CBX proteins.”'® This character-
istic has also been identified in a computational analysis that
predicted that CBX7 would have a relatively “druggable”
binding site among methyl reader proteins.”

We sought to identify selective chemical or peptidic tools
that would overcome this bias and target other members within
the polycomb CBX family of epigenetic modifiers. The
sequence and structural similarities within the human polycomb
chromodomains are very high (Figure S1). Their highly diverse
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in vivo functions (above) are partially understood as arising
from their divergent domain architecture outside of their
methyl-reading chromodomains.'' However, there are no
known sites for chemical binding outside of the chromodo-
mains, so any efforts to create selective ligands must rely on
being able to discriminate among the five highly similar CBX
chromodomains.

The overall similarity of chromodomains makes their
selective inhibition challenging. The aromatic cage pockets
that bind to the histone’s Kme3 side chain are essentially
indistinguishable among the five polycomb paralogs (Figure
1A,B). A small, hydrophobic adjacent pocket binds the
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Figure 1. Overview of the chromodomains of human polycomb
paralogs CBX2, CBX4, CBX6, CBX7, and CBXS8. (A) Structural
alignments show the overall similarity of CBX proteins (magenta =
CBX2, pdb code 3H91; gray = CBX4, pdb code 3I8Z; yellow = CBX6,
pdb code 3I90; purple = CBX7, pdb code 4MN3; salmon = CBXS,
pdb code 3I91). (B) Overlay of the aromatic cages with the Kme3
native ligand in green. (CBX4 not shown, as the only available
structure lacks bound Kme3 ligand.) (C) Overlay of the (—2) pocket
floor Val/Ala residues. (D) Depiction of (—2) pocket size in each CBX
protein with histone 3 alanine 25 as the native ligand. CBX7
numbering used throughout.

conserved histone Ala side chains that uniformly occur (—2)
to the trimethyllysine sites H3K9me3 and H3K27me3, the two
sites known to be targeted in vitro by CBX proteins. The (—2)
pocket is created and shielded from solvent by the closure of
two residue side chains over the ligand in a motif called the
hydrophobic clasp.”** The floor of the (—2) pocket is partially
defined by a Val residue in CBX4 and CBX7 that is replaced by
an Ala residue in CBX2, -6, and -8 (Figure 1C,D). It was
recently shown that a Val/Ala exchange at this position can
make CBX7 display CBX2-like binding affinities and functions,
demonstrating the importance of these residues at the floor of
the (—2) pocket in the CBX proteins’ intrinsic biological
functions.”

We report here that varying the ligand structure within the
(—2) pocket has a large influence on CBX selectivity and in fact
allows for the simple creation of potent CBX6-selective
inhibitors.

We first established a panel of proteins for use in
fluorescence polarization assays of ligand affinities and
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selectivities. Recombinant chromodomains for each polycomb
paralog (CBX2, CBX4, CBX6, CBX7, and CBX8) were
expressed and purified using minor modifications of reported
protocols.” We also prepared one member of the related HP1
family (CBX1; HP1S) as a representative from this more
distantly related set of CBX proteins.

In spite of the canon that defines H3K9me3 and/or
H3K27me3 as the targets of CBX proteins, H3K9me3 and
H3K27me3 peptides have been shown not to bind measurably
with multiple members of the CBX family.”'’ In order to
ensure strong baseline affinity for our ligands, we started with a
peptidic sequence (1) that we previously identified as a
moderate-strength CBX7 binder (IC;, = 73 uM) and a
chemically modified version (2) that has improved CBX7
affinity (IC5, = 1.7 uM) arising from a p-bromobenzamide
group (Figure 2 and Figure S11).”> Competitive fluorescence
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Figure 2. Peptide sequences Ac-FAYKme;S-NH, (1) and pBr-
FAYKme,;S-NH, (2) identified as CBX7 binders.
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polarization (FP) studies are limited in their ability to measure
Ky values for potent ligands, especially for comparison across
different proteins that have different intrinsic affinities for the FP
probes.’® To overcome this limitation by using direct FP
titrations of an entire panel of proteins into ligands (which
gives reliable Ky values for all complexes), we modified 2 by
adding a linking residue and fluorescent dye at the C-terminus.
Compounds 3, 4, and § are such compounds that vary only in
the identity of the side chain directed into the (—2) pocket.

Figure 3 shows Ky values arising from direct FP titrations of
all six chromodomains into all three ligands (see also Figures
S13—15). The (—2) substitutions in 3—5 have dramatic effects
on potencies and selectivity for CBX proteins. Compound 3,
bearing the methyl substituent at the (—2) position, was potent
and promiscuous. Its K4 values are, from strongest to weakest,
CBX4/7 < CBX2/6 < CBX8. However, even the affinity for the
weakest partner, at 1 yM, is >25-fold stronger than the affinities
of any small molecule inhibitor for any chromodomain yet
reported. Inhibitor 3 is moderately selective for all polycomb
paralogs (0.1 to 1 uM) over the HP1 paralog CBX1 (S uM).

Addition of the ethyl substituent in 4 weakened binding to
CBX1 (HP1p) by >10-fold, while generating smaller decreases
in binding potency to CBX2/4/6/7 and no change in binding
to CBX8. The isopropyl substitution in compound 5 decreased
binding affinity of the peptide to all of CBX2/4/7/8, while not
significantly changing binding to CBX6. Compound 5 is 90X,
20X, 18X, 6%, and 7X selective for CBX6 over CBX1/2/4/7/8,
respectively. Analogues of compounds 3 and § lacking FITC
labels were tested using a competitive FP assay (Figure S12).
The ICs, values determined showed 7-fold selectivity for CBX6
over CBX7 for unlabeled S, demonstrating that the FITC tag
alone is not the source of CBX6 selectivity.

We further confirmed the affinities and selectivities of 3 and
5 by preparing 3-biotin and $-biotin to enable orthogonal
characterization of the complexes by surface plasmon resonance
(SPR). The results echo the selectivity trends obtained by
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Figure 3. Series of CBX ligands with varying alkyl substitutions at the
(—2) position and binding affinities determined by direct FP. Standard
errors are shown as error bars or in parentheses for values that exceed
axis limits.

direct FP, while also generally agreeing with the absolute Ky
values (Table 1 and Figures S16 and S17).

Table 1. Binding Affinities Determined by SPR

compd protein Ky (uM)

3-biotin CBX6 0.11 + 0.01
CBX7 0.16 + 0.01
CBX7-V13A 0.29 + 0.0

S-biotin CBX6 091 + 0.05
CBX7 34 +8
CBX7-VI13A 24 +2

To probe the role of Val/Ala substitutions at the floor of the
(—2) pocket (Figure 1C,D) in defining CBX protein selectivity,
the CBX7-V13A mutant was prepared and tested by SPR
(Table 1). The weak binding to compound § by this CBX6-like
mutation of CBX7 shows that the V13A substitution alone is
not sufficient to drive CBX6-like selective binding of S. This is
consistent with the observed low potency of S for binding
CBX2 and CBX8, which also have the VI3A substitution but
differ in other residues.

We carried out energy minimizations (Moloc) and ligand
docking (SeeSAR) for ligands 3 and § in order to gain more
insight into this SAR. Both methods suggested that the large
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side chain on ligand 5 could be accommodated in identical
modes and with identical energies in the (—2) pockets of CBX6
and CBX7, confounding the simple picture shown in Figure
1D. The overall picture is that the (—2) pocket is critical for the
native binding preferences of CBX proteins, but that the way in
which ligand § provides for CBX6 selectivity by occupying this
pocket is too complicated to be understood using static X-ray
structures.

To gain a dynamic view of the complexes, we carried out MD
simulations of the complexes of CBX6 and CBX7 with each of
3 and S. The trajectories show that the complex of CBX7 with
ligand 5 (mismatched) undergoes opening of the hydrophobic
clasp that envelopes the ligand. In contrast, the complex of
CBX6 with § (matched) remains completely wrapped around
the ligand throughout the simulation, as illustrated by clasp
distance dl in Figure 4 (see also Supporting Information for

CBX6 — Compound 5

CBX7 — Compound 5
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Figure 4. Molecular dynamic simulation results showing the change in
distances within CBX6 and CBX7 when in complex with compounds 3
and S. (A) Representative snapshots from MD trajectories, showing
only those parts of the ligands that occupy the (—2) pocket as magenta
surfaces. The distances d1, d2, and d3 define changes in pocket shape
that can be compared between simulations (see text). (B) Mean values
for distances d1 (circle), d2 (square), and d3 (triangle) show the
changes induced in and around the (—2) pocket when the bulkier
compound $ is bound to CBX6 and CBX?7. See also the movies of
complete MD simulations (Supporting Information).

movies). Figure 4 includes other geometric parameters that
quantify how CBX6 and CBX7 differ in their engagement of
ligands. The ligand side chains always stay in the (—2) pockets,
but the pocket shapes respond in different ways to different
ligands. The overall “external pocket width” (d3 in Figure 4) is
the same in all complexes, showing that the mouth of the
pocket is (surprisingly) the same regardless of the Vall3Ala
swap at one edge of this measured distance. The “internal

pocket width” (d2 in Figure 4) and hydrophobic clasp distance
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(d1) both show significant increases for CBX7-5 that are not
observed for CBX6-5, showing increased strains that account
for the observed experimental selectivity.

The aromatic cage of CBX proteins are known to be
important binding sites, but our results show how ligand affinity
also depends on occupying other binding subsites. The histone
tail ligands in native CBX—histone complexes occupy the beta
groove and interdigitate between the existing two protein
strands in order to make a short three-strand beta-sheet motif.
The previously reported small molecule ligands for CBX7
engage only the region around the aromatic cage and have
modest potencies (28—67 uM).>* The modified peptidic
ligands we report here reach affinities as strong as 0.1 yM
(for the complex CBX7-3) and are routinely sub-uM. We
attribute this to their occupation of the beta groove, which
includes the aforementioned (—2) pocket as well as a
hydrophobic cleft that extends further from the Kme3 binding
site. Comparison of 1 and 2 shows that occupying that cleft
provides >40-fold enhanced potency.

The origins of selectivities for the small molecule vs the
peptidic ligands are more subtle. The small-molecule ligand of
Zhou shows impressive 3- to 22-fold selectivities for CBX7 over
CBX2/4/6/8 even though it mainly binds the aromatic cage
region.”* The aromatic cages of all CBXs are highly similar to
each other in structure, so we infer that the aromatic cage of
CBX7 has better preorganization and/or reduced solvent
accessibility relative to its family members, rather than a large
difference in protein—ligand interactions in the bound state.
Promiscuous compound 3 shows stronger binding to CBX7
than any other CBX protein, suggesting that it is benefiting
from similar effects.

Large groups in the (—2) pocket are able to overcome the
inherent bias toward CBX7 binding. The particular CBX6
selectivity is not simply explained by the Val/Ala difference at
position 13 of the chromodomains, as would have been
predicted both by simple modeling and by the CBX2/7 results
reported earlier this year. Kaustov et al. showed using a peptide
array that CBX8 (but not CBX7) could accommodate a valine
side chain in the (—2) position of a histone tail sequence,” but
their qualitative array-blotting result did not include CBX6 for
comparison. Our solution phase data agree with this result to an
extent, in that they show similar solution-phase affinities for
valine-containing ligand $ binding to CBX7 or CBX8 (ca. S uM
each). However, the affinities for CBX6 are higher, providing
selectivity for this polycomb paralog that would not have been
anticipated based on prior studies of these proteins.

These results also uncover the previously unknown binding
preferences of CBX6’s chromodomain. While it has been
assumed to be a canonical polycomb reader of H3K9me3 and/
or H3K27me3, the in vitro affinities of CBX6 for these marks
are in fact unmeasurably weak.”'’ Each of these histone marks
has an alanine residue occupying the (—2) pocket and,
according to our results, would be poorly suited to bind
CBX6. Our results suggest that CBX6 might be a reader of a
different, as-yet undetermined trimethyllysine site.”” Identifying
the unknown native target(s) of CBX6 would help prove that
the SAR for CBX6 selectivity identified here also persists in a
cellular context.

Chromodomain-containing proteins are increasingly sug-
gested as targets for therapeutic intervention, and the functional
biology of polycomb paralogs is an important frontier of
epigenetics and stem cell biology. Studying the chemical
biology and therapeutic potential of CBX proteins requires
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selective ligands that, until now, have not been available. Our
results provide new inhibitors for CBX6, which has been the
least studied of the human polycombs. They also inform the
general design requirements of the next-generation of potent
and selective small-molecule ligands for CBX proteins.
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