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ABSTRACT: We report here a peptide-driven approach to create first inhibitors of the chromobox homolog 7 (CBX7), a
methyllysine reader protein. CBX7 uses its chromodomain to bind histone 3, lysine 27 trimethylated (H3K27me3), and this
recognition event is implicated in silencing multiple tumor suppressors. Small trimethyllysine containing peptides were used as
the basic scaffold from which potent ligands for disruption of CBX7-H3K27me3 complex were developed. Potency of ligands was
determined by fluorescence polarization and/or isothermal titration calorimetry. Binding of one ligand was characterized in detail
using 2D NMR and X-ray crystallography, revealing a structural motif unique among human CBX proteins. Inhibitors with a
~200 nM potency for CBX7 binding and 10-fold/400-fold selectivity over related CBX8/CBX1 proteins were identified. These

are the first reported inhibitors of any chromodomain.

B INTRODUCTION

A complex language of histone modifications is the basis for the
epigenetic control of gene expression. In the metaphorical
“histone code” there are “writer” and “eraser” proteins that add
and remove modifications including methylation, acetylation,
phosphorylation, ubiquitylation, SUMOylation, and others."
There are also “reader” proteins that recognize and bind to
certain histone modifications, including acetyllysine, methyl-
lysines, and methylarginines.” * Inhibitors of writer proteins
like histone methyltransferases (HMTs) have entered the
clinic,’~* and inhibitors of histone deacetylase (HDAC) eraser
proteins are approved and used clinically against multiple
malignancies."> ™"

Very few reader proteins have yet been successfully targeted
by small molecule agents. Acetyllysine marks are read by
bromodomain-family proteins, and bromodomain inhibitors
(which were the first inhibitors of any reader protein) have
shown powerful and diverse biological activities.'™"® Methyl-
lysine marks are read by a diverse set of hundreds of human
proteins, with the major groups being the MBT, PHD, Tudor,
PWWP, WDR, and chromodomain families.**%*! Many of
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these proteins are predicted to be druggable’” The first
inhibitors of any methyllysine reader were reported to target a
few similar members of a single family (the malignant brain
tumour (MBT) proteins) and have moved quickly through
subsequent rounds of optimization.”>”>’ As with bromodomain
inhibitors, the first tool compound against an MBT domain has
been demonstrated to have a potent influence on the biology of
cancer cells.”® Inhibitors of a PHD (plant homeodomain)
methyllysine reader have also been recently disclosed.”

We are primarily interested in developing tool compounds to
probe the activities of protein chromodomains (“chromatin
organization modifier” domains), which are a family of
methyllysine readers generally associated with chromatin
remodeling.**~>* Thirty-one human chromodomains exist,”’
and each is predicted to act as a modular unit for the
recognition of a mono-, di-, or trimethyllysine modifications in
different structural contexts. One major family of human
chromodomains are the paralogs of the Drosophila protein
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Figure 1. (a) The product of a methyltransferase (e.g, EZH2) acting on a histone lysine (H3K27) is a methylated residue (H3K27me3) that is
recognized and bound by a reader protein (CBX7). (b) Competitive fluorescence polarization (FP) data can report on the disruption of the complex
between recombinant CBX7 chromodomain and H3K27me3. Data shown arise from addition of compound 1 and compound 16 (as two examples
of active compounds), compound 2, unmethylated control, or BSA (additional control) to a solution containing CBX7 chromodomain (8.68 uM)

and FITC-H3K27me3 probe peptide (500 nM).

Polycomb, called chromobox homolog (CBX) proteins CBX2,
CBX4, CBX6, CBX7, and CBX8.*! Polycomb group genes are
transcriptional repressors that play essential roles in develop-
ment, cancer progression, and stem cell maintenance.>>
Polycomb group proteins form multiprotein polycomb
repressive complexes (PRC1/2), members of which are
frequently dysregulated in metastatic cancers in which tumor
suppressor genes are silenced and stemlike phenotypes are
acquired.>™>° Gene suppression is initiated by the writer
protein enhancer of zeste homolog 2 (EZH2) of PRC2, which
trimethylates lysine 27 on histone H3 to create the mark
H3K27me3. The resulting gene-specific trimethyl marks then
provide the binding sites for the reader components of PRC1
(CBX proteins) which cause gene silencing and ultimately lead
to stable DNA methylation. The five human paralogs CBX2, -4,
-6, -7, and -8 participate in a modular way within different
PRCI1 complexes.’*®*” Each recognizes and binds to H3K27me3
mark laid down by EZH2 using its chromodomain but has
distinct genetic targets, overall domain structure, and functional
outcomes.>*” CBX7 is the best-studied of the Polycomb
paralogs; it is a master controller that extends cellular lifespan,
delays senescence, drives proliferation, and bestows pluripo-
tency to adult and embryonic stem cells.***°

Polycomb group proteins have been highlighted as being
important in different malignancies.*' Multiple lines of evidence
suggest promise for CBX7 as a therapeutic target in certain
forms of cancer. CBX7 expression is strongly proliferative in
various stem cell and stemlike cancer cell lines 3®3%74042~%
The depletion or knockdown of CBX7 in both androgen-
dependent (AD) and androgen-independent (AI) prostate
cancer cell lines induces a senescent phenotype with reduced
cell proliferation by repression of the p16™*/p14** tumor
suppressor locus.*** CBX7 expression in the prostate increases
as AD prostate cancer progresses to Al status; in a panel of 27
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diverse cancer cell lines, higher CBX7 expression was observed
in two lines of aggressive, Al cells (PC3, DU14S) than in the
AD line LNCaP (very high CBX7 was also seen in metastatic
lymphoma (K299) and glioblastoma (U87MG) lines).>* CBX7
expression significantly increases in clinical samples of
hormone-resistant prostate cancer relative to hormone-depend-
ent prostate cancer® and was recently linked to poor prognosis
in ovarian clear cell adenocarcinoma.** CBX7 also plays a
central role in some blood malignancies. It initiates and
accelerates lymphomagenesis and cooperates with Myc to
generate aggressive 1ymphomas.43 Overexpression of CBX7 in
hematopoietic stem cells drives proliferation and genesis of T-
cell leukemia (while its close relative CBX8 does not).*® CBX7
is consistently shown to be strongly proliferative in androgen-
independent prostate cancer cells, embryonic and adult stem
cells, and hematopoiesis/lymphomagenisis.3’6’3’8_40’42’43’46
These cell types are linked by their stemlike gene regulation
and phenotypes.

Epigenetic targets like the CBX proteins often have strongly
tissue- and context-selective functions, and the literature on
CBX7 outside of the prostate, embryonic, hematapoietic, or
stem-cell contexts contains some results that give pause.”>*’ 3!
But many such functional studies on CBX7 involve the
knockout/knockdown of the whole, multidomain protein that
do not predict the outcome of chemical chromodomain
antagonism. Critically, multiple reports show that the prolifer-
ative/prosurvival functions of CBX7 depend narrowly on its
H3K27me3 binding ability; when a single Kme3-binding residue in
its chromodomain is mutated, CBX7-driven proliferation dis-
appears.>”**>*  Accordingly, our goal is to create tool
compounds that antagonize the chromodomain of CBX7 in
order to test the antiproliferative potential of this novel
epigenetic target.
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B RESULTS AND DISCUSSION

Our early efforts at virtual screening failed to yield potent lead
compounds against the CBX7 chromodomain. A high-
throughput screen against the somewhat related chromodo-
main of CBX1 (HP1f) was completed at the National
Chemical Genomics Center but failed to produce tractable
hits and was not published.>® We were inspired to start on a
search for peptidic antagonists of the CBX7 chromodomain by
a report of the binding by CBX7 of a 25 amino acid long
peptide sequence derived from the protein SETDB1, which was
reported to have slightly higher in vitro affinity for CBX7 than
the H3K27me3 sequence itself.>' We truncated the methylated
SETDBI1 sequence to arrive at a five amino acid long peptide
(1) that demonstrated reasonable potency (ICg, = 12 M) in a
competitive fluorescence polarization (FP) assay for CBX7-
H3K27me3 disruption (Figure 1). In a variety of in vitro and in
vivo studies, CBX7 binding has been shown to depend strongly
on the methylation of the lysine residue that binds in CBX7’s
aromatic cage motif made up of PheS, Trp26, and Trp29
(numbering derived from the CBX7 chromodomain construct
used in this study). This allowed us to demonstrate the
specificity of the initial assay result by a control titration with
the unmethylated analog (2), which showed no ability to
displace H3K27me3 from CBX7 under the assay conditions
(Figure 1). Thus, we used the small peptide (1) as a scaffold in
order to establish structure—function relationships for CBX7
antagonism.

We built a simple, energy-minimized molecular model of the
complex of CBX7 with Ac-FALKme3S-NH2 (1) starting with
the published, NMR-derived structure 2L1B that shows CBX7
bound to its native histone tail partner, H3K27me3 (whose
sequence at the trimethyllysine site is ...AARKme3S...).>" As in
the native complex, the trimethyllysine residue makes multiple
cation—7 contacts to the aromatic cage motif of CBX7 (PheS,
Trp26, Trp29), and the adjacent (+1) Ser residue donates
hydrogen bonds from side chain OH and backbone NH to the
carboxylate side chain of Glu37. The molecular recognition
requirements for the peptide’s (—1) Leu residue were not
immediately clear to us because, in addition to a hydrophobic
contact with a well-ordered Vall0 residue, it is close to the N-
terminal CBX7 residues (Glyl/Glu2/GIn3) that are poorly
ordered in the NMR structure. Thus, we first made a family of
analogs of the peptide Ac-FALKme3S-NH?2 that varied at the
(—=1) Leu position and tested them for their ability to disrupt
the H3K27me3-CBX7 complex as indicated by fluorescence
polarization assay (Table 1). A variety of hydrophobic and/or
aromatic residues at this position provided strong (<10 yM)
inhibitors. A preference for hydrophobic, f-branched residues
can be clearly seen in the cases of compounds 3, 4, and 16. n-
Alkyl inhibitors 6 and 7 are weak inhibitors, as is the overly
bulky tert-butylglycine inhibitor S. Aromatics are generally well
tolerated.

We solved the X-ray structure of the complex of CBX7 with
compound 11 to 1.54 A resolution (Figure 2). The structure
confirms the ligand binding pose predicted by modeling. The
significant recognition elements are the trimethyllysine side
chain participating in multiple cation—7 interactions, extensive
backbone-to-backbone f-sheet-like hydrogen bonding network
between protein and ligand, the Ser(+1) residue of the ligand
donating multiple H-bonds from side chain OH and backbone
NH to Glu37 of the protein, and the Ala(—2) side chain of the
ligand being nestled tightly into the small hydrophobic pocket
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Table 1. H3K27me3-CBX7 Disruption by FALKme3S
Analogs Bearing Leucine (—1) Replacements

o} M o R H (o} OH
TR IR o,
H o me " o \RH 0

-

N
Compound = ICsp (UM)*
1 Leu 11+ 0.4
3 Val 6.8+£0.2
4 Ile 57+£03
5 tBu 67+2
6 Nle 23+2
7 Met 62+5
8 Thr 35+2
9 Lys 10.1+ 0.5
10 Phe 10.3+£0.9
11 Tyr 62+04
12 Trp 13+03
13 7 N\ 11+1
-4 (3-PAL)
14 V 21+1
v
15 /A 11.2+04
v
16 Q 6.0+0.2
v
17 p 8.8+0.2

“ICs, values were determined as the inhibitor concentration required
for the half-dissociation of the complex between CBX7 and FITC-
labeled H3K27me3. Data are mean values of two or three independent
experimental trails. Errors reported are 95% confidence intervals.

Glu2 — His41
— Mg?* bridge

Figure 2. Cocrystal structure of CBX7 chromodomain bound to ligand
11 as determined by X-ray crystallography. CBX7 is shown as a gray
solvent-accessible surface, and the ligand is shown as yellow sticks
overlaid with the electron density contours (Coot). The hydrophobic
clasp between Val4 and Leu43 is common to all chromodomains. The
Mg**-mediated bridge between Glu2 and His41 appears to be unique
to CBX7 among human CBX proteins.

of CBX7 that is largely responsible for its substrate-binding
selectivity. The exposure of the (—1) substituent (in this ligand,
Tyr) to solvent provides a good explanation for the tolerance of
this position to different substitutions (Table 1). Unexpectedly,
the X-ray structure also revealed a significantly more closed
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binding pocket than is depicted in the existing NMR structure
of the CBX7-H3K27me3 complex.’’ In addition to the
“hydrophobic clasp,” which is a major side chain to side
chain bridge that is formed by Val4/Leu43 in all Polycomb
paralogs,®" the new structure revealed an unexpected metal-
mediated bridge between Glu2 and His4l as an additional
clasping motif that envelops the bound ligand. Neither the
purification buffers nor the crystallization solutions contained
any divalent metal, which was modeled as Mg*". Our choice of
Mg** for this model is supported indirectly by the facts that the
tetrahedral coordination geometry®* is that which would be
observed for Mg“, and that Mg2+ concentrations are high in
chromatin. The biological relevance of the bound metal is
unclear, but it is intriguing that CBX7 is unique among the
eight human CBX proteins from both Polycomb and HP1
families in having a metal-binding His residue at position 41; all
others have a Asn at this position and adopt a more open
conformation (see Supporting Information).** In solution, we
found only small differences in ligand binding to CBX7 in the
absence/presence of 2 mM MgCl, (data not shown),
suggesting that this motif, while structurally unique, is not
necessarily a significant determinant in ligand binding.

We carried out 2D NMR studies to confirm that the ligand-
binding pose shown by X-ray also operates in solution.
Titration of ligand 11 into an '*N-labeled sample of CBX7
was first followed by '"H—'"*N HSQC. Mapping the binding-
induced chemical shift changes for assigned backbone nitrogen
resonances onto the structure of CBX?7 provides a clear picture
of the binding site that is consistent with X-ray data: Medium/
large chemical shift perturbations occur for residues directly in
contact with the Kme3 side chain (Gln3/Trp26/Trp29/Thr3S)
and with the contact partners for the inhibitor’s Phe and Tyr
residues (His41/Leu43/Asp44; see Supporting Information).
Further, the side chain methyl groups of Val4 and Leu43 are
both predicted by models to be engaged with the faces of the
ligand’s Tyr residue. Accordingly, 'H—">C HSQC experiments
showed that significant broadening and upfield chemical shift
for these Val/Leu methyl groups occur upon addition of the
peptide, adding specific support to this aspect of the protein—
ligand complex shown in the crystal structure. With a good
understanding of the binding mode in hand, we sought next to
probe the structure—activity relationships in different subpock-
ets of the binding site using a series of peptidic inhibitors.

The side chain of the ligand alanine (—2) position is buried
in a small hydrophobic pocket of CBX7 that is an important
determinant of protein—protein interaction specificity in the
different natural complexes of chromodomains that have been
studied. CBX7 (and all Polycomb homologues) have an
exclusive preference for natural binding partners with an Ala
residue at this position.>’ We varied the parent FALKme3S
structure by installation of a few small side chains (Table 2).
We found that even an ethyl side chain (Abu) was too big to be
accommodated in this pocket, and so Ala was retained at the
(—2) position for all subsequent CBX7 ligands.

Both the backbone amide NH and the OH side chain of the
serine (+1) residue donate hydrogen bonds to the side chain of
Glu37, again forming one of the primary determinants for
selection of binding partners by CBX7.*" The switch to p-Ser
(23, Table 3) was tolerated without loss in affinity, suggesting
some freedom of movement for the ligand in this pocket. The
switch to C-terminal acid forms (Ac-FALKme3S-CO,”) was
detrimental to binding for peptides built from both - and L-Ser
stereoisomers. Other non-amino acid substitutions at the Ser
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Table 2. H3K27me3-CBX7 Disruption by FALKme3S
Analogs Bearing Alanine (—2) Replacements

OH
(o} b (e} H (o}
)LH N\)J\H N\;)kN NH,
o R o \HH ol
N
compd R ICyo (uM)“
1 Ala 11 + 04
18 Abu 39+3
19 Nle 120 £+ 30
20 Ser S3+3
21 Val >500

“ICs, values were determined as the inhibitor concentration required
for the half-dissociation of the complex between CBX7 and FITC-
labeled H3K27me3. Data are mean values of two or three independent
experimental trails. Errors reported are 95% confidence intervals.

position were made by preparing the C-terminal carboxy
peptide Ac-FALKme3-CO,~ on 2-chlorotrityl resin, purification
by HPLC, and subsequent coupling to a variety of different
amines as shown in Scheme 1la. At this position, the installation
of hydrophobic functionality significantly weakened binding
(26, 27, 35), as did the inclusion of a variety of conformation-
ally constrained bis-hydrogen bond donors 26, 27, 28, and 29.
Happily, we found that simple H-bond-donating substituents,
including an aminobenzimidazole (30), a propanediol (33),
and a pendent ammonium group (34), served well in this
region presumably because they can donate hydrogen bonds to
Glu37 in a manner analogous to the ligand Ser residue that
normally occupies this position.

The molecular recognition requirements of the extended j-
groove region of CBX7, occupied by the Ac-F portion of Ac-
FALKme3S-NH,, were probed by two different families of
inhibitors. The first group of Ac-FALKme3S-NH, analogs were
made by replacing Phe with a natural or unnatural fragment
(Table 4). Simple replacement of Phe with other aromatic
amino acids gave peptides with only small changes in potency
(Tyr, Trp, Phg). Installation of non amino acid groups at the
N-terminus was achieved by preparing the peptide Fmoc-
ALKme3S- on resin, with subsequent deprotection of the N-
terminus and reaction with a variety of electrophiles and
coupling partners (Scheme 1b). We found that the retention of
a “backbone” C=0 in this position, which is strongly ordered
in the parent X-ray structure by accepting a hydrogen bond
from the backbone NH of Val7, is critically important.
Replacement of this C=0 with a sulfonamide linkage (48,
49) was detrimental, while the use of on-resin reductive
aminations to produce benzylamine-type linkages (52, $3)
completely abrogated ligand binding. The potency of amide-
and carbamate-type compounds that preserve this ligand C=0
was generally good, with variations depending on the exact
nature of aromatic substituent and linker directed into the f-
groove.

A second group of analogs that probe this binding site were
prepared by leaving the Phe residue in place and installing
additional fragments at the N-terminus of the ligand peptide
(Scheme 1c, Table S). N-terminal benzamides and phenyl-
acetamides of FALKme3S are generally potent inhibitors (54,
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Table 3. H3K27me3-CBX?7 Disruption by FALKme3S
Analogs Bearing Serine (+1) Replacements

o g (e} H (e}
)LH N\)LH N\:)L o
O Me o) \
AN
Compound R= ICso (UM)*
1 L-Ser-NH, 11+04
22 L-Ser-OH 27+1
23 D-Ser-NH, 9+1
24 D-Ser-OH 79+4
25 OH 560 + 30
26 o OH >250
‘N
ph
27 OH >500
?ENL/\
H
28 HO >250
0
H
29 OH >250
440
H
N
30 !}r_rN_</ ]© 35+2
H N
H
31 NN 102+5
H
32 #~OH 26+3
H
33 o {OH 23+£2
‘N
H OH
34 #E~NH 2+1
: H
35 105+ 14
#uS g
H

>r°
“ICq, values were determined as the inhibitor concentration required
for the half-dissociation of the complex between CBX7 and FITC-

labeled H3K27me3. Data are mean values of two or three independent
experimental trails. Errors reported are 95% confidence intervals.

55, 56, 59). This family of compounds revealed a broader
tolerance for replacement of the backbone C=0 group, such
as in sulfonamide 57, which retains <10 uM potency.
Interestingly, the very closely related sulfonamide 58 showed
no activity, revealing a sharp dependence on the ring
substituents in these compounds.

Finally, we prepared a selected set of compounds bearing
multiple well-tolerated modifications to the FALKme3S scaffold
(Figure 3). The competitive FP assay is convenient and
accurate for moderate affinity compounds, but some of these
compounds proved to be potent enough to be below the
theoretical lower limit for accurate ICy, measurements by
competitive fluorescence polarization.>>>® Accordingly, we
subjected the final four compounds, and also a subset of earlier
compounds, to analysis by isothermal titration calorimetry
(ITC) (Table 6). The ITC data indicate some degree of
selectivity for CBX7 over CBXS, in spite of the 88% sequence
similarity between these two chromodomains. The most potent
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compounds against CBX7 (63 and 64) bind with K; ~ 200
nM; the most selective compound (64) is ~10-fold selective
over CBX8. The affinities and selectivities of the two more
selective compounds most likely arise from the amide-linked
aromatic ester motifs of each at their respective N-termini,
which are designed to engage a region in the f-groove of
CBX7/8 where significant structural divergence occurs between
the two otherwise highly similar chromodomains. All other
human CBX protein chromodomains are less similar to CBX7
than CBX8 (see Supporting Information), with the notable
exception of CBX4. The CBX4 chromodomain is 90% similar
to that of CBX7. The only two dissimilar residues in the
chromodomains of these two proteins are far from the binding
site, making selectivity for CBX7 over CBX4 particularly
challenging. Compounds 1 and 64 showed 1.9- and 1.5-fold
selectivity, respectively, for CBX7 over CBX4, and we anticipate
that CBX4 will remain the most significant challenge for efforts
to optimize selectivity of any CBX7 antagonists going forward.
Selectivity over HP1 family chromodomains seems to be less of
a problem, with initial peptide 1 having 21-fold selectivity for
CBX7 over CBX1 (HP1f) and optimized compound 64
showing >2500-fold selectivity, in spite of these two
chromodomains having 71% similarity scores.

The FP and ITC activity data collectively reveal a few
examples of small, additive impacts of individual changes: for
example, compound 54’s N-terminal p-bromobenzamide
modification improves binding by 7-fold relative to peptide 1,
with further small improvements observed after inclusion of
two additional substitutions at other positions (62). Elsewhere,
structural features that produced differences when applied
individually did not produce differences in final compounds
(e.g., the two C-terminal functionalizations that create 2.5-fold
differences in compounds 23 and 33 result in no difference
between compounds 63 and 64). The general weakness or
absence of additivities is likely due to the inherent flexibility
remaining in the backbones of these peptidic compounds.

B CONCLUSION

The only currently approved cancer therapies that target
histone modification pathways directly are histone deacetylase
inhibitors (vorinostat and romidepsin). They are relatively
crude, broad spectrum drugs, but their efficacy and promise
have many now creating second—generation agents (a) that are
more target- and disease-specific and/or (b) that inhibit
different families of molecular targets in epigenetic pathways.
The numerous histone reader proteins of the human proteome
offer a diverse set of functional molecular targets that appear to
have great therapeutic potential. The inhibition of methyllysine
reader proteins is still in its infancy, with hundreds of potential
targets and therapeutic hypotheses but only a very small
number of targets yet inhibited by chemical agents. The
peptidic compounds reported here represent the first inhibitors
of any chromodomain. While earlier inhibitors for other classes
of methyllysine reader proteins have come out of high-
throughput screens, we show here that generating relatively
potent submicromolar peptidic leads against reader proteins is
possible even when the reader protein—histone interaction on
which they are initially based is relatively weak. The potential of
CBX proteins as therapeutic targets will almost certainly
depend on cancer and tissue type and is generally an idea that
has elicited significant disagreement in the cancer biology
literature. These peptidic lead compounds are intended to
provide rapid access to studies of the biological effects of CBX
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Scheme 1. Synthesis of (a) Compounds Bearing C-Terminal Modifications (See Table 3), (b) Analogs Bearing Phe
Replacements (See Table 4), and (c) Analogs Bearing N-Terminal Additions (See Table 5)

a)
b (0] H o
R-NH,, DIPEA, HCTU
AcHN N .JJ\N N ,JJ\OH 2 ggrggounds
e H : DMF, 70°C )
(0] Me (o] 1 »

_N*M
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Me

) OH
o Lo y
H,N \)kN N\_)LN NO
E B
Me (0] \H (0]
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c)
v 9 Q OHH
A AL L
o me " o i M o

1) R-CO,H, DIEA, HBTU

or, R-SO,CI, Pyridine

or R-OCOCI, Et3N

or R-CHO, Na(CH3;COO0)3;BH

or R-CHBr, Pyridine Compounds

2) TFA cleavage, HPLC 36-53

1) R-CO,H, DIEA, HBTU
or, R-SO,CI, pyridine

or R-OCOCI, EtgN . Compounds
2) TFA cleavage, HPLC 54-60

protein antagonism, which in turn can help to test and revise
therapeutic hypotheses related to chromodomain-containing
proteins. We will report on these results in due course.

B EXPERIMENTAL SECTION

Synthesis. Synthesis of all compounds was carried out using
standard Fmoc-based solid-phase peptide synthesis protocols,
modified where necessary as described in the Supporting Information.
Identity and purity of all peptides were determined by HPLC—MS and
were determined to be of >95% purity. Retention times reported are as
determined under the following conditions: Phenomenex Luna C-18
column, S pm, 4.6 mm X 250 mm, flow rate of 1 mL/min, gradient
running from 90:10 water (0.1% TFA) and MeCN (0.1% TFA) to
10:90 water (0.1% TFA) and MeCN (0.1% TFA) over 30 min. Final
compounds 61—64 were further characterized by ESI-MS and 'H
NMR as reported below.

Compound 61. Compound 61 was synthesized by using manual
solid phase peptide synthesis on 2-chlorotrityl resin. Coupling of the
first amino acid (Fmoc-Lys(Me);-OH, 0.6 equiv) was done in 95:S
CH,Cl,/DMF, DIEA (2.4 equiv) as a base with stirring at ambient
temperature for 2.5 h. The next two amino acid attachments were
done by using standard Fmoc protocols. The N-terminal Fmoc group
was deprotected upon treatment with 20% piperidine in DMF (3 X 3
mL X § min) and washed with DMF (3 X 5 mL). This resin was
treated with benzoic acid (2 equiv), HBTU (S equiv), and DIPEA (10
equiv) for 2 h, and the resin was then washed with DMF (3 X S mL)
and DCM (3 X S mL). The peptide was cleaved from the resin upon
stirring with 1% TFA in DCM for 5 min, filtering, washing with DCM
(5 X 5 mL), and concentration in vacuo. This crude solid was then
dissolved in DMF (5 mL) with HCTU (3 equiv) and DIPEA (10
equiv) and was treated with 2-amino-1,3-propanediol (3 equiv) and
stirred overnight at 70 °C. Water was added (10 mL) and extracted
with EtOAc (3 X 25 mL), and the aqueous layer was evaporated to
yield crude product which was then purified by HPLC as described in
Supporting Information. Compound purity as determined by LC—MS:
97.63% at ty = 16.21 min. LR-ESI-MS (m/z): C3;HoN;Og, calculated
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576.38, found 576.27. '"H NMR (D,0, 500 MHz, 5 ppm) 7.46—7.35
(m, SH), 4.37—4.32 (m, 2H), 4.09 (d, 1H, J = 10 Hz), 4.00 (quintet,
1H, J = 5§ Hz), 3.73-3.62 (m, 6H), 3.36—3.25 (m, 2H), 3.10 (br s,
10H), 2.16 (sextet, 1H, J = 10 Hz), 1.93—1.70 (m, SH), 1.69—1.51(m,
6H), 1.48—1.33 (m, 6H), 1.3—1.18 (m, 2H).

Compound 62. Compound 62 was assembled manually on 2-
chlorotrityl resin. The first amino acid was coupled as above, and the
following three amino acids were attached using standard Fmoc
protocols. After cleavage of Fmoc group on the N-terminus, the resin
was treated with 4-bromobenzoic acid (2 equiv), HBTU (S equiv),
and DIPEA (10 equiv) for 2 h and then washed with DMF (3 X S mL)
and DCM (S5 X S mL). The peptide was cleaved from the resin by
shaking with 1% TFA in DCM for 5 min, filtering, washing the resin
with DCM (3 X 5 mL), and concentration of the filtrate in vacuo. This
crude peptide was taken up in DMF, and HCTU (S equiv), DIPEA
(10 equiv), and N-Boc-ethylenediamine were added and stirred at 70
°C overnight. The reaction mixture was diluted with water and EtOAc,
the aqueous layer was extracted with EtOAc (3 X S mL), and the
aqueous layer was concentrated in vacuo to yield the crude compound,
which was purified by HPLC as described in Supporting Information.
Compound purity was determined by LC—MS, 98.72% at t = 21.52
min. LR-ESI-MS (m/z): C;HN,Oq, calculated 756.34/758.34,
found 756.34/758.34. "H NMR (D,0, 300 MHz, § ppm), 7.6 (d, 2H, |
=9 Hz),7.5 (d, 2H, ] = 9 Hz), 4.26—4.16 (m, 1H), 3.96 (d, 2H, ] = 12
Hz), 3.52—3.33 (m, 2H), 3.18 (q, 3H, J = 9 Hz), 3.07-3.01 (m, 3H),
2.98 (br s,10H), 1.80—1.61 (m, 4H), 1.60—1.08 (m, 12H).

Compound 63. The peptide FA(cyclopropyl-Gly)Kme;(p-S) was
synthesized on Rink amide resin using CEM Liberty microwave
synthesizer standard Fmoc protocols. The N-terminal deprotected
peptide, on resin, was treated with monomethyl terephthalate (S
equiv) that was preactivated by shaking with HBTU (S equiv) and
DIPEA (10 equiv) in DMF for 2 min. This solution was added to the
resin and allowed to stir at ambient temperature overnight. The
solution was filtered and resin washed with DMF (3 X S mL) and
DCM (3 X S mL) and air-dried. The peptide was cleaved from resin
upon treatment with 10 mL 95:2.5:2.5 TFA/H,O/triisopropylsilane
for 2 h. This solution was then concentrated in vacuo and upon
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Table 4. H3K27me3-CBX?7 Disruption by FALKme3S
Analogs Bearing Phe (—3) Replacements

NJL ﬁ: i X LN

/Nl
Compound R= 1Cso (UM)*
1 Ac-Phe 11+0.4
36 Ac-Tyr 8.6+£0.5
37 Ac-Trp 7.8+0.5
38 Ac-Phg 26+ 1
39 o 57+3
40 o 91+19
R
| o
N
41 23+1
[¢]
42 Br 89+ 14
O
43 o 26+ 1
44 o 67+6
‘t,z,
A\
N
H
+7.
45 ° 58+7.1
46 100+ 15
h ©
N e
Y
. o 58+ 6
@/\O)Lg\‘
3 o >250
o\\é/?{
AT
" o >250
[eN]
SN
| 7
N
34+1
50 O ,9
8
N .
/©/ H/ﬁfi
o
51 0\\’? 32
N
ISR
HO,C o
>2mM
’ o
HO,C
53 >2mM

“ICs, values were determined as the inhibitor concentration required
for the half-dissociation of the complex between CBX7 and FITC-
labeled H3K27me3. Data are mean values of two or three independent
experimental trails. Errors reported are 95% confidence intervals.
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Table 5. H3K27me3-CBX7 Disruption by FALKme3S
Analogs Bearing Phe (—3) Replacements

O
H
- N:JLNQ: iR LWNHZ
H (@] l\7|e H \I\’
AN
Compound R= ICso (uM)*
1 Ac 11+04
54 o 46403
ot

Br

55 o 6.2+0.2
o

HOLC

56 0 6.3+04
joge

MeO,C

57 0.9 6704
Jou

HO,C
58 0.9 >250

*
59 0 8.8+ 0.5

o
60

57+9

\\//

MeOZC/©/ “

“ICs, values were determined as the inhibitor concentration required
for the half-dissociation of the complex between CBX7 and FITC-
labeled H3K27me3. Data are mean values of two or three independent
experimental trails. Errors reported are 95% confidence intervals.

treatment with cold diethyl ether yielded crude white precipitate which
was collected by centrifugation. This crude product was then purified
by HPLC (see Supporting Information). Compound purity
determined by LC—MS, purity >99% at t; = 20.8 min. LR-ESI-MS
(m/z): CyHN,Og*" calculated 780.4, found 780.0. 'H NMR (D,0,
500 MHz, 5 ppm) 8.09 (br d, 2H), 7.76 (br d, 2H) 7.36 (m, SH), 4.38
(m, 3H), 4.08 (br d, 1H), 3.96 (s, 2H), 3.89 (m, 3H), 3.31 (m, 3H),
3.09 (s, 9H), 2.19 (m, 1H), 1.65 (m, 13H), 1.35 (d, 7.4 Hz, 3H), 1.25
(m, 2H).

Compound 64. Peptide FA(cyclopropyl-Gly)Kme; was first
synthesized on 2-chlorotrityl resin. Coupling of the first amino acid
(Fmoc-Lys(Me);-OH, 0.6 equiv) was done in 95:5 CH,Cl,/DMF,
DIEA (2.4 equiv) as a base and stirred at ambient temperature for 2.5
h. Further amino acids attachments, deprotection, and acetylation on
the N-terminus were performed as above. The N-terminal Fmoc group
was deprotected upon treatment with 20% piperidine in DMF (3 X 3
mL X S min). While the peptide was still on resin, monomethyl
terephthalate (S equiv) was preactivated by shaking with HBTU (S
equiv) and DIPEA (10 equiv) in DMF for 2 min. This solution was
added to the resin and allowed to stir at ambient temperature
overnight. The solution was filtered and resin washed with DMF (3 X
S mL) and DCM (3 X S mL) and air-dried. The peptide was cleaved
from resin upon treatment with 10 mL of 95:2.5:2.5 TFA/H,0/
triisopropylsilane for 2 h. This solution was then concentrated in vacuo
and upon treatment with cold diethyl ether yielded crude white
precipitate that was collected by centrifugation. This crude solid was
then dissolved in DMF (5 mL) with HCTU (3 equiv) and DIPEA (10
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Figure 3. Final set of peptidic CBX7 inhibitors bearing multiple functional group replacements.

Table 6. Ky Values (M) Arising from ITC Titration of
Selected Compounds into Chromodomains of CBX7, CBXS,
CBX4, and CBX1“

compd CBX7 CBX8 CBX4 CBX1

1 2.00 + 0.20 142 + 2.0 3.7 £ 0.5 43 +£ 2.8
11 1.77 £ 0.12 123 + 14 nd nd

23 54 + 0.9 15.0 + 2.8 nd nd

54 0.28 + 0.05 1.5+ 03 nd nd

61 4.1 +0.2 15.0 + 3.0 nd nd

62 0.22 + 0.02 0.48 + 0.04 nd nd

63 0.20 + 0.03 1.78 £ 0.25 nd nd

64 0.20 + 0.04 1.89 + 0.16 0.29 + 0.02 >500

“Averaged values determined by duplicate ITC titrations at 298 K in
buffered H,O (20 mM Tris, 250 mM NaCl, 1 mM DTT, pH 8). See
Supporting Information for experimental details, thermodynamic
parameters, and exemplary raw data.

equiv) and was treated with 2-amino-1,3-propanediol (3 equiv) and
stirred overnight at room temperature. Water was added (10 mL) and
extracted with ethyl acetate (3 X 25 mL), and the aqueous layer was
evaporated to yield crude product, which was purified by HPLC (see
Supporting Information). Compound purity determined by LC—MS
>99% at tp = 21.0 min. LR-ESI-MS (m/z): C,HgN4Oo" calculated
767.4, found 767.9. "H NMR (D,0, 500 MHz, 5 ppm), 8.1 (d, 7.8 Hz,
2H), 7.77 (d, 7.8 Hz, 2H), 7.35 (m, 5H), 4.34 (m, 2H), 4.05 (d, 7.9
Hz, 1H), 3.96 (s + underlying m, 4H), 3.31 (m, 3H), 3.18 (m, 1H),
3.09 (s + s, 9H), 2.18 (q, 8 Hz, 9 Hz, 1H), 1.70 (m, 12H), 1.35 (d, 6.4
Hz, 3H), 125 (m, 2H).

Protein Expression and Fluorescence Polarization Assay for
CBX7-H3K27me3 Disruption. Chromodomains were expressed and
purified as previously reported,®' using Addgene plasmids 25241
(CBX7), 25245 (CBX1), and 25237 (CBX4) deposited by C.
Arrowsmith, Structural Genomics Consortium, Toronto, Canada,
and an analogous plasmid for CBX8 generously donated directly to us
by C. Arrowsmith. The conditions for competitive FP assay were
adapted from those used in an earlier report of a direct protein-into-
peptide titration.>’ The peptide FITC-H3K27me3, BSA, and inhibitors
were resuspended in distilled H,O. The assay was performed in black,
96-well plates (NUNC) in a buffer containing 20 mM Tris-HCl, pH
8.0, 250 mM NaCl, 1 mM DTT, 1 mM benzamidine, 1 mM PMSF,
0.01% Tween. Constant concentrations of CBX7 and FITC-K27me3
were 8.68 uM and 500 nM, respectively. Inhibitor concentrations
varied from 0 to 2 mM, and all wells were made up to a final volume of
100 uL. Plates were incubated for 15 min in darkness prior to reading
with a SpectraMax MS plate reader (Molecular Devices) with A =
450 nm, Ay, = 530 nm, and an instrument cutoff of 515 nm. The
parallel and perpendicular intensities of emission were adjusted for
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background of the blank buffer, giving millipolarization (mP) values
for each reading that were determined and normalized to percentage
of complex formed. Values were graphed using XLfit (IDBS) and fitted
using a sigmoidal curve function from which ICg, values were
extrapolated and standard error was derived. Experiments were
performed in triplicate, and the ICs, values reported are the averages
of all values.

Isothermal Titration Calorimetry. Isothermal titration calorim-
etry was carried out on a VP-ITC (Microcal, Inc.) at 298 K in Tris-
buffered water (20 mM Tris, 250 mM NaCl, 1 mM DTT, pH 8).
Inhibitor concentration in the syringe was 0.75—1.0 mM, which was
titrated into a sample in matched buffer of protein at a concentration
of 50—70 uM. After subtraction of background heats of dilution, curve
fitting was carried out using “one-set-of-sites” binding model of the
manufacturer’s supplied Origin software. See Supporting Information
for raw and fitted data.

B ASSOCIATED CONTENT

© Supporting Information

Supplementary experimental procedures for peptide synthesis;
'"H NMR spectra for compounds 61—64; experimental
procedures and supplementary figures for X-ray crystallography
and 2D-NMR studies; chromodomain sequences, alignments,
and structural comparisons; raw and fitted ITC data. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Accession Codes

The coordinates of the complex between CBX7 and ligand 11
have been deposited in the Protein Data Bank (PDB code
4MN3).
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