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ABSTRACT: The heterochromatin protein 1 (HP1) sub-family of
CBX chromodomains are responsible for the recognition of histone
H3 lysine 9 tri-methyl (H3K9me3)-marked nucleosomal substrates
through binding of the N-terminal chromodomain. These HP1
proteins, namely, CBX1 (HP1β), CBX3 (HP1γ), and CBX5
(HP1α), are commonly associated with regions of pericentric
heterochromatin, but recent literature studies suggest that
regulation by these proteins is likely more dynamic and includes
other loci. Importantly, there are no chemical tools toward HP1
chromodomains to spatiotemporally explore the effects of HP1-
mediated processes, underscoring the need for novel HP1 chemical
probes. Here, we report the discovery of HP1 targeting
peptidomimetic compounds, UNC7047 and UNC7560, and a biotinylated derivative tool compound, UNC7565. These
compounds represent an important milestone, as they possess nanomolar affinity for the CBX5 chromodomain by isothermal
titration calorimetry (ITC) and bind HP1-containing complexes in cell lysates. These chemical tools provide a starting point for
further optimization and the study of CBX5-mediated processes.

■ INTRODUCTION

The dynamic regulation of chromatin is achieved by several
discrete pathways acting in concert with one another: DNA
methylation, integration of histone variants, repositioning of
nucleosomes through nucleosomal remodeling complexes,
recruitment of transcription factors, and histone post-transla-
tional modifications (PTMs) all play integral roles in
preserving the chromatin landscape.1 The myriad of chemical
modifications elucidated as histone PTMs offer a multifaceted
mechanism for chromatin regulation mediated by classes of
proteins responsible for their maintenance. One well-studied
histone PTM is the methylation of the ε-amino group of lysine,
commonly referred to as methyl-lysine (Kme). This mark can
occur in three different forms: mono- (Kme1), di- (Kme2),
and trimethyl-lysine (Kme3), all of which maintain the positive
charge of the ε-amino group. Depending upon the location and
extent of methylation (mono-, di-, or tri-), Kme marks can be
associated with both active and repressed chromatin states.2,3

Reader proteins that bind this mark are therefore crucial
signaling hubs, as they often contribute to and recruit multi-
subunit complexes that further modulate the chromatin
structure and gene transcription.1,4−7

Several families of reader domains that bind specific Kme
residues have been identified and characterized.7,8 Among
these, chromodomains have emerged as crucial regulators of

histone H3 lysine 9 trimethyl (H3K9me3) and histone H3
lysine 27 trimethyl (H3K27me3).9 Structural diversity within
the chromodomain family has resulted in specificity for one
mark versus the other, as the Polycomb (Pc) sub-family of
chromobox (CBX) proteins has been shown to primarily bind
H3K27me3, while the heterochromatin protein 1 (HP1)
family of CBX chromodomains and MPP8 chromodomain
have shown specificity for H3K9me3. While the function of
MPP8 has only recently been appreciated,10 the recognition of
H3K9me3 and H3K27me3 by CBX chromodomains has been
an active area of study among several groups, including
ours.9,11−19

While we and others18−25 have made progress toward high-
quality chemical probes for the Polycomb CBX proteins,
ligands for the HP1 family are lacking and a dedicated effort to
create tools to explore the biology of HP1 chromodomains is
warranted. The HP1 family includes HP1α (also known as
CBX5), HP1β (CBX1), and HP1γ (CBX3), which contain a
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structurally conserved, N-terminal chromodomain consisting
of a three-stranded anti-parallel β-sheet motif packed against a
C-terminal α-helix. This allows for contacts with the H3K9me3
residue itself as well as the surrounding histone peptide
substrate.7,13,14,26−28 In addition to the N-terminal chromo-
domain, HP1 proteins also contain a middle “hinge region”
and a unique C-terminal chromoshadow domain that are
crucial for HP1-mediated biology.29−36 The hinge region,
which is rich in basic residues, is known to bind DNA in a non-
sequence specific fashion.17,35 This allows for multivalent
interactions through both H3K9me3 binding to the
chromodomain and DNA binding in the hinge region.
The C-terminal chromoshadow domain of the HP1 family is

required for homo- and heterodimerization with other HP1
chromoshadow domains, leading to the compaction of
nucleosomes and condensation of chromatin.37−39 Impor-
tantly, the chromoshadow domain reduces non-specific
binding to DNA by the hinge region, shifting HP1 occupancy
away from unmethylated H3K9 nucleosomes.35 Chromoshad-
ow domain dimerization also enhances HP1 multivalency as it
allows multiple chromodomains to interact with adjacent
H3K9me3-marked nucleosomes, promoting HP1 enrichment
at sites of increased H3K9me3 and subsequently enhancing
residence time on chromatin.38 Additionally, the chromoshad-
ow domain dimer structure creates a unique interface through
which other HP1 interaction partners can be re-
cruited.32,34−36,40 Selection of various peptide binding partners
dictates additional downstream functions of HP1-mediated
chromatin regulation.34,35,40−42

HP1 proteins have classically been implicated in the
formation of pericentric heterochromatin by bridging
dinucleosomes through chromoshadow domain dimerization,
which leads to the compaction of chromatin.43,44 Although this
activity is initiated at sites of H3K9me3, HP1 proteins interact
with the H3K9 methyltransferases SUV39H1, SUV39H2, and

SETDB1, suggesting the potential for self-propagation of
H3K9me3 marks.45 Recent literature studies also suggest that
HP1 proteins have several H3K9me3-mediated functions
outside of pericentric heterochromatin formation. Regulation
of gene expression,31,46 DNA replication and repair,29,47 cell
cycle progression,32,48,49 cell differentiation, and development
have all been implicated as HP1 functions, likely due at least in
part to the unique interaction partners that bind at the
chromoshadow domain dimer interface.32,33,50 While there is
relatively limited evidence of HP1 protein misregulation in
cancers and other diseases,51,52 their essential role for proper
chromatin organization during mitosis emphasizes their critical
biological function.32,48,49

Despite recent insight into the functions of HP1 proteins,
there remains an incomplete understanding of individual and
overlapping HP1 homologue activities. Furthermore, to the
best of our knowledge there are currently no chemical tools
that potently bind any of the HP1 proteins. In comparison to
traditional genetic approaches that ablate protein levels and
compromise the integrity of multi-subunit protein complexes,
chemical probes offer domain-specific insights into the protein
function in a spatiotemporally defined fashion.53−55 Moreover,
this domain-specific perturbation can also inform an individual
subunit’s activity within a protein complex without affecting
complex stability. We reasoned that antagonizing the binding
of the HP1 CBX chromodomains to H3K9me3 could disrupt
localization of the protein to its desired target sites and better
elucidate the role of HP1 proteins in their multitude of
downstream functions.
Here, we describe our efforts toward the development of

novel ligands toward the HP1 family chromodomains. Based
on the high homology within the HP1 family, we did not
anticipate achieving selectivity between the members and
focused on CBX5 as a representative target. We first employed
a combinatorial chemistry-mediated approach,56 utilizing a

Figure 1. OBOC library assembly for CBX5. (a) Structure of the H36-10K9me3 peptide. (b) CBX5 library design with the general schematic for
the library assembly listed above. (c) Structure of UNC4869, a low-micromolar affinity ligand for CBX5 used as a soluble competitor in on-bead
screening.
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previously solved co-crystal structure of the CBX5 chromodo-
main and an H3K9me3 peptide (PDB: 3FDT) to inspire the
library design. Based on the results of this combinatorial
library, we screened hit compounds and related analogs by
time-resolved fluorescence resonance energy transfer (TR-
FRET) and differential scanning fluorimetry (DSF) assays for
CBX5 and related chromodomains. Analysis of structure−
activity relationships (SAR) allowed us to iteratively optimize
potency and selectivity and arrive at peptidomimetic
compounds UNC7047 and UNC7560 and a biotinylated
derivative tool compound, UNC7565. Importantly, these
compounds possess nanomolar affinity for the CBX5
chromodomain and show HP1-specific function in cell lysates.

■ RESULTS AND DISCUSSION
One-Bead-One-Compound Library Synthesis and

Screening for CBX5. To initiate ligand development, we
utilized the CBX5 chromodomain crystal structure with the N-
terminus of the histone H3K9me3 peptide (PDB: 3FDT) to
design a CBX5-directed, one-bead-one-compound (OBOC)
combinatorial library. Since our prior ligand development
efforts for chromodomains focused on six-residue peptide
sequences,23−25,56 we narrowed in on the Q6-S10 region of the
H3K9me3 (H36‑10K9me3) peptide for optimization (Figure
1a). We prioritized both chemical and structural diversity in
building the OBOC library to determine whether CBX5
adhered to the same principles for ligand binding as other
closely related chromodomains. This was explored in two
ways; first, both peptide and peptoid residues were
incorporated into the library at certain positions to define
CBX5’s dependency on interactions with the ligand’s amide
backbone and to see if the peptidomimetic nature could be
attenuated to improve physicochemical properties and enhance
cell permeability.57,58 Second, we generated a “sub-library” that
incorporated fused or bicyclic residues at the N-terminus
(R1‑2) in another effort to reduce the peptidomimetic nature
(Figure 1b).
Starting at the C-terminus at serine 10, we chose to include

serine as well as glycine and phenylalanine residues at “R6” to
test the necessity for polar contacts between the serine 10
hydroxyl group and the CBX5 carboxyl and amide groups of
Glu52 and Asn56, respectively. To reduce the overall
complexity of the library, we opted to only include one
methyl-lysine mimetic residue, N6-ethyl, N6-isopropyl lysine,
at the K9me3 “R5” position, as a previous work in our group
demonstrated that this methyl-lysine mimetic both improves
affinity and optimizes physicochemical properties by removing
the quaternary charge on the lysine amine.56 At both the
arginine 8 (“R4”) and threonine 6 (“R2”) positions, we
incorporated mostly polar and charged peptide and peptoid
residues. This was based on the fact that HP1 proteins possess
“polar fingers” (Glu19 and Asp58 for CBX59) that clasp over
this region of the peptide sequence, creating the possibility for
polar or charged contacts with either of these residues in an
orientation that improves ligand affinity. The “R3” alanine 7
position is largely conserved in peptide sequences and
peptidomimetics bound by chromodomains, as both
H3K9me3 and H3K27me3 peptides have an alanine residue
situated at this position in relation to trimethyl-lysine. This
alanine residue binds in a small “alanine pocket” in many
chromodomains,9,23 limiting the scope of residues that can
realistically be included at this position. Nevertheless, we
wanted to explore the tolerance of this alanine pocket in CBX5

for residues smaller and larger than alanine, potentially as a
strategy to develop CBX5 selective ligands.20,22 Finally, we
focused on the N-terminal residue (R1) corresponding to
glutamine 6 of the H36‑10K9me3 peptide.23−25,56 This “capping
residue” has proven to be crucial in determining ligand potency
and selectivity for other chromodomains, and while not much
is known about CBX5’s preference in this region, previous
CBX5 screening efforts56,59 suggested affinity for small
heterocyclic aromatic moieties. We elected to incorporate
both peptide and peptoid residues at this N-terminal position.
As noted previously, to further increase structural diversity, we
generated a sub-library containing fused or bicyclic peptide and
peptoid residues in place of both residues “R1” and “R2”
(denoted by “R1‑2”). Following incorporation of “R3”, the
compounds in this sub-library were capped with residues from
the “R1‑2” category.
The CBX5 targeted library was synthesized using split-and-

pool synthesis to yield a one-bead-one-compound (OBOC)
library format. A linker was installed prior to the incorporation
of the library residues (Figure 1b). Placement of methionine as
the first residue of the linker enabled CNBr cleavage from the
resin for hit deconvolution by MALDI-TOF/TOF MS/MS,
while lysine was used to maintain an overall positive charge on
bead to prevent aggregation.56 The six-residue “traditional”
library and five-residue “fused cap” library contained 12,000
and 1650 unique compounds, respectively. The libraries were
prepared with approximately 20 copies of each individual
compound as we aimed to utilize the recurrence of hit
compounds following on-bead screening as a criterion to
prioritize compounds for resynthesis. Amino acids were
coupled by standard Fmoc solid phase synthesis, while peptoid
residues were synthesized by bromoacetic acid coupling and
subsequent substitution with a primary amine. Deprotection of
the pooled library to remove Boc/tBu groups was conducted
under acidic conditions, and the final library was equilibrated
in aqueous buffer prior to screening.
Screening was conducted on-bead via magnetic enrich-

ment.56,59 CBX5 was first validated in the assay utilizing a
positive control compound discovered from a previous
combinatorial library, UNC4869 (Figure 1c).60 UNC4869
was synthesized on-bead with the standard linker (Figure 1b),
and subsequent binding of UNC4869-containing beads to His-
tagged CBX5 was completed via the use of an anti-6x-His
antibody immobilized on Protein G Dynabeads. After
validation of the assay for CBX5, the two sub-libraries were
carried through a stringent screening cascade as outlined in
Figure S1. The CBX5 chromodomain was screened first, and it
was quickly evident that the fused R1‑2 cap sub-library did not
contain any compounds with high enough affinity to bind the
CBX5 chromodomain, suggesting that extended intermolecular
hydrogen bonding between the amide backbones of both the
protein and peptide are required for maintaining po-
tency.23−25,56 Beads that were magnetically enriched in the
six-residue library were then treated with a soluble competitor
compound, UNC4869 (Figure 1c, off-bead), to elute off low-
affinity compounds and retain hits that were equipotent or
more potent than UNC4869. Beads competed off by
UNC4869 after 1 h were removed while retained hits were
cross-screened against CBX7 and MPP8 chromodomains,
sequentially. Following the MPP8 cross-screen, beads that
were not magnetically enriched in the presence of either
protein (“<3hr, (-) CBX7, (-) MPP8” and “>3hr, (-) CBX7, (-)
MPP8” in Figure S1) were stripped of protein and subjected to
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CNBr-mediated cleavage from the bead for subsequent
analysis by MALDI-TOF/TOF tandem mass spectrometry.
Deconvolution of hit sequences by MALDI-TOF/TOF

encouragingly revealed multiple redundant compound sequen-
ces, suggesting these as true hits for CBX5. Within this set of
redundant compounds, structural similarities were visibly
present. Notably, no peptoid residues were incorporated into
any hit compound identified by MALDI-TOF/TOF, further
supporting that backbone H-bonds are critical for affinity.
Two compounds, which were the most highly redundant hit

compounds from the screen, were resynthesized on Rink
amide resin without the constant linker, cleaved as the C-
terminal amide, and subsequently tested by ITC to determine
whether they were true hits for CBX5. Satisfyingly, both
UNC5154 and UNC5156 displayed low micromolar affinity
for CBX5 with Kd values of 4.95 and 3.91 μM, respectively
(Figure 2 and Figure S2); however, no apparent affinity gains

had been made over the soluble competitor control compound,
UNC4869. It is possible that higher affinity compounds were
filtered out in the CBX7 and MPP8 cross-screening steps as
selectivity was a clear priority of our screening efforts.
Synthesis and Screening of New Peptidomimetic

Ligands for CBX5 Chromodomain. We continued our
efforts toward the development of potent CBX5 ligands by
pursuing the synthesis of individual peptidomimetic com-
pounds and screening methods that would allow for better
quantification of affinity gains. We first wanted to settle on a
core scaffold to further explore CBX5 SAR. In analyzing the

affinities of UNC5154 and UNC5156 for CBX5, the leucine at
the R4 position of UNC5156 highlighted that polar residues
are non-essential at positions of the peptide that contact the
polar fingers of CBX5. The hydrophobic leucine also provides
more optimal physicochemical properties in comparison to the
positively charged histidine of UNC5154, which is more likely
to reduce cell permeability.57,58 Similarly, we wanted to
determine if the aminomethyl portion of 4-aminomethyl
phenylalanine was also required for binding. We therefore
synthesized UNC5191, which contains a phenylalanine in
place of the 4-aminomethyl phenylalanine of UNC5156
(Figure 2 and Figure S2). ITC revealed that the 4-
aminomethyl phenylalanine did not make any critical polar
contacts, as UNC5191 was only two-fold weaker than
UNC5156 (Figure 2 and Figure S2). Importantly, UNC5191
also provided a cost-effective and simple scaffold from which to
generate single-point analogues.
Utilizing UNC5191 and SAR from our OBOC approach as a

starting point, a series of 22 analogues were synthesized by
standard solid phase peptide synthesis (SPPS) techniques, as
described previously.56 In order to assess newly synthesized
analogues of UNC5191, two orthogonal methods were
employed to interrogate affinity as well as selectivity. The
first method, DSF, allows for the detection of ligand-mediated
protein stabilization in response to heat challenge through a
fluorescent readout.61 A CBX5 DSF assay was optimized for
screening UNC5191 analogues and the facile interpretation of
single amino acid modifications. The second screening method
that we chose to employ was a suite of TR-FRET assays
already developed for CBX5 and a number of other
chromodomains.62 While DSF allows for assessment of relative
affinity differences via changes in ΔTm, this assay does not
report quantitative affinity values or exploit competition with a
tracer unlike TR-FRET. We chose to screen all new
compounds via TR-FRET with CBX5, CBX7, and MPP8
chromodomains to mirror our OBOC library screening
approach.10 However, optimized ligands were evaluated in a
broader chromodomain panel including the remaining
Polycomb chromodomains (CBX2, −4, −6, and −8) and
CDYL2.
First, examining the R1 position (Table 1), we wanted to

test CBX5’s tolerance for other small heterocyclic aromatic cap
residues and thus synthesized the 4-pyridyl (UNC6867) and 3-
furyl (UNC6389) containing compounds. Both modifications
were tolerated according to CBX5 TR-FRET and DSF assays.
We then expanded this ring structure to test nitrogen-
containing bicyclic caps including isoquinoline (UNC6391)
and quinoline (UNC6390). These analogues were also
tolerated and demonstrated a 4- to 5-fold improved affinity
over UNC5191. Unfortunately, none of these four compounds
displayed improved selectivity for CBX5 over CBX7 and
MPP8. We then moved the amine outside of the ring to
generate 4-amino- (UNC6393), 4-(methylamino)-
(UNC6394), and 4-(dimethylamino)-benzyl (UNC6386)
caps while also examining the effects of an additional halogen
on the ring with 4-amino-3-bromobenzyl (UNC6387) and 3-
amino-4-bromobenzyl (UNC6868) caps. While all of these
modifications were well tolerated, overall, none of these
compounds exhibited enhanced selectivity for CBX5 over both
CBX7 and MPP8. Encouragingly, UNC6868 was the first
compound tested against CBX5 to display nanomolar affinity
by TR-FRET and presented the highest ΔTm shift (∼9 °C).
To round out exploration at the cap residue, UNC6393 was

Figure 2. OBOC library resynthesized hits and similar analog,
UNC5191. Chemical structures and ITC affinities for closely related
analogs, UNC5154 (top), UNC5156 (middle), and UNC5191
(bottom). Data is presented as one individual replicate for
UNC154 and UNC5156 and mean ± SD of two individual replicates
for UNC5191.
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de-aromatized in UNC6865 and the amine was further
extended outside of the de-aromatized ring with the 4-
(aminomethyl)cyclohexyl cap (UNC6866). Loss of aromatic-
ity caused almost complete ablation of CBX5 binding (Table
1), emphasizing a requirement for aromaticity at the cap
position.
We then shifted our focus to the R2 position of UNC5191,

which harbors a phenylalanine residue while maintaining the 3-
pyridyl capping residue (Table 2). We chose to incorporate
largely aromatic residues at this position. UNC4869, our
soluble competitor from OBOC library screening, is a close
analog of UNC5191 with a pentafluorophenylalanine residue
at the R2 position. UNC4869 binds CBX5 about 3-fold more

potently by TR-FRET and also demonstrates a boost in
selectivity over CBX7, suggesting a preference for electron-
deficient aromatics at this position. Incorporation of erythro-
(UNC6377) and threo-β-phenylserine (UNC6378) were
explored to test whether polar contacts could be formed
between these residues and the polar fingers9 of CBX5. There
is a clear conformational preference for the threo-β-phenyl-
serine residue, which likely maintains the extended β-sheet
structure of the peptidomimetic sequence; however, no
significant affinity gains due to added polarity were observed.
3-(3-Pyridyl)-alanine (UNC6381) and 3-(2-furyl)-alanine
(UNC6382) were examined to look at the tolerance of
heterocyclic aromatic residues at this position. While

Table 1. DSF and TR-FRET Data for R1 Position
a

aThe residue of UNC5191 being modified is highlighted with a gray circle above the data table. Both DSF and TR-FRET data is presented as mean
± SD of three individual assay replicates.
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UNC6381 maintained activity for CBX5, it is likely that the 3-
(2-furyl)-alanine residue of UNC6382 is disrupting the
hydrogen bonding network between the compound’s peptide
backbone and the backbone of CBX5, thus attenuating affinity.
We also tested CBX5’s dependency on aromaticity at the R2
residue by incorporation of cyclohexylalanine (UNC6383).
The slight increase in affinity suggests that aromaticity is not
required so long as lipophilicity is maintained. UNC4869 and
UNC6383 demonstrated the highest selectivity for CBX5 over
CBX7, with 26-fold and 11-fold selectivities, respectively.
Unfortunately, selectivity over MPP8 remained elusive. It is
also worth noting that UNC4869 solubility was poor,
presumably due to the bulky, lipophilic, pentafluorophenyla-
lanine group.
Finally, we focused on modifications to the R4 position of

UNC5191 (Table 3). Since there is a leucine at this position in
UNC5191, we chose to explore primarily lipophilic residues
with increasing size. We therefore synthesized compounds
incorporating alanine (UNC6379), 2-phenylglycine
(UNC6380), phenylalanine (UNC6384), and 3,4-dimethox-
yphenylalanine (UNC6392). With the exception of UNC6380,
it was evident from both TR-FRET and DSF data that
increasing the size at this position yielded corresponding

increases in affinity for CBX5. Unfortunately, this trend
persisted for CBX7 and MPP8 as well, thus limiting gains in
CBX5 selectivity. It is worth noting that while TR-FRET
suggested that UNC6384 and UNC6392 are equipotent for
CBX5, DSF registered a ∼3 °C ΔTm difference between the
two compounds (Table 3) suggesting a higher affinity for
UNC6392. This was subsequently investigated by ITC,
revealing that UNC6392 (Kd = 1.27 μM) is 2-fold more
potent than UNC6384 (Kd = 3.38 μM, Figure S3). The data
from this set of analogs modified at the R4 position of
UNC5191 demonstrates the importance of utilizing multiple in
vitro screening methods when possible for efficient rank
ordering of newly synthesized compounds.
Given the encouraging results from manipulating individual

residues in the UNC5191 scaffold, we next synthesized a
compound that combined the most advantageous alterations at
each position. This yielded UNC7047, which harbors a 3-
amino-4-bromobenzyl cap in place of the 3-pyridyl cap at the
R1 position, a cyclohexylalanine in place of phenylalanine at
R2, and 3,4-dimethoxyphenylalanine in place of leucine at R4.
The 3-amino-4-bromobenzyl cap was selected primarily due to
the 10-fold increase in affinity over UNC5191, as selectivity
was unattainable at this position. Meanwhile, the cyclo-

Table 2. DSF and TR-FRET Data for R2 Position
a

aThe residue of UNC5191 being modified is highlighted with a gray circle above the data table. Both DSF and TR-FRET data is presented as mean
± SD of three individual assay replicates.
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hexylalanine and 3,4-dimethoxyphenylalanine were selected
due to a combination of affinity and selectivity gains and better
physicochemical space. By TR-FRET, this compound dis-
played an 80-fold affinity enhancement toward CBX5 in
comparison to UNC5191, and DSF showed an increase in the
Tm of CBX5 by more than 14 °C, which is 12 °C more than
the shift observed with our starting ligand, UNC5191 (Figure
3). Although the Kd of UNC7047 for CBX5 was slightly
diminished versus its IC50 (ITC Kd = 237 ± 68 nM, Figure 3
and Figure S4, TR-FRET IC50 (79 ± 40 nM)), UNC7047 is

still 30-fold more potent than UNC5191 (ITC Kd = 6.93 ±
0.82 μM, Figure 2 and Tables 1−3), which was achieved in just
one round of modular SAR.
Owing to previous data from our group suggesting that C-

terminal methyl ester derivatives of peptidomimetic com-
pounds are more efficacious in cellular contexts than the
corresponding amides,18,23,24 we synthesized our top hit
compound, UNC7047, as a methyl ester (UNC7560, Table
4) for further analysis. Gratifyingly, UNC7560 maintains near
identical potency toward CBX5 in comparison to the C-
terminal amide compound, UNC7047, by both TR-FRET and
ITC (Figure 3, Table 4, and Figure S5).
To more stringently examine the selectivity of UNC7560,

we evaluated UNC7560 binding to several other chromodo-
mains in vitro via a combination of both TR-FRET and ITC
assays. Our original TR-FRET panel of CBX5, CBX7, and
MPP8 chromodomains was expanded to include additional
Polycomb chromodomains including CBX2, CBX4, CBX6, and
CBX8, as well as the closely related chromodomain, CDYL2.
As we did not have CBX1 and CBX3 TR-FRET assays
available in house, we utilized ITC to profile these two
chromodomains, as well as CBX5, CBX7, MPP8, and CDYL2.
ITC revealed that UNC7560 binds the other HP1 family
members, CBX1 and CBX3, nearly as potently as CBX5 (Table
4 and Figure S5). This was expected based on sequence
homology among the HP1 family chromodomains, which
likely presents a high barrier toward HP1 isoform-specific
chemical probes.30

UNC7560 binding data for the Polycomb CBXs (CBX2, −4,
−6, −7, and − 8) revealed a similar trend to that seen with

Table 3. DSF and TR-FRET Data for R4 Position
a

aThe residue of UNC5191 being modified is highlighted with a gray circle above the data table. Both DSF and TR-FRET data is presented as mean
± SD of three individual assay replicates.

Figure 3. UNC7047 structure and in vitro assay data. DSF, TR-
FRET, and ITC data for the optimized compound, UNC7047. Data is
presented as mean ± SD of three individual replicates for each DSF,
TR-FRET, and ITC assay.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05381
ACS Omega 2022, 7, 716−732

722

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05381/suppl_file/ao1c05381_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05381/suppl_file/ao1c05381_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05381/suppl_file/ao1c05381_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05381?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05381?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05381?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05381?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05381?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05381?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05381?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05381?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05381?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05381?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05381?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


previous CBX7-targeted chemical probes from our group,
UNC3866 and UNC4976.23,25 UNC7560 is equipotent toward
CBX4 and CBX7 and exhibits a three-fold drop in potency
toward CBX6 and CBX8 and a six-fold drop toward CBX2
(Table 4 and Figure S6). This is anticipated given that CBX4
and CBX7 prefer lipophilicity at the para-position of the N-
terminal cap, which is a t-butyl group in both UNC3866 and
UNC4976 and a bromo-group in UNC7560.23,25 While TR-
FRET suggests a two-fold decrease in CBX4/7 affinity in
comparison to CBX5, ITC shows about a 9-fold difference
between CBX5 and CBX7 binding affinities (Table 4, Figures
S5 and S6). As ITC is considered the gold standard for
determining in vitro affinity between protein and ligand
substrates as a direct measure of binding affinity, we rely on
these values for selectivity assessment. Previous work from our
group suggests CBX7 ITC analysis to be a suitable proxy into
the trend among Polycomb proteins.23,25

UNC7560 potency data for the MPP8 and CDYL2
chromodomains by TR-FRET and ITC reveal that while
MPP8 shows a sub-micromolar IC50 for UNC7560 in a
competition TR-FRET assay (Table 4 and Figure S6), it
displayed weak affinity by ITC (Kd of 23 μM in one replicate
of ITC, while two other replicates showed no binding to
UNC7560 even at high protein concentrations) (Table 4 and
Figure S7). Likewise, UNC7560 demonstrates a low-nano-
molar affinity by IC50 in TR-FRET versus CDYL2 while its
affinity is ∼1 μM by ITC. As noted above, the ITC values
should be taken as closest to the true binding affinity and
uninfluenced by bait ligand affinity (Table 4, Figure S5).
Taken altogether, while UNC7560 is only modestly selective
by ITC for the HP1 chromodomains over Polycomb CBXs,
CDYL2, and MPP8, evaluation of UNC7560 in cellular
contexts should provide insight into HP1-mediated biology,
especially in established HP1-mediated contexts.
CHEMIPRECIPITATION of HP1 Proteins and Interac-

tion Partners. Despite the lack of significant selectivity of
UNC7560 over a broad panel of chromodomains, the dramatic
increase in affinity for CBX5 prompted us to explore this
compound in the context of cellular lysates. Our group has
previously utilized PEG-biotin derivatives of our chemical
probes to enable chemiprecipitation of Kme reader proteins
and associated protein complexes, as Kme reader proteins lack
enzymatic activity that is more readily attributable in
cells.23,25,56

First, we prepared a PEG11-biotin derivative of UNC7047
(UNC7565, Figure 4a). Based on previous work from our

group, appending a PEG11-biotin tag to the C-terminus of
peptidomimetic ligands has negligible effects on chromodo-
main binding.23,25 Utilizing UNC7565, we probed target
engagement in cell lysates for all three HP1 CBXs (CBX1
(HP1β), CBX3 (HP1γ), and CBX5 (HP1α)), as well as CBX7
and MPP8 (Figure 4b). Additionally, we also examined the
ability of UNC7565 to pulldown a known HP1 interaction
partner, the SUMO-protease SENP7,33,50 which interacts with
HP1 proteins through binding to the chromoshadow domain.
Chemiprecipitation from HEK293T cell lysates revealed
successful pulldown of all three HP1 proteins, CBX7, and
MPP8. It is worth noting that the three HP1 family proteins

Table 4. TR-FRET and ITC Data for UNC7560 Selectivity Profilinga

aTR-FRET data is presented as mean ± SD of three individual assay replicates. ITC data is presented as mean ± SD of at least two individual assay
replicates.

Figure 4. HEK293T lysate pulldown experiments with the UNC7565
biotinylated compound and UNC7560 soluble competitor. (a)
Structure of UNC7565. (b) Western blots highlighting bands of
interest from HEK293T lysate pulldowns with UNC7565 −/+
UNC7560 soluble competitor. 1 = HEK293T lysate input, 2 =
UNC7565 pulldown, 3 = UNC7565 pulldown with pre-treatment of
UNC7560 soluble competitor. Western blots shown are representa-
tive of two replicate experiments.
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were strongly enriched over input upon chemiprecipitation
with UNC7565 in contrast to CBX7 and MPP8 (Figure 4b,
lane 2), potentially suggesting increased potency and selectivity
for HP1 proteins in cellular contexts versus these other
chromodomains. Importantly, UNC7565-mediated pulldown
of all chromodomains tested was inhibited by pre-treatment of
cell lysates with the untagged compound, UNC7560 (Figure
4b, Lane 3), suggesting that chromodomain-specific inter-
actions are responsible for chemiprecipitation. Excitingly,
SENP7 was also pulled-down upon treatment with
UNC7565, suggesting that our ligands can engage intact
HP1 protein complexes.

■ DISCUSSION
Our efforts toward the development of more potent CBX5
chromodomain ligands resulted in the novel CBX5 antagonist
UNC7047 through a combination of two distinct approaches.
First, the development and screening of an OBOC
combinatorial library yielded low micromolar hits for CBX5,
one of which was developed into a scalable, cost-effective
scaffold for subsequent SPPS-mediated analog synthesis.
Second, we pursued analog synthesis and in vitro screening
by TR-FRET and DSF assays. Encouragingly, follow up affinity
characterization by ITC revealed a 30-fold increase in CBX5
affinity after just one round of analogue synthesis, underscoring
the importance of combining individual modifications in the
highly modular peptidomimetic scaffold to achieve additive
increases in affinity. One caveat to these studies is the limited
selectivity of UNC7047, as the compound is nearly equipotent
for CBX5, CBX7, and MPP8 by ITC. While addressing this
deficit will be an emphasis of a future work, we expect a rather
high barrier to achieving CBX5 selectivity due to the level of
sequence conservation among chromodomains.
From the C-terminal amide compound, UNC7047, we

created methyl ester (UNC7560) and PEG11-biotin
(UNC7565) derivatives. The methyl ester derivative mirrored
UNC7047 potency against CBX5 by ITC while also revealing
that our optimized compound potently binds the other HP1
family members, CBX1 (HP1β) and CBX3 (HP1γ). This
capacity to bind CBX5 and other HP1 family members was
maintained in cell lysates, as UNC7565-mediated chemipreci-
pitation revealed robust interactions with all three family
members. These results were anticipated due to the highly-
conserved structure among this protein family. The N-terminal
chromodomain and a C-terminal chromoshadow domain of
HP1 proteins comprise approximately 60% of the full length
protein, and the degrees of conservation among the
chromodomain and chromoshadow domains of HP1 isoforms
are 70 and 80%, respectively. This high percentage of
conservation provides limited opportunity for isoform-specific
activity and may account for some redundant roles of these
proteins.9,30 However, HP1 isoforms still possess unique
functions and are thought to be involved in varying degrees
of gene repression, supporting a scenario where HP1 proteins
likely maintain a delicate balance between isoform-specific
responsibilities and functional redundancy. Overall, this
encourages further work toward isoform-selective antagonists.
Encouragingly, while UNC7560 showed high in vitro affinity

for Polycomb CBXs, lower levels of CBX7 chemiprecipitation
were seen in comparison to HP1 CBXs. While further
development of HP1-specific antagonists that avoid Polycomb
affinity are warranted, HP1 and Polycomb proteins have
distinct cellular functions that would be expected to differ-

entiate biologically.29,63,64 Cellular phenotypes suspected to be
due to off-target Polycomb activity can also readily be probed
by looking at Polycomb-specific target genes.25

The discovery of UNC7047 marks an important milestone
in the development of potent CBX5 chromodomain ligands
and should encourage further investigation into both selective
and cellularly active antagonists for CBX5 and other HP1
isoforms. As the attention on chromatin regulatory proteins
and the histone PTMs that they regulate continues to boom,
chemical tools will undoubtedly contribute dramatically to the
investigation of target biology, validation of therapeutic targets,
and identification of chemical matter to facilitate subsequent
therapeutic development. Specifically, a high-quality chemical
probe for CBX5 and other HP1 chromodomains would
undoubtedly have a significant impact on the elucidation of
HP1 biology and clarify the therapeutic tractability of this
protein family.

■ EXPERIMENTAL SECTION
Solid Phase Peptide Synthesis (SPPS) of Hits from the

OBOC Library and New CBX5 Compounds. Fmoc-
protected amino acids were purchased from Chem-Impex
and Sigma-Aldrich with the exception of the Fmoc lysine
derivatives, which were synthesized as described previously.56

All other chemicals and solvents were purchased from TCI
America and Sigma Aldrich.
Synthesis was conducted via solid-phase peptide synthesis

on Fmoc Rink amide resin (50 mg, Chem-Impex). The resin
was initially swollen in DCM followed by DMF (10 min each).
Fmoc deprotection was conducted by incubation with a
solution of 2.5% 1,8-diazabicycloundec-7-ene and 2.5%
pyrrolidine in DMF for 10 min. The resin was filtered and
washed twice with DMF, methanol, DMF, and DCM before
amino acid for coupling. Standard Fmoc synthesis protocols
were used to generate the six residue peptidomimetics. Briefly,
Fmoc-protected amino acids (4 equiv) were mixed for 5 min
with HBTU (4 equiv), HOAt (4 equiv), and DIPEA (8 equiv)
in 1 mL of DMF and 1 mL of dichloromethane (DCM). The
solution was then added to the resin and left on a shaker at
room temperature for 1 h. The resin was filtered and washed
twice with DCM, DMF, methanol, and DMF again. Fmoc
amino acid protecting groups were removed as described
above, and then the resin was filtered and washed twice with
DMF, methanol, DMF, and DCM before adding the next
amino acid for coupling. Following installation of the
carboxylic acid capping residue, the resin was rinsed 6 times
with DCM. Cleavage cocktail (95% trifluoroacetic acid, 2.5%
triisopropylsilane, and 2.5% water) was added to the resin; the
mixture was left on the shaker for 2 h; and the filtrate was
collected. The resin was rinsed twice with DCM, and the
filtrates were pooled and concentrated under vacuum.
The crude material was purified by preparative HPLC using

an Agilent Prep 1200 series with the UV detector set to 220
and 254 nm. Samples were injected onto a Phenomenex Luna
75 × 30 mm, 5 μm, C18 column at 25 °C. Mobile phases of A
(H2O + 0.1% TFA) and B (CH3CN) were used with a flow
rate of 30 mL/min. Product fractions were pooled and
concentrated to afford title compounds as TFA salts with yields
as indicated in each compound characterization.
Analytical LCMS and 1H NMR were used to establish

purity. Analytical LCMS data was acquired using either an
Agilent 6110 Series (UNC5191-UNC6868) or an Agilent 6125
Series (UNC4869, UNC7047-UNC7565) system with the UV
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detector set to 220 and 254 nm. Samples were injected (3−5
μL) onto an Agilent Eclipse Plus 4.6 × 50 mm, 1.8 μm, C18
column at 25 °C. Mobile phases A (H2O + 0.1% acetic acid)
and B (Agilent 6110: CH3OH + 0.1% acetic acid; Agilent
6125: CH3CN + 1% H2O + 0.1% acetic acid) were used with a
linear gradient from 10 to 100% B in 5.0 min followed by a
flush at 100% B for another 2.0 min at a flow rate of 1.0 mL/
min. Mass spectra (MS) data were acquired in positive ion
mode using either an Agilent 6110 or an Agilent 6125 (see
above) single quadrupole mass spectrometer with an electro-
spray ionization (ESI) source. Nuclear magnetic resonance
(NMR) spectra were recorded on a Varian Mercury
spectrometer at 400 MHz for proton (1H NMR); chemical
shifts are reported in ppm (δ) relative to residual protons in
deuterated solvent peaks. Due to intramolecular hydrogen-
bonding, hydrogen-deuterium exchange between the amide protons
of the molecule and the deuterated solvent is slow and requires
overnight equilibration for near complete exchange.
N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-

pan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-dimethyl-
10,13,16-trioxo-18-(perfluorophenyl)-3,9,12,15-tetraazaoc-
tadecan-17-yl)nicotinamide (UNC4869). The above general
procedure yielded 25.7 mg of the title compound as a white
solid. 1H NMR (400 MHz, methanol-d4) δ 9.02 (s, 1H), 8.76
(s, 1H), 8.33 (d, J = 8.0 Hz, 1H), 7.65 (dd, J = 8.0, 5.1 Hz,
1H), 4.84−4.78 (m, 1H), 4.41−4.29 (m, 4H), 3.87−3.64 (m,
3H), 3.40 (dd, J = 13.9, 7.1 Hz, 1H), 3.28−2.96 (m, 5H),
1.98−1.42 (m, 9H), 1.41−1.30 (m, 12H), 0.98−0.90 (m, 6H).
MSI (ESI): 829 [M + H]+, 415 [M + 2H]2+. tR = 3.14 min.
N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-

pan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-dimethyl-
10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaoctadecan-17-
yl)nicotinamide (UNC5191). The above general procedure
yielded 21.9 mg (70.6%) of the title compound as a white
solid. 1H NMR (400 MHz, methanol-d4) δ 8.97 (d, J = 1.7 Hz,
1H), 8.76 (dd, J = 5.1, 1.5 Hz, 1H), 8.36 (dt, J = 8.0, 1.9 Hz,
1H), 7.72−7.66 (m, 1H), 7.35−7.25 (m, 4H), 7.24−7.18 (m,
1H), 4.84−4.78 (m, 1H), 4.42−4.29 (m, 4H), 3.88−3.74 (m,
2H), 3.71−3.63 (m, 1H), 3.30−2.96 (m, 6H), 1.99−1.44 (m,
9H), 1.39 (d, J = 7.2 Hz, 3H), 1.35−1.28 (m, 9H), 0.98−0.88
(m, 6H). MSI (ESI): 739 [M + H]+, 370 [M + 2H]2+. tR =
2.61 min.
N-((8S,11S,14S,18R)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-

pan-2-yl)carbamoyl)-3-ethyl-18-hydroxy-11-isobutyl-2,14-
dimethyl-10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaocta-
decan-17-yl)nicotinamide (UNC6377). The above general
procedure yielded 2.1 mg (4.9%) of the title compound as a
white solid. 1H NMR (400 MHz, methanol-d4) δ 9.05 (d, J =
11.6 Hz, 1H), 8.74 (d, J = 5.0 Hz, 1H), 8.43−8.31 (m, 1H),
7.98 (s, 1H), 7.63 (dd, J = 8.0, 5.0 Hz, 1H), 7.52−7.42 (m,
2H), 7.36−7.25 (m, 2H), 5.58−5.44 (m, 1H), 4.55 (dd, J =
20.8, 4.8 Hz, 1H), 4.41−4.17 (m, 4H), 3.87−3.65 (m, 3H),
3.29−3.01 (m, 4H), 2.02−1.41 (m, 9H), 1.38−1.31 (m, 9H),
1.28 (s, 2H), 1.03 (d, J = 7.1 Hz, 1H), 0.99−0.88 (m, 6H).
MSI (ESI): 755 [M + H]+, 378 [M + 2H]2+. tR = 3.94 min.
N-((8S,11S,14S,18S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-

pan-2-yl)carbamoyl)-3-ethyl-18-hydroxy-11-isobutyl-2,14-
dimethyl-10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaocta-
decan-17-yl)nicotinamide (UNC6378). The above general
procedure yielded 1.44 mg (3.41%) of the title compound as a
white solid. 1H NMR (400 MHz, methanol-d4) δ 8.90 (s, 1H),
8.70 (d, J = 5.0 Hz, 1H), 8.18 (dt, J = 8.0, 1.8 Hz, 1H), 7.56
(dd, J = 8.0, 5.0 Hz, 1H), 7.48 (d, J = 7.5 Hz, 2H), 7.33 (t, J =

7.5 Hz, 2H), 7.29−7.22 (m, 1H), 5.38 (d, J = 3.9 Hz, 1H),
4.88 (d, J = 3.6 Hz, 1H), 4.44−4.27 (m, 4H), 3.86−3.73 (m,
2H), 3.72−3.62 (m, 1H), 3.28−2.93 (m, 4H), 2.01−1.44 (m,
9H), 1.41 (d, J = 7.2 Hz, 3H), 1.37−1.30 (m, 9H), 0.98−0.88
(m, 6H). MSI (ESI): 755 [M + H]+, 378 [M + 2H]2+. tR =
3.82 min.

N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-
pan-2-yl)carbamoyl)-3-ethyl-2,11,14-trimethyl-10,13,16-tri-
oxo-18-phenyl-3,9,12,15-tetraazaoctadecan-17-yl)-
nicotinamide (UNC6379). The above general procedure
yielded 5.73 mg (14.5%) of the title compound as a white
solid. 1H NMR (400 MHz, methanol-d4) δ 8.89 (d, J = 1.6 Hz,
1H), 8.68 (dd, J = 4.9, 1.6 Hz, 1H), 8.18 (ddd, J = 8.0, 2.2, 1.7
Hz, 1H), 7.54 (ddd, J = 8.0, 5.0, 0.8 Hz, 1H), 7.35−7.26 (m,
4H), 7.25−7.18 (m, 1H), 4.82−4.76 (m, 1H), 4.41−4.23 (m,
4H), 3.87−3.75 (m, 2H), 3.73−3.61 (m, 1H), 3.30−2.96 (m,
6H), 1.98−1.45 (m, 6H), 1.42 (d, J = 7.2 Hz, 3H), 1.39 (d, J =
7.2 Hz, 3H), 1.36−1.29 (m, 9H). MSI (ESI): 697 [M + H]+,
349 [M + 2H]2+. tR = 3.24 min.

N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-
pan-2-yl)carbamoyl)-3-ethyl-2,14-dimethyl-10,13,16-trioxo-
11,18-diphenyl-3,9,12,15-tetraazaoctadecan-17-yl)-
nicotinamide (UNC6380). The above general procedure
yielded 4.3 mg (10%) of the title compound as a white
solid. 1H NMR (400 MHz, methanol-d4) δ 8.82 (d, J = 15.3
Hz, 1H), 8.66 (d, J = 3.3 Hz, 1H), 8.08 (dt, J = 18.0, 8.0, 2.0
Hz, 1H), 7.53−7.16 (m, 11H), 5.37 (d, J = 26.5 Hz, 1H),
4.46−4.30 (m, 4H), 3.90−3.57 (m, 3H), 3.29−2.82 (m, 6H),
2.00−1.25 (m, 18H). MSI (ESI): 759 [M + H]+, 380 [M +
2H]2+. tR = 3.76 min.

N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-
pan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-dimethyl-
10,13,16-trioxo-18-(pyridin-3-yl)-3,9,12,15-tetraazaoctade-
can-17-yl)nicotinamide (UNC6381). The above general
procedure yielded 5.5 mg (13%) of the title compound as a
white solid. 1H NMR (400 MHz, methanol-d4) δ 8.99 (s, 1H),
8.81 (s, 1H), 8.78−8.69 (m, 2H), 8.52 (d, J = 8.2 Hz, 1H),
8.34 (dt, J = 8.1, 1.8 Hz, 1H), 7.96 (dd, 1H), 7.65 (dd, 1H),
4.98 (dd, J = 8.2, 6.2 Hz, 1H), 4.43−4.28 (m, 4H), 3.87−3.74
(m, 2H), 3.74−3.66 (m, 1H), 3.53 (dd, J = 14.2, 6.1 Hz, 1H),
3.30−2.96 (m, 5H), 1.98−1.43 (m, 9H), 1.40 (d, J = 7.2 Hz,
3H), 1.38−1.30 (m, 9H), 1.00−0.89 (m, 6H). MSI (ESI): 740
[M + H]+, 371 [M + 2H]2+. tR = 3.02 min.

N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-
pan-2-yl)carbamoyl)-3-ethyl-18-(furan-2-yl)-11-isobutyl-
2,14-dimethyl-10,13,16-trioxo-3,9,12,15-tetraazaoctadecan-
17-yl)nicotinamide (UNC6382). The above general procedure
yielded 3.3 mg (8.1%) of the title compound as a white solid.
1H NMR (400 MHz, methanol-d4) δ 8.99 (s, 1H), 8.73 (d, J =
5.1 Hz, 1H), 8.33−8.26 (m, 1H), 7.61 (dd, J = 8.0, 4.9 Hz,
1H), 7.44−7.39 (m, 1H), 6.35−6.29 (m, 1H), 6.25−6.20 (m,
1H), 4.42−4.27 (m, 4H), 3.89−3.75 (m, 2H), 3.74−3.64 (m,
1H), 3.29−2.96 (m, 6H), 1.98−1.44 (m, 9H), 1.38 (d, J = 7.2
Hz, 3H), 1.37−1.28 (m, 9H), 0.99−0.86 (m, 6H). MSI (ESI):
729 [M + H]+, 365 [M + 2H]2+. tR = 3.72 min.

N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-
pan-2-yl)carbamoyl)-18-cyclohexyl-3-ethyl-11-isobutyl-
2,14-dimethyl-10,13,16-trioxo-3,9,12,15-tetraazaoctadecan-
17-yl)nicotinamide (UNC6383). The above general procedure
yielded 3.5 mg (8.4%) of the title compound as a white solid.
1H NMR (400 MHz, methanol-d4) δ 9.09 (s, 1H), 8.76 (d, J =
4.2 Hz, 1H), 8.41 (dt, J = 8.0, 1.9 Hz, 1H), 7.65 (dd, J = 7.8,
5.2 Hz, 1H), 4.55 (dd, J = 9.3, 5.9 Hz, 1H), 4.41−4.28 (m,
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4H), 3.88−3.76 (m, 2H), 3.74−3.65 (m, 1H), 3.29−2.97 (m,
4H), 2.03−1.42 (m, 18H), 1.39 (d, J = 7.2 Hz, 3H), 1.37−1.14
(m, 11H), 1.08−0.96 (m, 2H), 0.96−0.88 (m, 6H). MSI
(ESI): 745 [M + H]+, 373 [M + 2H]2+. tR = 4.36 min.
N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-

pan-2-yl)carbamoyl)-11-benzyl-3-ethyl-2,14-dimethyl-
10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaoctadecan-17-
yl)nicotinamide (UNC6384). The above general procedure
yielded 7.5 mg (17%) of the title compound as a white solid.
1H NMR (400 MHz, methanol-d4) δ 8.93 (d, J = 2.1 Hz, 1H),
8.73 (dd, J = 5.0, 1.6 Hz, 1H), 8.29 (dt, J = 8.0, 1.9 Hz, 1H),
7.64 (dd, J = 8.0, 5.1 Hz, 1H), 7.34−7.12 (m, 10H), 4.79−4.75
(m, 1H), 4.54 (dd, J = 9.3, 5.2 Hz, 1H), 4.43−4.35 (m, 2H),
4.25 (q, J = 7.2 Hz, 1H), 3.87−3.75 (m, 2H), 3.71−3.62 (m,
1H), 3.26−2.95 (m, 8H), 1.98−1.39 (m, 6H), 1.37−1.23 (m,
12H). MSI (ESI): 773 [M + H]+, 387 [M + 2H]2+. tR = 4.00
min.
N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-

pan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-dimethyl-
10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaoctadecan-17-
yl)-4-(dimethylamino)benzamide (UNC6386). The above
general procedure yielded 8.0 mg (18%) of the title compound
as a white solid. 1H NMR (400 MHz, methanol-d4) δ 7.71 (d, J
= 8.9 Hz, 2H), 7.35−7.27 (m, 4H), 7.26−7.19 (m, 1H), 6.77
(d, J = 9.0 Hz, 2H), 4.60−4.54 (m, 1H), 4.40−4.29 (m, 3H),
4.25 (q, J = 7.1 Hz, 1H), 3.86−3.73 (m, 2H), 3.67−3.57 (m,
1H), 3.29−3.05 (m, 5H), 3.04 (s, 6H), 3.01−2.90 (m, 1H),
1.98−1.42 (m, 9H), 1.38 (d, J = 7.2 Hz, 3H), 1.34−1.22 (m,
9H), 0.99−0.87 (m, 6H). MSI (ESI): 781 [M + H]+, 391 [M
+ 2H]2+. tR = 4.40 min.
4-Amino-N-((8S,11S,14S,17S)-8-(((S)-1-amino-3-hydroxy-

1-oxopropan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-di-
methyl-10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaocta-
decan-17-yl)-3-bromobenzamide (UNC6387). The above
general procedure yielded 19.7 mg (43.0%) of the title
compound as a white solid. 1H NMR (400 MHz, methanol-d4)
δ 7.91 (d, J = 2.0 Hz, 1H), 7.57 (dd, J = 8.5, 2.1 Hz, 1H),
7.35−7.18 (m, 5H), 6.80 (d, J = 8.5 Hz, 1H), 4.57−4.51 (m,
1H), 4.39−4.28 (m, 3H), 4.24 (q, J = 7.2 Hz, 1H), 3.86−3.72
(m, 2H), 3.68−3.56 (m, 1H), 3.28−2.88 (m, 6H), 2.00−1.42
(m, 9H), 1.38 (d, J = 7.3 Hz, 3H), 1.33−1.23 (m, 9H), 1.00−
0.87 (m, 6H). MSI (ESI): 831/833 [M + H]+, 416 [M +
2H]2+. tR = 4.17 min.
N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-

pan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-dimethyl-
10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaoctadecan-17-
yl)furan-3-carboxamide (UNC6389). The above general
procedure yielded 9.5 mg (23.3%) of the title compound as
a white solid. 1H NMR (400 MHz, methanol-d4) δ 8.06 (s,
1H), 7.59−7.52 (m, 1H), 7.32−7.18 (m, 5H), 6.78 (s, 1H),
4.71−4.63 (m, 1H), 4.41−4.23 (m, 4H), 3.87−3.74 (m, 2H),
3.71−3.60 (m, 1H), 3.27−2.93 (m, 6H), 1.98−1.43 (m, 9H),
1.37 (d, J = 7.2 Hz, 3H), 1.35−1.27 (m, 9H), 0.98−0.89 (m,
6H). MSI (ESI): 728 [M + H]+, 364 [M + 2H]2+. tR = 4.11
min.
N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-

pan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-dimethyl-
10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaoctadecan-17-
yl)isoquinoline-7-carboxamide (UNC6390). The above gen-
eral procedure yielded 4.7 mg (11%) of the title compound as
a white solid. 1H NMR (400 MHz, methanol-d4) δ 9.60 (s,
1H), 8.60 (d, J = 6.2 Hz, 1H), 8.48 (s, 1H), 8.39 (d, J = 8.7
Hz, 1H), 8.26 (d, J = 6.2 Hz, 1H), 8.13 (d, J = 8.6, 1.6 Hz,

1H), 7.39−7.26 (m, 4H), 7.26−7.18 (m, 1H), 4.42−4.30 (m,
4H), 3.87−3.73 (m, 2H), 3.73−3.61 (m, 1H), 3.29−2.95 (m,
6H), 1.98−1.44 (m, 9H), 1.40 (d, J = 7.2 Hz, 3H), 1.35−1.27
(m, 9H), 0.96−0.89 (m, 6H). MSI (ESI): 789 [M + H]+, 395
[M + 2H]2+. tR = 4.27 min.

N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-
pan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-dimethyl-
10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaoctadecan-17-
yl)quinoline-6-carboxamide (UNC6391). The above general
procedure yielded 9.1 mg (21%) of the title compound as a
white solid. 1H NMR (400 MHz, methanol-d4) δ 9.05 (d, J =
4.7, 1.6 Hz, 1H), 8.66 (d, J = 8.2 Hz, 1H), 8.49 (s, 1H), 8.14
(d, J = 8.6 Hz, 1H), 8.02 (d, J = 8.7, 1.7 Hz, 1H), 7.82−7.75
(m, 1H), 7.39−7.26 (m, 4H), 7.26−7.18 (m, 1H), 4.42−4.29
(m, 4H), 3.88−3.74 (m, 2H), 3.69−3.59 (m, 1H), 3.27−2.94
(m, 6H), 1.98−1.44 (m, 9H), 1.41 (d, J = 7.2 Hz, 3H), 1.35−
1.25 (m, 9H), 0.96−0.88 (m, 6H). MSI (ESI): 789 [M + H]+,
395 [M + 2H]2+. tR = 4.06 min.

N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-
pan-2-yl)carbamoyl)-11-(3,4-dimethoxybenzyl)-3-ethyl-
2,14-dimethyl-10,13,16-trioxo-18-phenyl-3,9,12,15-tetraa-
zaoctadecan-17-yl)nicotinamide (UNC6392). The above
general procedure yielded 6.9 mg (15%) of the title compound
as a white solid. 1H NMR (400 MHz, methanol-d4) δ 8.96−
8.91 (m, 1H), 8.74 (d, J = 5.2, 1.6 Hz, 1H), 8.31 (dt, J = 8.2,
1.8 Hz, 1H), 7.66 (dd, J = 8.0, 5.3 Hz, 1H), 7.32−7.15 (m,
5H), 6.89−6.75 (m, 3H), 4.81−4.76 (m, 1H), 4.57−4.49 (m,
1H), 4.42−4.34 (m, 2H), 4.29 (q, J = 7.1 Hz, 1H), 3.86−3.71
(m, 8H), 3.71−3.62 (m, 1H), 3.28−2.94 (m, 8H), 1.97−1.37
(m, 6H), 1.37−1.27 (m, 12H). MSI (ESI): 833 [M + H]+, 417
[M + 2H]2+. tR = 3.90 min.

4-Amino-N-((8S,11S,14S,17S)-8-(((S)-1-amino-3-hydroxy-
1-oxopropan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-di-
methyl-10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaocta-
decan-17-yl)benzamide (UNC6393). The above general
procedure yielded 10.0 mg (24.0%) of the title compound as
a white solid. 1H NMR (400 MHz, methanol-d4) δ 7.69−7.61
(m, 2H), 7.36−7.19 (m, 5H), 6.80 (dd, J = 20.9, 8.4 Hz, 2H),
4.61−4.20 (m, 5H), 3.88−3.70 (m, 2H), 3.69−3.51 (m, 1H),
3.28−2.88 (m, 6H), 1.98−1.43 (m, 9H), 1.38 (d, J = 7.1 Hz,
3H), 1.35−1.16 (m, 9H), 0.98−0.87 (m, 6H). MSI (ESI): 753
[M + H]+, 377 [M + 2H]2+. tR = 3.88 min.

N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-
pan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-dimethyl-
10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaoctadecan-17-
yl)-4-(methylamino)benzamide (UNC6394). The above gen-
eral procedure yielded 9.1 mg (21%) of the title compound as
a white solid. 1H NMR (400 MHz, methanol-d4) δ 7.65 (d, J =
8.7 Hz, 2H), 7.36−7.19 (m, 5H), 6.61 (d, J = 8.7 Hz, 2H),
4.58−4.49 (m, 1H), 4.39−4.19 (m, 4H), 3.86−3.73 (m, 2H),
3.65−3.55 (m, 1H), 3.28−2.88 (m, 6H), 2.82 (s, 3H), 1.98−
1.40 (m, 9H), 1.38 (d, J = 7.3 Hz, 3H), 1.34−1.16 (m, 9H),
0.98−0.87 (m, 6H). MSI (ESI): 767 [M + H]+, 384 [M +
2H]2+. tR = 4.21 min.

4-Amino-N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-
1-oxopropan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-di-
methyl-10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaocta-
decan-17-yl)cyclohexane-1-carboxamide (UNC6865). The
above general procedure yielded 7.9 mg (16%) of the title
compound as a white solid. 1H NMR (400 MHz, methanol-d4)
δ 7.30−7.24 (m, 4H), 7.23−7.18 (m, 1H), 4.65−4.59 (m, 1H),
4.41−4.30 (m, 4H), 3.88−3.75 (m, 2H), 3.73−3.64 (m, 1H),
3.29−2.96 (m, 6H), 2.87 (dd, J = 14.0, 10.3 Hz, 1H), 2.48−
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2.41 (m, 1H), 1.99−1.42 (m, 17H), 1.38 (d, J = 7.1 Hz, 3H),
1.36−1.30 (m, 9H), 1.00−0.91 (m, 6H). MSI (ESI): 759 [M +
H]+, 380 [M + 2H]2+. tR = 0.60 min.
N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-

pan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-dimethyl-
10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaoctadecan-17-
y l ) -4 - (aminomethy l )cyc lohexane-1-carboxamide
(UNC6866). The above general procedure yielded 4.7 mg
(9.6%) of the title compound as a white solid. 1H NMR (400
MHz, methanol-d4) δ 7.30−7.18 (m, 5H), 4.61−4.55 (m, 1H),
4.41−4.26 (m, 3H), 3.87−3.74 (m, 2H), 3.74−3.62 (m, 1H),
3.28−2.95 (m, 6H), 2.90 (dd, J = 14.1, 9.7 Hz, 1H), 2.77 (d, J
= 7.0 Hz, 2H), 2.25−2.14 (m, 1H), 2.01−1.39 (m, 15H),
1.38−1.24 (m, 13H), 1.11−1.00 (m, 2H), 1.00−0.91 (m, 6H).
MSI (ESI): 773 [M + H]+, 387 [M + 2H]2+. tR = 0.59 min.
N-((8S,11S,14S,17S)-8-(((S)-1-Amino-3-hydroxy-1-oxopro-

pan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-dimethyl-
10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaoctadecan-17-
yl)isonicotinamide (UNC6867). The above general procedure
yielded 21.4 mg (69.0%) of the title compound as a white
solid. 1H NMR (400 MHz, methanol-d4) δ 8.78 (d, J = 6.3 Hz,
2H), 7.93−7.88 (m, 2H), 7.34−7.25 (m, 4H), 7.24−7.18 (m,
1H), 4.87−4.81 (m, 1H), 4.41−4.31 (m, 4H), 3.87−3.75 (m,
2H), 3.72−3.63 (m, 1H), 3.30−2.95 (m, 6H), 2.00−1.43 (m,
9H), 1.39 (d, J = 7.2 Hz, 3H), 1.36−1.28 (m, 9H), 0.98−0.89
(m, 6H). MSI (ESI): 739 [M + H]+, 370 [M + 2H]2+. tR =
2.56 min.
3-Amino-N-((8S,11S,14S,17S)-8-(((S)-1-amino-3-hydroxy-

1-oxopropan-2-yl)carbamoyl)-3-ethyl-11-isobutyl-2,14-di-
methyl-10,13,16-trioxo-18-phenyl-3,9,12,15-tetraazaocta-
decan-17-yl)-4-bromobenzamide (UNC6868). The above
general procedure yielded 15.8 mg (45.3%) of the title
compound as a white solid. 1H NMR (400 MHz, methanol-d4)
δ 7.43 (d, J = 8.3 Hz, 1H), 7.33−7.26 (m, 4H), 7.25−7.20 (m,
1H), 7.19 (d, J = 2.1 Hz, 1H), 6.92 (dd, J = 8.3, 2.1 Hz, 1H),
4.71−4.64 (m, 1H), 4.40−4.26 (m, 4H), 3.87−3.74 (m, 2H),
3.68−3.60 (m, 1H), 3.28−2.91 (m, 6H), 1.98−1.42 (m, 9H),
1.38 (d, J = 7.2 Hz, 3H), 1.34−1.26 (m, 9H), 0.99−0.87 (m,
6H). MSI (ESI): 831/833 [M + H]+, 416 [M + 2H]2+. tR =
3.01 min.
3-Amino-N-((8S,11S,14S,17S)-8-(((S)-1-amino-3-hydroxy-

1-oxopropan-2-yl)carbamoyl)-18-cyclohexyl-11-(3,4-dime-
thoxybenzyl)-3-ethyl-2,14-dimethyl-10,13,16-trioxo-
3,9,12,15-tetraazaoctadecan-17-yl)-4-bromobenzamide
(UNC7047). The above general procedure yielded 11.7 mg
(27.6%) of the title compound as a white solid. 1H NMR (400
MHz, methanol-d4) δ 7.48 (d, J = 8.3 Hz, 1H), 7.33 (d, J = 2.1
Hz, 1H), 7.06 (dd, J = 8.3, 2.1 Hz, 1H), 6.81−6.76 (m, 2H),
6.72 (dd, J = 8.2, 1.7 Hz, 1H), 4.55−4.50 (m, 1H), 4.48−4.42
(m, 1H), 4.40−4.34 (m, 2H), 4.22 (q, J = 7.1 Hz, 1H), 3.88−
3.61 (m, 9H), 3.27−2.92 (m, 6H), 1.99−1.12 (m, 29H),
1.05−0.88 (m, 2H). MSI (ESI): 931/933 [M + H]+, 466 [M +
2H]2+. tR = 3.28 min.
4-Amino-N-((8S,11S,14S,17S)-8-(((S)-1-amino-3-hydroxy-

1-oxopropan-2-yl)carbamoyl)-18-cyclohexyl-11-(3,4-dime-
thoxybenzyl)-3-ethyl-2,14-dimethyl-10,13,16-trioxo-
3,9,12,15-tetraazaoctadecan-17-yl)-3-bromobenzamide
(UNC7048). The above general procedure yielded 11.0 mg
(26.0%) of the title compound as a white solid. 1H NMR (400
MHz, methanol-d4) δ 8.08 (d, J = 2.0 Hz, 1H), 7.72 (dd, J =
8.5, 2.0 Hz, 1H), 6.84 (d, J = 8.5 Hz, 1H), 6.79−6.69 (m, 3H),
4.54−4.48 (m, 1H), 4.41−4.34 (m, 3H), 4.16 (q, J = 7.3 Hz,
1H), 3.88−3.59 (m, 9H), 3.26−2.92 (m, 6H), 2.02−1.11 (m,

29H), 1.05−0.90 (m, 2H). MSI (ESI): 931/933 [M + H]+,
466 [M + 2H]2+. tR = 3.20 min.

3-Amino-N-((8S,11S,14S,17S)-8-(((S)-1-amino-3-hydroxy-
1-oxopropan-2-yl)carbamoyl)-18-cyclohexyl-11-(3,4-dime-
thoxybenzyl)-3-ethyl-2,14-dimethyl-10,13,16-trioxo-
3,9,12,15-tetraazaoctadecan-17-yl)-4-fluorobenzamide
(UNC7049). The above general procedure yielded 9.8 mg
(24.6%) of the title compound as a white solid. 1H NMR (400
MHz, methanol-d4) δ 7.40 (dd, J = 8.4, 2.1 Hz, 1H), 7.25−
7.20 (m, 1H), 7.07 (dd, J = 10.9, 8.5 Hz, 1H), 6.82−6.77 (m,
2H), 6.75−6.70 (m, 1H), 4.54−4.49 (m, 1H), 4.48−4.42 (m,
1H), 4.40−4.33 (m, 2H), 4.22 (q, J = 7.2 Hz, 1H), 3.88−3.61
(m, 9H), 3.28−2.93 (m, 6H), 1.99−1.12 (m, 29H), 1.05−0.88
(m, 2H). MSI (ESI): 871 [M + H]+, 436 [M + 2H]2+. tR =
3.11 min.

4-Amino-N-((8S,11S,14S,17S)-8-(((S)-1-amino-3-hydroxy-
1-oxopropan-2-yl)carbamoyl)-18-cyclohexyl-11-(3,4-dime-
thoxybenzyl)-3-ethyl-2,14-dimethyl-10,13,16-trioxo-
3,9,12,15-tetraazaoctadecan-17-yl)-3-fluorobenzamide
(UNC7050). The above general procedure yielded 10.0 mg
(25.1%) of the title compound as a white solid. 1H NMR (400
MHz, methanol-d4) δ 7.65−7.56 (m, 2H), 6.84 (t, J = 8.6 Hz,
1H), 6.80−6.69 (m, 3H), 4.54−4.48 (m, 1H), 4.42−4.34 (m,
3H), 4.18 (q, J = 7.2 Hz, 1H), 3.88−3.61 (m, 9H), 3.27−2.92
(m, 6H), 2.02−1.12 (m, 29H), 1.06−0.89 (m, 2H). MSI
(ESI): 871 [M + H]+, 436 [M + 2H]2+. tR = 3.08 min.

On-Bead Screening Protocol for the OBOC Library.
On-bead library screening was conducted as described
previously.56 Both of the synthesized sub-libraries were
equilibrated, separately, in 25 mM Tris, pH 7.8, 150 mM
NaCl, and 0.1% Tween-20 (TBST) overnight. All of the
traditional six-residue sub-library was equilibrated in 12 mL
TBST in a 15 mL conical tube, and approximately 1/3 of the
five-residue fused cap sub-library was equilibrated in 1.5 mL
TBST in a 2.0 mL Eppendorf tube. Individual magnetic
screens follow a similar protocol to that originally described by
Astle et al.65 For 1 h, the resin beads were blocked in 5% BSA
in TBST using the listed volumes above at RT. The resin from
each sub-library was washed once and then incubated with 2
μM His-tagged CBX5 in 2.5% BSA in TBST at appropriate
volumes for 1 h. Simultaneously, mouse anti-His antibody (13
μL of a 1 μg/μL solution; Pierce MA1−21315) was incubated
with Protein G Dynabeads (65 μL; Life Technologies) in 2.5%
BSA in TBST (500 μL). After incubation, the Dynabeads were
washed 3 × 500 μL in TBST, and the resin of the two sub-
libraries was washed 3 × 12 mL (six-residue) or 3 × 1.5 mL
(five-residue) in TBST. A 2.5% BSA in TBST was added to
each sub-library at appropriate volumes. After resuspension of
Dynabeads in 500 μL of 2.5% BSA in TBST, 428 μL was
added to the six-residue sub-library and 72 μL was added to
the five-residue sub-library. The library beads and magnetic
beads were left to mix at RT for 1 h. A magnet was used to
remove CBX5 hits and non-specific binders. As no hits were
present for the five-residue fused cap sub-library, screening was
discontinued for this aliquot. The remaining six-residue sub-
library was pooled into one 2.0 mL Eppendorf tube, cleared of
remaining unconjugated Dynabeads, and incubated with 10
μM UNC4869 as a soluble competitor in 1.0 mL of 2.5% BSA
in TBST. At 1 and 3 h, the beads were subjected to a magnet,
and de-magnetized beads were removed and pooled so that hit
compounds were separated across three aliquots (<1, <3, and
>3 h magnetization). The <3 and > 3 h aliquots were washed 1
× 500 μL in TBST and then stripped in 1.0 mL of 1% SDS
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overnight at RT. Resin beads were then washed 1 × H2O, 1 ×
1 M NaCl, and 6 × TBST prior to cross-screening. Negative
selection screens with the two aliquots of CBX5 hit beads were
then performed with 2 μM His-CBX7 and 2 μM His-MPP8
under the same conditions but with the following modifica-
tions: screening volumes were adjusted to 1.5 mL, and 2 μL of
anti-His antibody was pre-incubated with 10 μL of Protein G
Dynabeads in 100 μL 2.5% BSA in TBST. These negative
selections were done sequentially, and after each screen, the
magnetized and un-magnetized resin beads were isolated,
stripped of protein by SDS treatment, and stringently washed
before proceeding to the next negative selection. After both
negative selections, the CBX5-selective beads from both <3
and >3 h magnetization aliquots were rinsed repeatedly in
ethanol and then equilibrated overnight in ethanol prior to
cyanogen bromide cleavage.
Hit Cleavage and MALDI-TOF/TOF Identification of

Compounds from the OBOC Library. Cleavage and
identification of compounds was conducted as described
previously.56 The hit beads were isolated (1 bead per well)
into a 96-well plate (Thermo Scientific 0.2 mL 96-well PCR
plate). The ethanol solutions were left to evaporate. Cyanogen
bromide cleavage followed previously described protocols.65,66

In brief, a mixture of 0.25 M cyanogen bromide in 10% water,
40% acetic acid, and 50% acetonitrile was prepared. A total of
20 μL of this mixture was added to each well. The plates were
loosely covered and left to mix overnight on a shaker platform
at room temperature in a fume hood. Cleaved compounds
were redissolved in 10 μL of 1:1 water:acetonitrile. From this
solution, 0.5 μL was spotted on an Opti-TOF 384-well MALDI
plate and 0.5 μL of a saturated solution of α-cyano-4-
hydroxycinnamic acid in 50% acetonitrile and 50% water with
0.1% TFA was spotted on top. The solutions were left to
evaporate. Spectra were recorded on an ABSciex 5800
MALDI-TOF/TOF in positive, linear mode with a laser
power between 2200 and 2600.
Protein Expression and Purification. Expression Con-

structs. The chromodomains of CBX2 (residues 9−66 of
NP_005180), CBX4 (residues 8−65 of NP_003646), CBX6
(residues 8−65 of NP_055107), CBX7 (residues 8−62 of
NP_783640 and CDYL2 (residues 1−75 of NP_689555) were
expressed with C-terminal His-tags in pET30 expression
vectors. The chromodomain of CBX8 (residues 8−61 of
NP_065700) was expressed with an N-terminal His-tag in a
pET28 expression vector. The chromodomains of CBX5
(residues 18−75 of NP_036429) and MPP8 (residues 55-116
of NP_059990) were expressed with N-terminal His-tags in
pET28 expression vectors.
Protein Expression and Purification. All expression

constructs were transformed into Rosetta BL21(DE3)pLysS
competent cells (Novagen, EMD Chemicals, San Diego, CA).
Protein expression was induced by growing cells at 37 °C with
shaking until the OD600 reached ∼0.6−0.8 at which time the
temperature was lowered to 18 °C and expression was induced
by adding 0.5 mM IPTG and continuing shaking overnight.
Cells were harvested by centrifugation, and pellets were stored
at −80 °C.
His-tagged proteins were purified by re-suspending thawed

cell pellets in 30 mL of lysis buffer (50 mM sodium phosphate
pH 7.2, 50 mM NaCl, 30 mM imidazole, 1× EDTA free
protease inhibitor cocktail (Roche Diagnostics, Indianapolis,
IN)) per liter of culture. Cells were lysed on ice by sonication
with a Branson Digital 450 Sonifier (Branson Ultrasonics,

Danbury, CT) at 40% amplitude for 12 cycles with each cycle
consisting of a 20 s pulse followed by a 40 s rest. The cell lysate
was clarified by centrifugation and loaded onto a HisTrap FF
column (GE Healthcare, Piscataway, NJ) that had been pre-
equilibrated with 10 column volumes of binding buffer (50
mM sodium phosphate, pH 7.2, 500 mM NaCl, 30 mM
imidazole) using an AKTA FPLC (GE Healthcare, Piscataway,
NJ). The column was washed with 15 column volumes of
binding buffer, and protein was eluted in a linear gradient to
100% elution buffer (50 mM sodium phosphate, pH 7.2, 500
mM NaCl, 500 mM imidazole) over 20 column volumes. Peak
fractions containing the desired protein were pooled and
concentrated to 2 mL in Amicon Ultra-15 concentrators 3000
molecular weight cut-off (Merck Millipore, Carrigtwohill Co.
Cork IRL). Concentrated protein was loaded onto a HiLoad
26/60 Superdex 75 prep grade column (GE Healthcare,
Piscataway, NJ) that had been pre-equilibrated with 1.2
column volumes of sizing buffer (25 mM Tris, pH 7.5, 250
mM NaCl, 2 mM DTT, 5% glycerol) using an ATKA Purifier
(GE Healthcare, Piscataway, NJ). Protein was eluted isocrati-
cally in sizing buffer over 1.3 column volumes at a flow rate of
2 mL/min collecting 3 mL fractions. Peak fractions were
analyzed for purity by SDS-PAGE, and those containing pure
protein were pooled and concentrated using Amicon Ultra-15
concentrators with 3000 molecular weight cut-off (Merck
Millipore, Carrigtwohill Co. Cork IRL). Protein was exchanged
into a buffer containing 25 mM Tris, pH 7.5, 150 mM NaCl,
and 2 mM β-mercaptoethanol before use in ITC.

Differential Scanning Fluorimetry (DSF) Assay for
CBX5. DSF experiments were performed using an Applied
Biosystems ViiA 7 Real-Time PCR System. Assays were
completed using DSF buffer containing 25 mM Tris pH 7.5
and 50 mM NaCl. Clear, DNase/RNase free, polypropylene
384-well PCR plates (Genesee Scientific, cat. #: 24-305) were
used for screening. 384-well, V-bottom polypropylene plates
(Greiner, #781280) were used as mother plates for compound
dilutions and transfer of assay mixtures. Concentrated DMSO
stocks (10 mM) of all test compounds were used to make
dilutions in assay buffer to either 1.0 (10% DMSO) or 2.0 mM
(20% DMSO) on the mother plate. Test compounds were
then dispensed at both concentrations onto PCR assay plates
at a volume of 2.0 μL using an E-1 ClipTip 8-channel 1−125
μL 384-well pipette (ThermoFisher; P4672060). Protein (31.3
μM CBX5) and SYPRO Orange Dye (Invitrogen no. S6650;
diluted from 5000X to 12.5X) were added together and gently
mixed by pipetting. A total of 8.0 μL of the protein and dye
mixture was then added to each well of an assay ready plate
using the E-1 ClipTip pipette to yield final assay component
concentrations of 25 μM CBX5, 10X SYPRO Orange Dye, and
either 200 μM (2.0% DMSO) or 400 μM (4.0% DMSO) test
compound at 10 μL of final volume. Following the addition of
all assay components, plates were sealed with clear covers and
centrifuged at 1000 × g for 2 min. Thermal denaturation was
achieved by applying a temperature ramp from 25 to 99 °C
(0.05 °C/s) with fluorescence readings every 0.25 °C. Data
analysis was completed using Applied Biosystems Protein
Thermal Shift software and GraphPad Prism 8.

Time-Resolved Fluorescence Resonance Energy
Transfer (TR-FRET) Assay Protocol. The TR-FRET assay
was performed as described in Rectenwald et al.62 A stock
solution of 10× Kme reader buffer (200 mM Tris pH 7.5, 1500
mM NaCl, and 0.5% Tween 20) was prepared, 0.2 μm filtered,
stored at room temperature, and was used throughout. Assays
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were completed using freshly made Kme reader buffer
containing 20 mM Tris pH 7.5, 150 mM NaCl, 0.05%
Tween 20, and 2 mM dithiothreitol (DTT). White, low-
volume, flat-bottom, non-binding, 384-well microplates
(Greiner, #784904) were used for screening with a total
assay volume of 10 μL. 384-well, V-bottom polypropylene
plates (Greiner, #781280) were used as mother plates for
compound serial dilutions and for transfer of assay mixtures.
Concentrated DMSO stocks (10 mM) of all test compounds
were used to make serial dilutions in DMSO. Test compounds
were then dispensed across the mother plate at 100× final
concentration in columns 3−22 using a TECAN Freedom
EVO liquid handling work station. Using a TTP Labtech
Mosquito HTS liquid handling instrument, assay ready plates
were stamped by adding 100 nL of either control compound
into columns 1 and 2, test compounds from the mother plate
into columns 3−22, or DMSO into columns 23 and 24.
Protein (CBX2 assay: 15 nM, CBX4 assay: 5 nM, CBX6 assay:
5 nM, CBX7 assay: 1 nM, CBX8 assay: 10 nM, CBX5 assay: 30
nM, MPP8 assay: 25 nM, CDYL2 assay: 1 nM), biotinylated
tracer ligand (CBX2 assay: 30 nM UNC4195, CBX4 assay: 10
nM UNC4195, CBX6 assay: 10 nM UNC4195, CBX7 assay: 5
nM UNC4195, CBX8 assay: 20 nM UNC4195, CBX5 assay:
30 nM P42, MPP8 assay: 50 nM P42, CDYL2 assay: 8 nM
biotin-UNC4848), and the TR-FRET reagents (PerkinElmer
LANCE Ultra ULight-anti-6xHis at 10 nM and PerkinElmer
LANCE Eu-W1024 Streptavidin at 2 nM) were added together
at a final volume of 6.00 mL per individual 384-well assay plate
and gently mixed by pipetting and rocking. A total of 10 μL of
the assay mixture was then added to each well of an assay ready
plate using a Multidrop Combi (ThermoFisher). Following the
addition of all assay components, plates were sealed with clear
covers, gently mixed on a tabletop shaker for 1 min,
centrifuged at 1000 × g for 2 min, and allowed to equilibrate
in a dark space for 1 h before reading. Measurements were
taken on an EnVision 2103 Multilabel Plate Reader (Perkin
Elmer) using an excitation filter at 320 nm and emission filters
at 615 and 665 nm. The 615 nm and 650 nm emission signals
were measured simultaneously using a dual mirror at D400/
D630. TR-FRET output signal was expressed as emission
ratios of acceptor/donor (665/615 nm) counts. Percent
inhibition was calculated on a scale of 0% (i.e., activity with
DMSO vehicle only) to 100% (100 μM UNC4976 (CBX2,
CBX4, CBX6, CBX7, and CBX8), 100 μM UNC5241 (CBX5
and MPP8), or 100 μM UNC4848 using full column controls
on each plate. The interquartile mean of control wells was used
to calculate Z′ values. For dose−response curves, data was fit
with a four-parameter nonlinear regression analysis using
ScreenAble software to obtain IC50 values.
Isothermal Titration Calorimetry (ITC) Experiments.

All ITC measurements were recorded at 25 °C with an Auto-
iTC200 isothermal titration calorimeter (MicroCal Inc., USA).
All protein and compound stock samples were stored in ITC
buffer (25 mM Tris−HCl, pH 7.5, 150 mM NaCl, and 2 mM
β-mercaptoethanol) and then diluted to achieve the desired
concentrations. Typically, either 50 μM protein and 0.5 mM
compound or 100 μM and 1.0 mM compound were used;
variations in these concentrations always maintained a 10:1
compound to protein ratio for all ITC experiments. The
concentration of the protein stock solution was established
using the Edelhoch method, whereas compound stock
solutions were prepared based on mass. A typical experiment
included a single 0.2 μL compound injection into a 200 μL cell

filled with protein followed by 26 subsequent 1.5 μL injections
of the compound. Injections were performed with a spacing of
180 s and a reference power of 8 cal/s. The initial data point
was routinely deleted. The titration data was analyzed using
Origin 7 Software (MicroCal Inc., USA) by the nonlinear least-
squares method, fitting the heats of binding as a function of the
compound to protein ratio to a one site binding model.

Chemiprecipitation from HEK293T Lysates with
UNC7565. HEK293T cells were cultured in T175 or T225
tissue culture flasks until reaching 80−90% confluency.
Following trypsinization and centrifugation, the cell pellet
was washed twice with 1× PBS and either flash frozen in LN2

and stored at −80 °C, or lysed for immediate use. Lysis was
completed in Cytobuster Protein Extraction Reagent (EMD
Millipore, 71,009) supplemented with 1× protease inhibitors
(Roche) and Benzonase (25 U/mL final concentration,
Novogen 70,746); the cell pellet was resuspended to a total
volume of 500 μL lysis solution. Samples were incubated at 37
°C for 10 min and then at RT for 20 min on an end-to-end
rotator. Samples were then centrifuged at RT at 14,000 RPM
for 30 s, and the supernatant was collected and transferred to a
clean Eppendorf tube. Protein concentration was quantified by
the Bradford protein assay. M-270 Streptavidin Dynabeads
(Invitrogen) were used to immobilize biotinylated compounds
for pulldowns. Prior to use, Dynabeads were washed 3 ×× 500
μL in TBST (20 mM Tris−HCl, pH 7.0, 150 mM NaCl, 0.1%
Tween-20). UNC7565 was then immobilized by rotating 30
μL of beads with a 20-fold excess of pulldown reagent, diluted
to 150 μL in TBST, at RT for 30 min on an end-to-end rotator.
The unbound pulldown reagent was then removed by washing
the Dynabeads with 3 × 500 μL of TBST. HEK293T lysate, at
1000 μg protein per sample, was then transferred to an
Eppendorf tube containing 30 μL of Dynabeads that had been
pre-bound to UNC7565, and the mixture was diluted to a final
volume of 500 μL in TBST. Samples were incubated overnight
at 4 °C on an end-to-end rotator. The following morning, the
depleted lysate was removed and the beads were washed with 3
× 500 μL of TBST. Beads were then resuspended with 30 μL
of MilliQ water/2× Laemmli sample buffer (BioRad,
#1610737) (1:1) and heated at 95 °C for 3 min. Samples
were then loaded into a BioRad Any kD Mini-PROTEAN
TGX Stain-Free gel (12 well: #4569035, 15 well: #4569036) in
BioRad 1X Tris/Glycine/SDS buffer (#1610772). Input
samples used for western blotting were 1% of final protein
concentration. Gels were run at RT for 30−40 min at 200 V.
Transfer was completed onto a PVDF membrane in 1× Tris/
Glycine buffer (#1610771) at 4 °C for 1 h at 100 V.
Membranes were blocked for 45−60 min in Odyssey TBS
blocking buffer (P/N: 927−50,000) and then incubated in
TBST supplemented with the appropriate primary antibody
overnight at 4 °C on a plate rocker. The following morning,
membranes were washed with 3 × TBST and incubated in
TBST supplemented with the appropriate fluorescently labeled
secondary antibody at RT for 1 h. Primary antibodies in this
study include CBX1 (Abcam, ab10811, 1:1000), CBX3
(Millipore, EMD-05-690, 1:1000), CBX5 (Abcam, ab109028,
1:1000), CBX7 (Abcam, ab21873, 1:5000), MPP8 (Protein-
tech, 16796-1-AP, 1:1000), and SENP7 (Bethyl, A302-995A).
Secondary antibodies in this study were infrared labeled
antibodies (LI-COR, #926-32211 and #926-68070, 1:10,000),
and blots were imaged on an LI-COR Odyssey imager.
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