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ABSTRACT: CBP and EP300 are highly homologous, bromodomain-containing transcription coactivators involved in nu-
merous cellular pathways relevant to oncology. As part of our effort to explore the potential therapeutic implications of se-
lectively targeting bromodomains, we set out to identify a CBP/EP300 bromodomain inhibitor that was potent both in vitro
and in cellular target engagement assays and was selective over the other members of the bromodomain family. Reported
here is a series of cell-potent and selective probes of the CBP/EP300 bromodomains, derived from the fragment screening
hit 4-methyl-1,3,4,5-tetrahydro-2H-benzo[b][1,4]diazepin-2-one.

Interest in exploring the biological function and thera-
peutic relevance of bromodomain inhibition has increased
in recent years, especially following the progression of
several BET bromodomain inhibitors into clinical trials.!
Among other bromodomain-containing proteins implicat-
ed in disease pathways, cyclic-cAMP response element
binding protein (CBP) and adenoviral E1A binding protein
of 300 kDa (EP300), a highly homologous? pair of bromo-
domain-containing transcriptional coactivators,® were of
interest to us as potential drug targets because of their
reported involvement in a number of disease states. Both
are multidomain polypeptides with intrinsic protein lysine
acetyltransferase activity and have been shown to acety-
late histone tails as well as a number of oncology-relevant
transcription factors, including p53, c¢-MYC, and c-
MYB.#5678 The single bromodomain of both CBP and
EP300 (located N-terminal relative to the acetyltransferase
domain) is known to be required for the acetylation of nu-
cleosomal histones and transactivation function.’

Both CBP and EP300 play a key role in several disease
pathways. For instance, loss of function mutations or het-

erozygous loss of CBP/EP300 have been linked to the neu-
rological disorder Rubenstein-Taybi syndrome!? as well as
late onset lymphomas in mice.112 Additionally, both CBP
and EP300 are involved in the regulation of critical surveil-
lance mechanisms that ensure appropriate cell prolifera-
tion and tissue growth,!3 are part of oncogenic fusion pro-
teins in rare forms of leukemia, and are also required for
the oncogenic activity of additional fusion proteins.? Over-
expression of CBP and EP300 has been identified in several
tumor types and has been directly correlated with aggres-
siveness.'415 Finally, recent sequencing efforts have
demonstrated recurrent loss-of-function mutations in both
CBP and EP300 in a number of tumor types.16:17.18,19,20

As part of our bromodomain inhibition platform, we
sought to design a selective and cell-potent small molecule
probe of the CBP/EP300 bromodomain in order to charac-
terize the pharmacological impact of disrupting acetyl-
lysine recognition without perturbing the scaffolding or
enzymatic functions of the proteins. Specifically, we tar-
geted a compound with sub-micromolar potency in a
CBP/EP300 cellular target engagement assay and 100-fold
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biochemical selectivity over other bromodomains.?! At the
outset of our investigations, no inhibitors that met those
criteria were available. Since our probe optimization, three
potent CBP bromodomain inhibitors of note have been
reported.2223.24

Asn1168

Figure 1. A co-crystal structure of 1 bound to the CBP bromo-
domain. (1.6 A resolution) PDB code: 4YKO. Hydrogen bond
interactions between 1, Asn1168, waterl, and Tyr1125 are
highlighted by dashed lines (distances in A). The compound
makes hydrophobic interactions with Leul120, Ilel1122,
Val1174 (not depicted for clarity). The BRD4 BD-1 binding
site differs primarily at residues Leul109 and Argll73
(Trp81 and Asp145, respectively, in BRD4 BD-1).

J' Pro1110
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\ Y 4

Leut109 & & A'91173

Table 1. Impact of various modifications on 1 CBP po-
tency

CBP

ICs02 BRD4
cmpd X R R1 ICso°¢
(»M) (uM)
(LLEpp M
1 (+)-Me - 32(34) 220
2 (R)-Me - 27 (35) 260
3 (5)-Me - >2000 3700
4 H - >200 >200
NH
5 (#)-3-Me - >200 >200
6 4,4’-di-Me - >200 >200
7 (R)-Et - 120 >200
8 (5)-CH20H - 130 >200
10.0
9 0 - 80
(+)-Me (3.3)
10 S - 7.0(3.0) 43
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12.0
11 CH2 = 2.7) 60
7-
12 NH 41(24) 85
Ve
13 0 1.9 (42) 3.50
(R)-Me
6-
0.53
14 NH (41) >20

aTime-resolved fluorescence resonance energy transfer (TR-
FRET) assay with the isolated CBP bromodomain. N = 2 or 3.
bLLE for key compounds = plCso - clogP. cTR-FRET assay with
the isolated BRD4 BD-1 bromodomain. N = 2 or 3.

Our effort began by screening a fragment collection of
roughly 2000 low molecular weight compounds in a ther-
mal shift assay.?5> Compounds that increased the CBP bro-
modomain melting temperature by at least one degree
Celsius were further characterized by dose response in a
time-resolved fluorescence resonance energy transfer (TR-
FRET) assay, and a subset of those that showed a dose-
response were evaluated by ®N HSQC NMR, isothermal
titration calorimetry (ITC), and x-ray crystallography.
While potency was of obvious consideration in evaluating
hits, of equal importance was selectivity over off-target
bromodomains, especially the BET family (using BRD4
BD1 as a surrogate) because of the pronounced cellular
phenotypes associated with BET inhibition.26 Out of this
effort, 4-methyl-1,3,4,5-tetrahydro-2H-
benzo[b][1,4]diazepin-2-one (Figure 1, Table 1, 1)
emerged as a promising validated hit, demonstrating a TR-
FRET ICso of 32 uM, which corresponded to a lipophilic
ligand efficiency of 3.4.2728 Most importantly, however, 1
had a BRD4 BD-1 TR-FRET ICso of 220 uM, representing a
7-fold selectivity for CBP, which figured prominently in its
choice as a starting point for further optimization.

The binding mode of this series was established with a
1.6 A resolution co-crystal structure of 1 bound to the iso-
lated CBP bromodomain. As seen in Figure 1, 1 is posi-
tioned in the acetyl lysine binding pocket, where the ben-
zodiazepinone carbonyl satisfies the critical hydrogen
bonding interaction with Asn1168 observed in the crystal
structures of all reported bromodomain inhibitors. A se-
cond, solvent-mediated interaction between the carbonyl
of 1, water 1 (labelled according to Hewings, et al.?°), and
Tyr1125 was also observed. The lactam NH of 1 contrib-
utes a further H-bonding interaction with Asn1168, and
the 4-methyl group is positioned in the pocket where the
acetyl methyl of the natural substrate binds, making favor-
able Van der Waals interactions with Val1174. The ben-
zene ring of 1 fills some of the remaining space in the bind-
ing site, making hydrophobic contacts with the Leul120
and Ile1122 sidechains (not depicted in Figure 1 for clari-
ty). Finally, since only the R enantiomer of 1 was observed
in the electron density, the individual enantiomers of 1
were separated and tested. Consistent with the binding
model, the R enantiomer was >50-fold more potent than
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the S analog (Table 1, 2 and 3), a trend that held true for
elaborated analogs, as well (data not shown).

As expected, many features of the starting fragment
were essential to binding. For example, disruption of either
the H-bonding interaction with Asn1168 through substitu-
tion at the lactam NH (data not shown) or alteration of the
Van der Waals interaction by removal of the methyl group
(Table 1, 4) caused a drastic loss in potency. Likewise,
shifting the 4-methyl group to the 3-position (5) or gemi-
nal dimethyl substitution at the 4-position (6) resulted in a
dramatic loss in binding affinity. Modifications that ex-
tended (7) the 4-methyl group or attempted to engage the
buried waters at that site (8) were somewhat tolerated but
were not advantageous. Various replacements for the NH
linker resulted in analogues that bound the bromodomain
with potency and selectivity comparable to 1 (9, 10, 11)
but which did not represent an improvement in lipophilic
ligand efficiency (LLE). Although our primary aim was to
generate useful probes for cellular studies, we aimed to
keep the physicochemical properties of compounds in this
series (as captured by LLE) within a range that would be
consistent with moderate clearance in animals, in order to
be able to progress compounds as in vivo tools, should a
meaningful phenotype be discovered.

Table 2. Structure-activity relationship of 6-
substituted benzodiazepinones.

HN

CBP ICs02 CBP BRD4
cmpd R (uM) ECso¢  ICsod

(LLE)® (uM)  (uM)
15 (R) . j\ 0.9 (3.5) >10 44
16 (5) @AN 5.0(28)  >10 20

o
L
17 <§]/\H - 6.5 (5.3) >10 >20

[o]
18 ©)HJ“

062(32) >10  >20

(o) [o]
19 &HJ“ 067 (41)  >10 8
[o]
20 = Vo 0.039(54)  1.20 8
N\Lo H
OMe
21 "'e°\© 0.13 (4.2) 5 12
N=
22 d’"\;\ 0.160(33) 3.4 16

23 ©/\o’© 011(22) >10 7

24 N:ﬁ‘;(j

0.24 (4.1) 8.1 >20

\
’N
25 AL 0.077 (5.7) 1.9 13.0
HN
(e}
N
26 N>j© 0.25 (4.5) 7 >20
NC
\
,N
27 A N 0.033 (4.3) 3 8.9

aTime-resolved fluorescence resonance energy transfer (TR-
FRET) assay with the isolated CBP bromodomain. N = 2. PLLE
= plCso - clogP. <Bioluminesence resonance energy transfer
cellular target engagement assay. N = 3. dTR-FRET assay with
the isolated BRD4 BD-1 bromodomain. N = 3.

Next, we substituted the benzene ring to modulate po-
tency and physicochemical properties and determined that
these substituents had an impact not only on potency but
also on selectivity. Groups at the 8-position did not im-
prove CBP potency and dramatically decreased selectivity
over BRD4, while only very small substituents at the 9-
position were tolerated and did not improve potency (data
not shown). A variety of substitutions at the 7-position
(e.g- 12 and 13) improved affinity substantially but re-
duced selectivity over BRD4. A co-crystal structure with
the CBP bromodomain (Figure 2A) showed that the a-
methylbenzyl substituent of 12 positioned the pendant
phenyl group into a pocket formed between Pro1110 and
the Arg1173 sidechain. The binding mode of the core ben-
zodiazepinone was otherwise unchanged from the parent
compound. Based on an analysis of this and other co-
crystal structures, we hypothesized that shifting substitu-
tion to the 6-position would orient groups along the LPF
shelf (residues L1109-P1110-F1111), increasing binding
affinity through close contacts with the protein surface
while also introducing potential steric clashes with the
bromodomains of the BET family. To that end, compound
14, which demonstrated sub-micromolar potency against
CBP, improved selectivity over BRD4 BD-1, and higher
lipophilic ligand efficiency, provided an early validation for
this approach, which became the focus of our subsequent
efforts. A co-crystal structure of 14 and the bromodomain
of CBP (Figure 2B) highlighted the proximity of the N-
benzyl carboxamide moiety to the LPF shelf and the pro-
pensity for lipophlic substituents to cover Pro1110. Inter-
estingly, the amide carbonyl of the side chain was posi-
tioned 2.7 A away from the NH of the diazepinone ring,
suggesting that the intramolecular hydrogen bond stabiliz-
es the observed conformation. In order to determine
whether the improvements in CBP bromodomain inhibi-
tion that we observed in our biochemical assay would
translate into a cellular context, a cell-based, target-
engagement assay was employed.3? Specifically, a biolumi-
nescence resonance energy transfer (BRET, Promega) as-
say was used, in which a small molecule CBP/EP300 bro-
modomain inhibitor disrupted the interaction between a
HaloTag-labelled histone and the bromodomain conjugat-
ed to NanoLuc luciferase. Most compounds demonstrated a
>10-fold shift in potency between the biochemical and
cellular assays, which led us to target bromodomain inhibi-
tors with biochemical potencies well below 0.1 uM.
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Our exploration of 6-substitution focused on improving
the interaction between the compounds and the residues
of the LPF shelf of CBP and on introducing clashes with
non-conserved residues in BRD4. To that end, a-methyl
benzyl compounds 15 and 16 were prepared to introduce
a conformational constraint to 14, which reduced BRD4
activity in both diastereomers but failed to improve poten-
cy against CBP. Subsequent efforts to modify the N-benzyl
ring (17), extend the a substituent (18), or cyclize the am-
ide substituent (19) did not improve CBP affinity, reduced
selectivity over BRD4, or both. Anilide derivatives such as
20 demonstrated the possibility of identifying potent CBP
inhibitors, but this subseries was not pursued because of
concern about extended conjugation and lower solubility.

Figure 2. Co-crystal structures of benzodiazepinones bound
to the CBP bromodomain. A) 12 (1.4 A resolution). The 7-
benzyloxy side chain is oriented toward solvent and adopts a
favorable conformation that positions the phenyl group into
the cleft between Pro1110 and Argl1173. PDB code: 5183. B)
14 (1.1 A resolution). A substituent at the 6-position is proxi-
mal to the LPF shelf and still provides a vector to the Pro/Arg
cleft. PDB code: 5I86. C) 23 (2.3 A resolution). The substituted
phenyl side chain fills space over Pro1110 and positions its
benzyloxy group into the Pro/Arg cleft. PDB code: 5I8B. D) 27
(1.1 A resolution). Indazoles orient 3-position substituents
into the cleft between Pro1110 and Arg1173. PDB code: 5189.

Table 3. Profile of CBP/EP300 probe compound 28
(CPI-637) and its enantiomer.

Enantiomer
28 of 28

ACS Medicinal Chemistry Letters

CBP
0.03£0.01 uM 34+04puM
TR-FRET ICs02
EP300
0.051 + 0.004 uM e
TR-FRET ICsoP
CBP ITC Kq© 0.03£0.01 uM -
LLEd 5.0 -
CBP
0.3+0.1uM >10 uM
BRET ECso®
BRD4 BD-1
11.0 + 0.6 uM >20 uM
TR-FRET ICsof
Off-target CECR2: 7.7 uM

bromo ICsosg BRDO: 0.73 + 0.04 uM

aTime-resolved fluorescence energy transfer (TR-FRET) assay
with the isolated CBP bromodomain. N > 3. PTR-FRET assay
with the isolated EP300 bromodomain. N = 3. K4 = 0.031 %
0.012 pM, N=0.968, AH = 7007 * 115.5 cal/mol, AS = 10.9
cal/mol/deg. dLLE = lipophilic ligand efficiency = pICso - clogP.
eBioluminescence resonance energy transfer cellular assay. N
= 2. fTR-FRET assay with the isolated BRD4 BD-1 bromo-
domain. N > 3. eTR-FRET assays with the respective isolated
bromodomains; inhibition is considered off-target if 1Cso <10
pM. See supporting information for details.

-
o
1

Fold MYC expression
o
(6]

o
o

2 e 0 1
log[CPI-637], uM

]
w

Figure 3. Compound 28 inhibits MYC expression in AMO-1
cells (ECso = 0.60 uM). Its enantiomer displays an ECso > 10
puM. Gene expression normalized to GAPDH/PPIB.

A breakthrough came with the discovery that potency
and selectivity could also be achieved with a variety of di-
rectly-linked 6-aryl groups, as evidenced by 21, 22, and
23. A crystal structure of 23 (Figure 2C) showed that the
directly-linked phenyl group stacked on top of Pro1110,
with the benzyloxy side chain sitting in the Pro/Arg cleft.
Encouraged by this finding, we prepared several 3-
substituted 5-linked indazoles, which we intended to ori-
ent substituents into the same space while maintaining a
more favorable clogP.3! A range of groups at the indazole
3-position led to meaningful improvements in CBP inhibi-
tion relative to unsubstituted parent indazole 24 (ie. 25
and 27). Most importantly, the biochemical potency of the-
se indazoles translated into low-micromolar cellular po-
tency. A co-crystal structure of 27 in the CBP bromo-
domain (Figure 2D) confirmed that the indazoles filled
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space over Prol110 as expected and oriented their 3-
substituent into the Pro/Arg cleft.

Figure 4. A co-crystal structure of 28 in the CBP bromo-
domain. (1.1 A resolution) PDB code: 5I8G. The benzodiaze-
pinone core recapitulates the key hydrogen bonding interac-
tions observed with the starting fragment, 1, while the 3-
pyrazolylindazole substituent improves potency by filling
space over Pro1110 and the Pro/Arg cleft.

Further exploration of the indazole substituents resulted
in 28 (CPI-637), which demonstrated substantial biochem-
ical potency that was confirmed by isothermal titration
calorimetry. A co-crystal structure of 28 in the CBP bro-
modomain indicated that the compound recapitulated the
key hydrogen bonding interactions observed with the par-
ent compound, 1, with the substituted indazole filling
space above Pro1110 and the Pro/Arg cleft. As expected,
28 was also potent against EP300 (Table 3), and its oppo-
site enantiomer displayed a >200-fold loss in potency. The
biochemical potency of 28 translated well into cells (CBP
BRET ECso = 0.3 uM), and the compound demonstrated a
>700-fold selectivity over the BET family of bromodomains
(BRD4 ICso = 11.0 £ 0.6 uM). Compound 28 was also highly
selective against other bromodomains (detailed list in the
Supporting Information), displaying substantial biochemi-
cal activity only against BRD9, which we deemed accepta-
ble, since inhibition of the BRD9 bromodomain has not
been shown to produce a pronounced cellular phenotype
(data not shown). Recently, we have reported that the
bromodomain of CBP/EP300 regulates MYC, a transcrip-
tion factor widely expressed in human cancer.32 In a cellu-
lar assay, we found that 28 inhibits the expression of MYC
with an ECso of 0.60 pM, providing an orthogonal measure
of the target engagement of the compound (Figure 3). In
our hands, the reported CBP bromodomain inhibitors I-
CBP112 and SGC-CBP30 demonstrated ECso values of >20

puM and 2.7 pM, respectively. The inactive enantiomer of
28 displayed an ECso in the same assay of >10 uM. In
summary, 28 met our criteria for biochemical potency and
off-target bromodomain selectivity and cellular target en-
gagement. Together with its enantiomer, this compound
represents a useful probe for the investigation of the bio-
logical implications of CBP/EP300 bromodomain inhibi-
tion. Further developments of the chemical biology appli-
cation of these and other bromodomain inhibitors will be
reported in due course.
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CBP BD TR-FRET IC5y: 32 uM
LLE: 3.4

BRD4 BD-1 TR-FRET ICs;: 220 uM

CBP BD TR-FRET IC5: 0.03 pM
LLE: 4.8
CBP BD BRET ECj: 0.3 pM
BRD4 BD-1 TR-FRET IC5o: 11 uM
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