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ABSTRACT: Novel ligands of the CREBBP bromodomain were identified
by fragment-based docking. The in silico discovered hits have been
optimized by chemical synthesis into selective nanomolar compounds,
thereby preserving the ligand efficiency. The selectivity for the CREBBP
bromodomain over other human bromodomain subfamilies has achieved by
a benzoate moiety which was predicted by docking to be involved in
favorable electrostatic interactions with the Arg1173 side chain, a prediction
that could be verified a posteriori by the high-resolution crystal structure of
the CREBBP bromodomain in complex with ligand 6 and also by MD
simulations (see Xu, M.; Unzue, A.; Dong, J.; Spiliotopoulos, D.; Nevado,
C.; Caflisch, A. Discovery of CREBBP bromodomain inhibitors by high-
throughput docking and hit optimization guided by molecular dynamics. J.
Med. Chem. 2015, DOI: 10.1021/acs.jmedchem.5b00171).

■ INTRODUCTION

The quest for bromodomain inhibitors as potential therapeutic
tools has bloomed in recent years based on the growing
understanding of epigenetic processes. Post-transcriptional
modifications of histone tails constitute a highly sophisticated
mechanism for gene expression control,1,2 in which bromodo-
main proteins function as readers of the so-called histone
code.3−10 Given the direct connection between the regulation
of gene expression and physiological and pathological
processes, molecules interfering with bromodomains have
recently emerged as chemical probes and/or clinical tools to
regulate cancer, inflammation, and other diseases. Of the 61
human bromodomains known, the BET (bromo and
extraterminal) family of bromodomains seems the most
druggable,4,10 as several potent ligands have been reported, in
particular for BRD4(1) (the first bromodomain of the BRD4
protein).11,12 These bromodomains have been directly
connected to inflammation, aggressive types of squamous cell
carcinomas and hematological malignancies such as acute
myeloid leukemia.3,6,12−15 The identification of potent and
selective inhibitors would be extremely useful for other
bromodomains, whose direct connection to specific diseases
has not yet been established in many cases. The single
bromodomain in the CREB binding protein (CREBBP) is a
representative example, as few small molecule ligands of this
bromodomain have been reported, and high selectivity proved
to be difficult to achieve.16−19 In 2014, Rooney et al. reported
the first nanomolar potent CREBBP inhibitors based on
dihydroquinoxalinone scaffolds.20 Absolute stereocontrol was
required to attain the desired potency, and still only moderate

selectivity against BRD4(1), the most promiscuous bromodo-
main, was found. Last year, Hay et al. reported a medicinal
chemistry optimization campaign for selective CREBBP
bromodomain inhibitors starting from a nonselective 3,5-
dimethylisoxazole ligand.21

We decided to take a different approach based on high-
throughput docking on the target22,23 and started our CREBBP
ligand-identification campaign by fragment-based docking into
the structure of the CREBBP bromodomain. Herein we present
the result of a computer-aided, structure-based approach which
has enabled the discovery of several nanomolar ligands of the
CREBBP bromodomain upon optimization of binding by
modulation of the electrostatic interaction with Arg1173
(numbering from PDB structures 3SVH and 3P1C), a residue
located at the entrance of the binding site that is considered to
be key for attaining selectivity toward CREBBP.20,21,24−26

■ RESULTS AND DISCUSSION

Computation. Details about the docking campaign carried
out to identify the initial bromodomain ligand hits can be found
in ref 27. Initially, 17 compounds (cluster representatives) were
chosen for in vitro validation. The acetyl benzene A showed
activity and was selected for further investigations based on its
amenability to subsequent chemical editing. Three additional
acetylbenzene derivatives (compounds B, C, and D) were also

Special Issue: Epigenetics

Received: January 29, 2015
Published: June 4, 2015

Article

pubs.acs.org/jmc

© 2015 American Chemical Society 1350 DOI: 10.1021/acs.jmedchem.5b00172
J. Med. Chem. 2016, 59, 1350−1356

http://dx.doi.org/10.1021/acs.jmedchem.5b00171
pubs.acs.org/jmc
http://dx.doi.org/10.1021/acs.jmedchem.5b00172


purchased and tested (Figure 1A). The good affinity of
compound B for CREBBP (Kd of 5 μM determined by a
competition binding assay28,29) prompted us to focus our
attention on the presence of the polar interactions formed
between the molecule’s carboxylic acid and the Arg1173
residue, which could be playing an important role in binding
(Figure 1B). The acrylamide moiety in compound B could
potentially establish a covalent bond with nucleophilic amino
acid residues of the bromodomain, such as Cys1178. However,

the formation of this bond is very unlikely because the
sulfhydryl group of Cys1178 is completely buried (Figure 1B).

Optimization and Biophysical Characterization. Be-
cause of its potency, ligand efficiency (0.36 kcal/mol per heavy
atom), and chemically novel blueprint within the CREBBP
bromodomain inhibitors’ pool,31 we decided to focus our
optimization campaign on compound B. Our strategy was to
preserve its acetylbenzene moiety (“head group”), since the
carbonyl group is predicted to be involved in a hydrogen bond
with the conserved Asn1168 in the docked pose (Figure 1B).

Figure 1. (A) Commercially available compound A identified in the high-throughput docking campaign and its available analogues B−D.
Equilibrium dissociation constant (Kd) values and/or single-dose data (where lower percentages indicate stronger hits)30 were determined in the
competition binding assay (BROMOscan at DiscoveRx28,29) . The common structural features of A−D are shown in blue. (B) Docked poses of A
(carbon atoms in magenta) and B (carbon atoms in yellow) into the CREBBP bromodomain (gray). The side chains of the conserved Tyr1125 and
Asn1168 residues together with Arg1173 and Cys1178 are shown as sticks. The ZA channel, a region of the binding site that has proven to be
important for bromodomain ligand design, is also indicated.3,12,16

Table 1. First Approach toward the Optimization of Compound B

aMedian value of the shift in the melting temperature (number of measurements, >10) for the CREBBP bromodomain. SEM values are given. bKd
values were determined by a competition binding assay28,29 in duplicate. Both recorded values are given in the table. cIC50 values were determined at
BPS Bioscience by means of a TR-FRET assay in duplicate. dThe lower thermal shift of compound 7 in comparison to compound 6 could be due to
partial hydrolysis of the methyl ester under the assay conditions.
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Several modifications were thus designed along these lines in
order to generate both potent and selective CREBBP inhibitors.
First, we decided to keep the fumaric acid moiety and modulate
the interactions of the substituents in ortho position relative to
the amide group with the hydrophobic residues located on top
of the binding site, Ile1122 and Leu1120. Replacement of the
ethoxy group originally present in B with OMe, Me, or F
substituents did not have a strong effect on affinity (Table 1,
compounds 1−4). We then turned our attention toward the
side chain of the molecule while preserving the carboxylic acid
moiety that interacts with Arg1173 according to the docked
pose (Figure 1B). Remarkably, the substitution of the fumaric
acid by an isophthalic group in 6 resulted in a 6-fold
improvement in binding affinity representing the first nano-
molar CREBBP inhibitor of our derivatization campaign.
Devoid of a Michael acceptor system, 6 might be metabolically
more stable preventing covalent binding to the protein through
nucleophilic amino acid residues such as cysteins. We
hypothesized that such improvement in affinity could be due
to a more favorable interaction with the Arg1173 residue and
the so-called LPF shelf together with a less unfavorable entropic
penalty compared to the slightly more flexible fumaric acid
derivative. The methyl isophthalate derivative 7 showed similar
potency as 6, indicating that its ester is involved in favorable
polar interactions with Arg1173.
The crystal structure of compound 6 in complex with the

CREBBP bromodomain (PDB code 4TQN, Figure 2) revealed

an overall binding mode similar to the docked pose of
compound 6 and the fumaric acid derivative B obtained via
flexible docking (Figure 1B).27 According to the X-ray
structure, compound 6 binds in the acetyllysine pocket, with
its acetyl substituent involved in a hydrogen bond with the side
chain of the conserved Asn1168 and a water-bridged hydrogen
bond with the Tyr1125 side chain hydroxyl. The acetylbenzene
head, together with its ethoxy substituent, presents high shape
complementarity with the binding site. The NH group of the
amide linker forms a hydrogen bond with a water molecule
whose oxygen atom is located at a distance of 3.0 Å from the
carbonyl oxygen of Pro1110 (in the LPF shelf): the geometry
for a water-bridged hydrogen bond, however, is not ideal
because the water oxygen is not in the plane of the Pro1110
carbonyl. In contrast, the carbonyl group of the amide linker is
involved in a favorable water-bridged hydrogen bond with the

guanidinium of the Arg1173 side chain. Crucially, the
aromaticity of the benzoic acid provides the optimal orientation
for the carboxylic acid of compound 6 to form a very favorable
polar interaction with the Arg1173 guanidinium of the
CREBBP bromodomain. Previously, electrostatic interactions
between the sulfonate group of ischemin and this arginine
residue were observed.25 Moreover, Conway and co-workers
already reported a relatively weak ligand of CREBBP and BET
bromodomains bearing a carboxylic acid that, even if not in
direct contact with Arg1173, could form weak electrostatic
interactions with this positively charged residue, resulting in a
preferential binding toward CREBBP.26

Finite-difference Poisson calculations were performed with
CHARMM32,33 using the crystal structure of the CREBBP
bromodomain in complex with compound 6 to evaluate the
electrostatic contribution of the polar interaction to the free
energy of binding of compounds 6 and 7. The finite-difference
Poisson calculation takes into account solvent screening effects
which are significant because the Arg1173 side chain is partially
exposed to the solvent (Figure 2). Despite the partial solvent
accessibility, the electrostatic interaction between the carboxyl
group of compound 6 and the guanidinium group of Arg1173
contributes −13.6 kcal/mol, which is about half of the total
electrostatic interaction energy (−26.9 kcal/mol) between
compound 6 and the CREBBP bromodomain. The finite-
difference Poisson calculation was repeated on the energy
minimized crystal structure. Again, the electrostatic interaction
between the carboxyl group of compound 6 and the Arg1173
side chain guanidinium (−12.4 kcal/mol) is about half of the
total electrostatic interaction energy (−25.0 kcal/mol). Analysis
of the individual contributions to the binding free energy of
compounds 6 and its methyl ester derivative 7 shows that the
former has a slightly more favorable electrostatic contribution
(ΔG6

electr − ΔG7
electr = −0.8 kcal/mol) whereas the latter has a

more favorable van der Waals contribution (ΔG6
vdW − ΔG7

vdW
= 1.4 kcal/mol) so that the difference in the calculated total
binding free energy is close to zero, in line with the very similar
dissociation constants of compounds 6 and 7 measured
experimentally (Table 1).
With the MD simulation results27 and high resolution crystal

structure of the first nanomolar ligand 6 in hand we further
explored the chemical space around this scaffold by introducing
modifications at three different positions as illustrated in Table
2.
Thermal shift values similar to the one of compound 6 were

observed for ligands bearing larger hydrophobic substituents in
para position with respect to the acetyl group (9−12). More
importantly, the replacement of the carboxylic acid by a
tetrazole as isoster (15) maintained the affinity, whereas the
presence of sulfonamides (16, 17) resulted in a severe loss of
activity. We then decided to enlarge our inhibitors toward the
ZA channel by introducing both heteroaromatic (18, 19) as
well as linear substituents (20−22) bearing hydrogen bond
acceptors or donors in R3 that could interact with the amino
acid residues located in the ZA loop. These modifications led to
the most potent inhibitors of our optimization campaign,
compounds 19, 21, and 22, with Kd values of 170, 540, and 400
nM, respectively (Table 3). The similar thermal shift values
measured with the CREBBP bromodomain and its paralogue,
EP300 (Table 2) are consistent with the fact that identical
residues are present in the acetyllysine binding site of both
proteins. Compounds 23 and 24 were synthesized (Figure 3)
to explore the effect of the amide direction (23) and the

Figure 2. Crystal structure of CREBBP (gray) in complex with
compound 6 (green) (PDB code 4TQN). The conserved Tyr1125
and Asn1168 residues together with Arg1173 are shown as sticks. The
ZA channel, a region of the binding site that has proven to be
important for bromodomain ligand design, is also indicated.3,12,16
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presence of an N-methylcarboxamide as a surrogate of the
acetyl moiety (24),31 respectively. In both cases a decrease in
affinity for CREBBP was observed, confirming the excellent
shape complementarity between the acetylbenzene moiety and
the acetyllysine binding site of the CREBBP bromodomain and
its paralogue EP300.
The selectivity evaluation of compounds 1, 6, 7, 9, 14, 15,

and 19−23 as determined by thermal shift measurements
(ΔTm) against a panel of seven bromodomains is shown in
Figure 4A. Remarkable target selectivity for CREBBP and
EP300 over the other five human bromodomains (each
belonging to a different subfamily) was found for the

Table 2. Optimization of Compound 6a

ΔTm (°C)b

compd R1 R2 R3 CBP EP300 IC50 (μM)c

6 OEt CO2H H 3.8 ± 0.1 3.4 ± 0.2 8.7
9 OPr CO2H H 3.8 ± 0.1 3.4 ± 0.2 7.4
10 OiBu CO2H H 3.5 ± 0.1 3.0 ± 0.3 NA
11 OCH2Cyc CO2H H 3.4 ± 0.1 3.6 ± 0.4 NA
12 OBn CO2H H 3.3 ± 0.1 2.6 ± 0.5 NA
13 Morph CO2H H 1.4 ± 0.2 1.3 ± 0.2 NA
14 Cyc CO2H H 3.1 ± 0.1 3.1 ± 0.2 15
15 OEt 1-tetrazole H 3.3 ± 0.2 2.6 ± 0.4 7.5
16 OEt PhNHSO2 H 0.0 ± 0.1 0.0 ± 0.2 >10
17 OEt PhSO2NH H 0.5 ± 0.1 0.4 ± 0.1 NA
18 OEt CO2H 4-pyridyl 4.1 ± 0.1 3.9 ± 0.2 3
19 OEt CO2H 3-furyl 5.2 ± 0.2 5.9 ± 0.2 1d

20 OEt CO2H CH2OH 3.8 ± 0.1 3.7 ± 0.3 3
21 OEt CO2H CH2OMe 5.1 ± 0.1 4.6 ± 0.3 2d

22 OEt CO2H CH2OTHP 6.0 ± 0.1 5.9 ± 0.2 1d

aCyc, cyclopropyl; Morph, N-morpholyl; Bn, benzyl; THP, 2-tetrahydropyrane. bMedian value of the shift in the melting temperature (number of
measurements, >4) for CBP and EP300 proteins. SEM values are indicated. cIC50 values for the CREBBP bromodomain were determined by means
of a TR-FRET assay in duplicate (“NA”: an IC50 value could not be obtained at the tested concentration range). dKd values for 19, 21, and 22 were
determined by a competition binding assay28,29 in duplicate with average values of 0.17, 0.54, and 0.40 μM, respectively.

Table 3. Activity and Selectivity of the Most Potent Acetylbenzene Derivatives

Kd (μM) competition binding assayb ΔTm (°C)c

compd LEa LLE Kd (μM) ITC, CBP CBP BRD4(1) BRD4(2) BRD2(1,2) Sd CBP EP300 BRD4(1)

6 0.35 3.7 2.0 0.88 0.67 >50 >50 >50 >50 >50 >50 >65 3.8 3.4 0.4
19 0.32 3.2 0.3 0.17 0.17 10 9.8 >50 36 24 49 59 5.2 5.9 1.5
21 0.32 4.0 0.8 0.53 0.56 27 25 >50 >50 >50 >50 48 5.1 4.6 1.3
22 0.28 3.8 0.43 0.37 6.0 5.9 1.7

aLE = ligand efficiency, calculated as (ΔG/number of heavy atoms), is reported in kcal/mol per heavy atom; LLE = lipophilic ligand efficiency
(calculated as pKd − clogP).34,35 clogP was calculated using ChemDraw. Kd values were determined by the competition binding assay BROMOscan
and were considered when calculating LE and LLE values. bKd values were determined by a competition binding assay28,29 in duplicate. Both
recorded values are given in the table. cMedian value of the shift in the melting temperature (number of measurements, >9). SEM values did not
exceed 0.3 °C. dSelectivity (S) between the CREBBP and BRD4(1) bromodomains determined by the ratio of Kd values obtained via the
competition binding assay.28,29

Figure 3. Synthesized compounds 23 and 24. The Kd values
determined by a competition binding assay28,29 and thermal shift
values for the CREBBP bromodomain are indicated.
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nanomolar ligands 6, 19, 21, and 22 according to thermal shift
(Figure 4B). Interestingly, the most potent inhibitor 19,
showed only 1.7 °C thermal shift against BRD4(1), which is the
most promiscuous bromodomain.20,21

The selectivity was further investigated by isothermal
titration calorimetry (ITC) and a competition binding assay
(Table 3).28,29 Concerning ITC, the weak signal obtained for
BRD4(1) does not allow a reliable fit of the titration curve (see
Figure S6 in the Supporting Information).
The BRD4(1)-Kd/CREBBP-Kd ratio determined by com-

petition binding yields selectivity factors of >65, 59, and 48 for
compounds 6, 19, and 21, respectively. Such selectivity toward
the CREBBP bromodomain supports the importance of the
polar interactions between the carboxylic acids and the
positively charged Arg1173 for the design of selective CREBBP
ligands. The leadlike properties of these molecules were
determined by computing the ligand efficiency (LE)34,35 and
ligand-lipophilicity efficiency per unit of potency (LLE). As
shown in Table 3, the high ligand efficiency (LE) was preserved
throughout the optimization campaign. Moreover, the LE
values (0.28−0.35 kcal/mol per heavy atom) and the ligand-

lipophilic efficiency (LLE) values (close to 4.0) of our
nanomolar ligands 6, 19, 21, and 22, compare positively with
those of previously disclosed ligands of the CREBBP
bromodomain (see Table S5 in the Supporting Informa-
tion).18,20,21

Screening of our most potent CREBBP inhibitors against a
panel of 10 cancer cell lines showed lack of overall toxicity and
significant growth inhibition for the leukemia cell lines MOLM-
13, ML2, and HL-60 specifically for compounds 6, 9, 22, and
23 (see Tables S3 and S4 in the Supporting Information). The
methyl esters derived from compounds 6, 9−11, 19, and 20−
23 were also tested showing an equivalent or higher cell growth
inhibitory activity compared to the corresponding acid
counterparts, probably due to their better cell permeability.
In fact, the methyl ester of 22 presented toxicity values in the
low micromolar range, with GI50 values of 14.4 and 5.3 μM for
ML2 and MOLM-13, respectively. Even if these results are still
rather preliminary, the selectivity of compound 22 toward acute
myeloid leukemia suggests a potential involvement of CREBBP
in this pathology (see section 10 and Tables S3 and S4 of the

Figure 4. (A) Selectivity evaluation of compounds 1, 6, 7, 9, 14, 15, and 19−23 as determined by thermal shift measurements (ΔTm) against a panel
of seven bromodomains. Independent measurements are shown as dots, and the median is shown as a circle. The dashed line at 1 °C is an arbitrary
threshold. (B) Bromodomain phylogenetic tree showing the selectivity evaluation of compounds 6 (left), 19, 21, and 22 (right) as determined by
thermal shift measurements (ΔTm) against a panel of different bromodomains. Sphere size and color indicate relative ΔTm values according to the
legend, which is the same for the two figures. Compounds 19, 21, and 22 share the same phylogenetic tree.
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Supporting Information for further details on cell based
experiments).36−38

■ CONCLUSIONS
In summary, we have discovered in silico and optimized by
chemical synthesis a series of nanomolar potent and selective
acetylbenzene ligands of the CREBBP bromodomain. Frag-
ment-based, high-throughput docking was employed for the
identification of novel scaffolds (see ref 27) whose affinity was
enhanced in a straightforward manner through interactions
within the ZA channel by introducing both heteroaromatic as
well as linear substituents bearing hydrogen bond acceptors or
donors that interact with the amino acid residues located in the
ZA loop. The direct polar interaction between the benzoic acid
moiety of these ligands and the Arg1173 guanidinium was
exploited for the design of selective ligands of the CREBBP
bromodomain. The potency, specificity, and easy synthetic
availability of our compounds will be useful to unravel the role
of CREBBP in several types of solid tumors and hematological
malignancies.
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