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ABSTRACT: We analyze 20 crystal structures of complexes between the CBP
bromodomain and small-molecule ligands that belong to eight different chemotypes
identified by docking. The binding motif of the moiety that mimics the natural ligand
(acetylated side chain of lysine) at the bottom of the binding pocket is conserved. In
stark contrast, the rest of the ligands form different interactions with different side
chains and backbone polar groups on the outer rim of the binding pocket. Hydrogen
bonds are direct or water-bridged. van der Waals contacts are optimized by rotations
of hydrophobic side chains and a slight inward displacement of the ZA loop. Rare
types of interactions are observed for some of the ligands.
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Bromodomains are protein modules that bind polypeptide
segments with acetylated lysine1 or other acyl modifica-

tions of the lysine side chain.2 Structurally, bromodomains
consist of a left-handed four-helix bundle of about 110
residues. The lysine acetyltransferase CBP (CREB binding
protein; CREB = cyclic-AMP response element binding
protein) is a multidomain protein that regulates transcription.
CBP has been studied intensively due to its role in several
cellular processes and potential implications in cancer.3 The
single bromodomain of CBP has been shown to recognize
histone tails and nonhistone proteins, e.g., p53 acetylated at
Lys382 following DNA damage.4 Small-molecule ligands of the
single bromodomain of CBP have been identified by in vitro
techniques5−7 and by in silico screening using high-throughput
fragment docking.8,9 Optimization by medicinal chemistry into
potent and selective CBP bromodomain inhibitors has been
reported by others10 and us.11,12 The potential applications of
drug candidates that target the CBP bromodomain range from
castration-resistant prostate cancer13 to acute myeloid
leukemia and cancer immunotherapy.10

Here we present an analysis of 20 crystal structures of the
CBP bromodomain in complex with small-molecule ligands
that originate from in silico screening (Table 1). Thirteen of
these structures are disclosed for the first time. We focus the
analysis on crystal structures solved in the laboratory of the last
author because this subset of the ever growing number of
available holo structures of the CBP bromodomain is large
enough to provide evidence of the heterogeneous interactions.

■ RESULTS

We use the term headgroup (or simply head) for the part of
the ligands that mimics the side chain of the acetylated lysine
of the endogenous ligand. The remaining part of the ligand is
described as linker and tail group. Despite the variability of
head groups there are two conserved hydrogen bonds at the
bottom of the acetyl-lysine pocket with two side chains that are
present in most of the 61 human bromodomains. These are a
direct hydrogen bond with the side chain of Asn1168 and a
water-bridged polar interaction with the Tyr1125 (Figure 1A).
While in compounds 1−19 a single carbonyl oxygen forms
both hydrogen bonds, the N3 and N9 atoms of the adenine
headgroup of compound 20 are involved in the direct and
water-bridged hydrogen bonds (Figure 1B), respectively.
Another conserved interaction in the bottom of the pocket is

the optimal packing of a methyl with the side chain of
Phe1111. The only two exceptions are the azobenzene
derivative 1 which has a chlorine atom next to the phenyl
ring of Phe1111 (Figure 1D) and the adenine derivative 20
which has its aromatic C8 atom close to Phe1111.
In stark contrast to the conserved binding motif of the head

groups, the tail groups show a large heterogeneity of
orientations and interactions (Figures 1A and 2). The
intermolecular contacts involve residues of the CBP
bromodomain with different flexibility. The side chains of
the binding pockets can be grouped into three classes: fully
rigid (Pro1106, Pro1110, Phe1111, Val1115, Tyr1125,
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Table 1. 2D Structures and Assay Results of CBP Bromodomain Inhibitors

aDiffraction resolutions are reported in angstroms. The head groups of compounds 1 to 20 can be clustered in eight chemotypes (horizontal lines).
The 2D structures are oriented with the mimic of the acetylated lysine on the bottom right. The values of the dissociation constant (KD) were
determined in duplicate by the BROMOscan competition binding assay (Figure S5). The IC50 values were measured by AlphaScreen (Figure S6).14

Ligand efficiency15 is calculated as LE = −(1.37/HA) × logKD, in units of kcal/mol per heavy atom (HA). The IC50 value is used if the KD value is
not available.
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Tyr1167, Asn1168, the gatekeeper Val1174, and Phe1177),
partially flexible (Leu1120 and Ile1122), and fully flexible
(Gln1113, Leu1119, and Arg1173) (Figure 1C). Ligand
binding is stabilized by van der Waals interactions with the
rigid side chains and the partially flexible Leu1120 and Ile1122.
The side chains of Leu1120 and Ile1122 are oriented according
to the steric requirements of the different ligands. Furthermore,
the ZA loop (residues Arg1103 to Asp1134) adapts to the size
of the ligands and shows a slight displacement toward the
center of the binding site with respect to the apo structure
(Figure 1A).
Concerning the highly flexible side chains, Gln1113 shows

two main orientations; it points toward the binding site or
completely outside. The inside-orientation of Gln1113 is
stabilized by a hydrogen bond with the carbonyl group of
Leu1109 as in the apo structure (PDB 3DYW; Figure 2P).
Furthermore, there are stacking interactions (e.g., ligands 13,
14, and 18; Figure 2g, 2H and 2L) or hydrogen bonds (e.g.,
ligands 9, 10, 12, and 14; Figure 2C, 2D, 2F, and 2H) with the
tail group. Gln1113 points outward from the binding site in
half of the 20 complexes.
The isoxazol-3-one ring in ligands 16 and 17 and the

dimethylisoxazole ring in compound 18 are rotated by about
40 degrees with respect to the phenyl. As a consequence, the
methyl next to the oxygen in the ring points downward from
the binding site and displaces a water molecule which, in other

structures (e.g., apo), is involved in a hydrogen bond to the
carbonyl of Pro1114. Thus, it could be beneficial to further
modify the isoxazole group to achieve polar interactions with
the residues lining the ZA channel, e.g., to form a hydrogen
bond with the carbonyl group of Pro1114.
The side chain of Leu1119 is involved in van der Waals

contacts with three of the 20 ligands, i.e., 13 (closest distance
4.6 Å), 14 (closest distance 4.4 Å), and one conformation of
18 (closest distance 4.1 Å).
The interaction with the very flexible Arg1173 can be ionic

(i.e., salt bridge with the benzoate of compounds 3 and 11 or
the tetrazole of 13 and 19), hydrogen bond-mediated as in
compounds 1, 14, 16, 17, and 18, charge-dipole as with the
−CF2− of compound 15 (a similar interaction has been
reported for an ATAD2 bromodomain ligand),18 water-
bridged (e.g., compound 9), or absent (compound 20).
The side chains of Pro1123 and Asp1124 assume a different

orientation only in the complex with the azobenzene derivative
1, which is due to van der Waals attraction between the
exposed benzene ring of the ligand and the Pro1123 side chain
(Figure S2). The side chain of Asp1124 is involved in a
favorable polar interaction with the hydroxyl of Tyr1167 in all
structures except for the complex with compound 1.
Six of the 20 ligands (viz., compounds 3, 11−14, and 20)

have an amide linker which is involved in water-bridged
interactions with the backbone carbonyl of Gln1113 (3, 12−

Figure 1. Crystal structures of CBP bromodomain bound to ligands 1−20. The four α-helices of the bromodomain are called Z, A, B, and C,
respectively, and the acetyllysine-binding pocket is flanked by two interhelical loops (called ZA and BC loops).16,17 (A) Structural overlap of the 20
holo structures of the CBP bromodomain (CBP in gray and ligands in different colors) and the apo structure (green). (B) Overlap of the complex
with compound 20 (deep salmon) and the apo structure (green). (C) Side chains in the binding site. (D) Structure of CBP (gray) in the complex
with the azobenzene derivative 1 (cyan).
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14, and 20) and/or the side chain of Arg1173 (11 and 14).
The direct comparison of the amide linkers in compounds 3
and 20, which point in opposite directions in the 2D
structures, shows that the same water-bridged interaction
with the backbone carbonyl of Gln1113 can be formed with a
donor -NH- or acceptor -CO- (Figure 2B and O). Ligands 9
and 10 have a -NH2- linker which is involved in water-bridged
hydrogen bond interactions with the backbone carbonyl of
Gln1113 similar to the amide linker containing ligands.

It is interesting to analyze the influence of the linker in the
12 acetyl-benzene derivatives (compounds 8−19). A compar-
ison of compounds 13 and 19 shows that the difference
between direct covalent bond and amide linker does not
influence the orientation of the tetrazole tail group which
makes in both cases an ionic interaction with the side chain of
Arg1173 (Figure 2G and 2N). The amide linker in ligands 11
and 14 shows opposite orientation as compared to that of the
ligands 12 and 13, thereby influencing the position of the

Figure 2. Interactions between the CBP bromodomain and small-molecule ligands. The spheres represent four conserved water molecules (red)
and other water molecules involved in ligand binding (green). Conserved hydrogen bonds with the side chains of Asn1168 and Tyr1125 are shown
(dashed lines in salmon). Other interactions between ligands and CBP bromodomain are emphasized (dashed lines in blue). (M) Ligand 18 shows
alternate binding modes in different protein molecules in the asymmetric unit. (P) The conformation of Gln1113 is stabilized by hydrogen bonding
interactions in the apo crystal structure of CBP bromodomain (PDB ID 3DWY).
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benzene ring (Figure 2 and S3A). Concerning the -NH2-
linker, the overlap of compounds 9 and the amide-linked 12
indicates that there is a substantial difference in the orientation
of the benzene ring and the methyl ester in the meta position
of the tail group (Figure S3B).
The purine ring in compound 20 shows a similar binding

mode to the conserved asparagine (Asn1168 in CBP
bromodomain) and tyrosine (Tyr1125 in CBP bromodomain)
as the 2-amine-9H-purine containing ligand 7d in the
bromodomain of BRD9 (Figure S4A and S4B).19 The
mercaptopurine compound 4 binds to the BRPF1 bromodo-
main in a different way as the carbonyl group on the purine
ring forms a bifurcated hydrogen bond with the conserved
asparagine and tyrosine (Asn708 and Tyr665 in BRPF1
bromodomain, respectively) (Figure S4C).20 The orientation
of the purine scaffold in these three compounds is influenced
by the size of the so-called “gatekeeper” residue (Val1174,
Tyr106, and Phe714 in CBP, BRD9, and BRPF1 bromodo-
main, respectively) (Figure S4D), which is consistent with a
previous report.21

We do not discuss the structure−activity relationship in
detail for the 20 compounds because of their heterogeneity.
Concerning the series of 12 derivatives of acetylbenzene
(compounds 8 to 19), it emerges that low nM affinity can be
reached by engaging Arg1173 via a salt bridge (compounds 13
and 19) or charge-dipole(s) interactions (compounds 14 and
18). The linker does not contribute directly to the binding
energy as compounds 13 and 14 have an amide linker while
compounds 18 and 19 feature a single covalent bond between
the head and tail groups. The linker does contribute to the
selectivity as the acetylbenzene derivatives with the amide
linker are more selective against the N-terminal domain of
BRD4 (BRD4(1)) because their tail group clashes into the
Trp81 side chain of BRD4(1).12

■ CONCLUSIONS
We have analyzed the binding motifs of 20 ligands of the CBP
bromodomain. Nine of these ligands are docking hits9,21,22

while the remaining ligands (compounds 9−19) were
synthesized in an optimization campaign.12 Most of these
ligands have favorable ligand efficiency (LE > 0.30 kcal/(mol
HA)) irrespective of their size (Table 1). The conserved
hydrogen bond with the NH2 of Asn1168 is observed for the
20 ligands similarly to the hydrogen bond formed by the
natural ligand acetyl-lysine.
Three new observations emerge from the analysis of the

structural alignment. First, the interactions with the rim of the
binding site are very heterogeneous. The variability in these
interactions is congruent with the chemical diversity of the tail
groups and flexibility of the ZA loop as observed in crystal
structures and molecular dynamics simulations.23−28 Com-
pared to the apo structure, the ZA loop is slightly displaced
toward the BC loop to optimize the van der Waals contacts
with the ligands.
Second, there are multiple water-bridged interactions, and

some rarely observed interaction types. The latter include a
charge−dipole interaction between -CF2- on ligand 15 and
guanidinium of Arg1173, halogen−aromatic interaction
between the chlorine of ligand 1 and phenyl of Phe1111,
and aromatic−amide packing of the thiazole of compound 13
and the side chain of Gln1113.
Third, the 12 compounds that share an acetyl-benzene

moiety as head can be clustered in three different groups

according to the linker that connects the head and tail groups.
The binding modes of the compounds with the amide linker
are more similar to the poses of the compounds with a direct
covalent bond than the derivatives with an amino linker. Thus,
the relative orientation of head and tail groups has a stronger
influence on the binding mode than their distance.
All crystal structures have been released in the PDB which

should facilitate the structure-based optimization of CBP
ligands.
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