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ABSTRACT: BRPF1 plays a scaffolding role in transcription. We report
on fragment screening by high-throughput docking to the BRPF1
bromodomain which resulted in six chemotypes with very favorable ligand
efficiency (0.45—0.50 kcal/mol per non-hydrogen atom). Twenty crystal
structures of BRPF1/ligand complexes show structural conservation in the
acetyllysine binding site, common binding motifs, and unusual interactions
(e.g, the replacement of a conserved water molecule). The structural

information is useful for the design of chemical probes.

Bl INTRODUCTION

Genetic analysis on zebrafish has shown that the bromodomain
and PHD finger (BRPF) containing protein BRPF1 is a
member of the Trithorax group with a central role during
development in vertebrates." BRPF1 associates with the histone
acetyltransferase monocytic leukemia zinc finger protein
(MOZ) and recruits it to distinct sites of chromatin. The
bromodomain of BRPF1 binds to acetylated histone tails.”

In contrast to the bromodomain and extra terminal (BET)
subfamily of bromodomains, e.g, bromodomain-containing
protein 4 (BRD4), very few crystal structures of complexes of
the BRPF1 bromodomain with ligands (holo) are available.
Lubula et al.” reported the crystal structure of the BRPF1
bromodomain in complex with acetylated histone peptides
H4K12ac and H2AKSac. Demont et al.” identified 1,3-dimethyl
benzimidazolones as potent BRPF1 bromodomain inhibitors
and have disclosed the structures of two of these ligands in the
complex with BRPF1.

Experimental approaches to fragment-based screening have
been used to identify ligands of bromodomains of the BET
subfamily, viz,, bromodomain-containing protein 2 (BRD2)’
and BRD4,6 and also for non-BET bromodomains, viz., ATPase
family, AAA domain containing 2 (ATAD2),” bromodomain
adjacent to zinc-finger domain 2B (BAZ2B),® and binding
protein of the cAMP response element-binding protein
(CREBBP).”

Here, we have screened a library of 24133 molecules by
docking into the BRPF1 bromodomain followed by exper-
imental validation of the in silico top ranking hits by X-ray
crystallography. We could solve the crystal structures of BRPF1
(see Experimental Section for details) in the complex with 20
ligands at resolutions between 1.33 and 1.75 A (Table 1). Six
new chemotypes have been identified: tricyclazole, phenyl-
pyridine, mercaptopurine, hydroxyisoquinoline, quinoxalin-2-
one, and acetylindole. Common binding motifs and infrequent
interactions emerge from the analysis of the 20 crystal
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structures. The acetyl lysine binding site of BRPF1 is conserved
except for a slight displacement of the ZA loop. Only one of the
20 ligands displaces a conserved water molecule that is present
in most crystal structures of bromodomain/ligand complexes.

B RESULTS AND DISCUSSION

We screened in silico the 24133 molecules devoid of rotatable
bonds and with molecular weight smaller than 550 g/mol
(called fragments in the following) that were present in the
2014 version of the ZINC library.”” The screening was carried
out by high-throughput fragment docking into the structure of
apo BRPF1 (PDB code 4LC2) using the program SEED'* (see
Experimental Section for details). Virtual screening required
about 24 h; the preparation of the library of fragments took less
than 1 h, and the docking of the 24133 fragments required less
than a day on a commodity desktop. An initial set of 13
molecules among the top 30 ranking fragments was selected
according to predicted binding energy (SEED energy) and
availability and tested by experiments of soaking into crystals of
the apo form of the BRPF1 bromodomain. The crystal
structures of the complexes of BRPF1 with five of these
fragments (1, 2, 3, 5, and 8 in Table 1 and Supporting
Information (SI), Figure S1) were solved. Electron densities
were not observed for the other eight fragments (S, Figure S2).
The predicted binding mode of fragments 1, 2, and 8 was
confirmed by the crystal structures (SI, Figure S1). Fragment 3
shows a different orientation in the crystal with respect to the
docked pose, which is probably due to the lack of reorientation
of the structural water molecules during docking. The oxygen
atom of fragment § (l-isoquinolinone) replaces the buried
water molecule that bridges to the side chain of the conserved
Tyr665 (see below) and was present during docking. Thus, the
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Table 1. continued

“Molecules 1—16 can be clustered (S, Figure S3) in six chemotypes
(horizontal lines). The Kj, values were determined by a competition
binding assay BROMOscan' in duplicate (SI, Figure $4). For
compound 20, an ICy, value of 0.65 yM was determined by
AlphaScreen'" (SI, Figure S5). Ligand efficiency'” is calculated as LE =
(1.37/HA) X pKp, in the units of kcal/mol per non-hydrogen atom.

hit rate, i.e., ratio of binders versus purchased fragments, is 38%
(or 23% if one considers only the poses correctly predicted by
docking).

An additional set of 15 molecules were tested in a second
round of soaking experiments. This set consists of nine
purchasable analogues (according to the definition in the ZINC
database with a similarity threshold of 70%) of the five original
hits, the acetylindole derivative 17 (which binds to another
bromodomain of subfamily IV, the BRD9 bromodomain),"*
four molecules similar to 17 (compounds 15, 16, 18, and 19),
and the pan-bromodomain inhibitor bromosporine (20).'° In
total, five ligands show a value of the equilibrium dissociation
constant (Kp) for the BRPF1 bromodomain smaller than 100
UM while bromosporine has a K of 0.27 uM (Table 1).
Importantly, the seven ligands with K, < 200 uM (compounds
1,4, 7,8, 11, 12, and 15) have very favorable ligand efficiency
(LE) in the range 0.45—0.50 kcal/mol per non-hydrogen atom.
Of these, fragments 1 and 8 are two of the five original docking
hits.

For the analysis of the 20 crystal structures of the BRPF1
bromodomain/ligand complexes (Table 1), it is useful to
describe first the binding site and common binding motifs. The
acetyl lysine binding site has a parallelepiped-like shape in
which the ligands are sandwiched by van der Waals contacts
with the ZA-loop side chains Val657, Pro658, and Val662 on
one of the two largest sides of the pocket and Ile652, Asn708,
and Phe714 (the so-called gatekeeper) on the opposite side of
the pocket (Figure 1). The bottom of the binding site is
occupied by conserved water molecules and the phenyl ring of
the conserved Phe653 (SI, Figures S6—S8). The structural
overlap of the 20 complexes shows that the backbone and most
side chains in the acetyl lysine binding site are conserved
(Figure 1A). This finding is congruent with the similar size of
the compounds, which consist of two or three (fused) ring
systems. Furthermore, all crystals belong to the same space
group and there are no crystal contacts in the acetyl lysine
binding site. The structural similarity in the binding site is very
high for the BC loop (residues 707—712) and the N-terminal
segment of the ZA-loop (residues 650—656). The latter
includes the Asn651-Ile652-Phe653 segment that corresponds
to the Trp-Pro-Phe triad in the BET bromodomains. In
contrast, the central segment of the ZA-loop (residues 657—
668) shows structural heterogeneity. The rigid-body displace-
ment of this part of the ZA-loop reduces the aperture of the
binding site with respect to the apo structure (PDB code
4LC2), which was solved in the same space group as our 20
holo structures (Figure 1B). The slightly narrower binding
pocket in the holo structures with respect to the apo
conformation is a consequence of the intrinsic flexibility of
the ZA-loop and the formation of optimal van der Waals
contacts between the ligand and the hydrophobic side chains of
Val657, Pro658, and Val662 on one side of the pocket and
Ile652 and the gatekeeper Phe714 on the other side (Figure
1C). Quantitatively, the largest backbone displacement with
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(4LC2)

Figure 1. Structural overlap and analysis of the 20 complex structures. (A) Kac binding site of BRPF1. (B) Displacement of the ZA-loop in the 20
holo structures with respect to the apo structure (4LC2, green). (C) Hydrophobic residues lining the Kac binding site in BRPF1. (D) The phenyl
ring of the gatekeeper residue Phe714 shows different orientations for different ligands.

respect to the apo structure is observed for the residues 659—
661 whose Ca atoms move by up to 2.5 A. The side chain of
Glu661 shows the largest variability in the 20 structures (Figure
1A). Interestingly, the size of the ligand influences the
orientation of the Glu661 side chain particularly for compounds
13, 19, and 20 (bromosporine), whose binding modes induce
the largest displacement of the tip of the Glu661 side chain (SI,
Figure S8). It is important to note that the slightly different
tilting of the ligands is related not only to the rigid-body
displacement of residues 657—668 of the ZA loop but also to
the different orientations of the phenyl ring of the Phe714
gatekeeper (Figure 1D). The y, dihedral angle of Phe714 varies
in a range of about 75°, resulting in different orientations of the
phenyl ring.

The two hydrogen bonds with the NH2 group of the
conserved Asn708 and the buried water molecule that bridges
to Tyr665 are present in all structures except for the complex
with fragment § (Figure 2). In this complex, the oxygen atom
of fragment S is at hydrogen bond distance to the hydroxyl
oxygen of Tyr665 (2.7 A) while its distance from the side chain
nitrogen atom of Asn708 is 4.0 A which is too long for a
hydrogen bond. The scatter plot of the two hydrogen bond
distances shows that the one with the structural water is shorter
in 15 of 19 structures (Figure 3). This result is consistent with a
previous study on BRD2 (ref 5) and provides further evidence
that the hydrogen bond with the buried water molecule that
bridges to the conserved Tyr665 is stronger than the one with
Asn708.

The interaction with the carbonyl oxygen of the conserved
Asn708 is heterogeneous. In the complexes with the ligands 9,
10, 12, and 14, there is a water molecule that acts as bridge to
the side chain CO of Asn708 (Figure 4A,B). This water
molecule corresponds to a structural water molecule of the apo
structure (HOH1007 in 4LC2). In contrast, the bridging water
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A

Figure 2. Only fragment 5 displaces the buried water molecule that
acts as bridge to the conserved Tyr665. (A) Crystal structures overlay
of all ligands but S. (B) Structural overlap of the complex with
fragment 5 (pink) and the apo structure (green). 2F, — F, electron
density map of 5 is shown in mesh contoured at 1 o.

molecule is replaced by an NH group in ligands 3, 4, and 20
(Figure 4C) and the methyl group of compound 11 (Figure
4D). Similar to compound 11, a previously reported 1, 3-
dimethyl benzimidazolone inhibitor (SI, Figure S9) of the
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Figure 3. Scatter plot of hydrogen bond distances involving the ligand
acceptor atom closest to the side chain N atom of the conserved
Asn708. Numbers denote the ligand, and symbols the atomic element
of the acceptor. In 15 of 19 structures, hydrogen bonds with the buried
water that bridges to the Tyr665 side chain are shorter than with the
Asn708.

BRPF1 bromodomain replaces the water molecule bridging to
the side chain CO of Asn708 (PDB code 4UYE).

The molecules of the largest cluster (8—14) share the
tetrahydroquinoxalin-2-one scaffold (Table 1). As mentioned
above, these ligands do not form a direct hydrogen bond with
the carbonyl oxygen of the Asn708 side chain (Figure 4, SI,
Figures S7, S8). In contrast, in the structures of the complexes
of the CREBBP bromodomain inhibitors’ with the tetrahy-
droquinoxalin-2-one scaffold, there are two direct hydrogen
bonds to the conserved asparagine (Asn1168 in CREBBP, PDB

codes 4NYW and 4NYX). The structural overlap shows that
the position of the scaffold in the complexes with BRPFI is
slightly shifted with respect to CREBBP (SI, Figures S9, S10).

The two mercaptopurine fragments 3 and 4 show distinct
binding mode as compared with a 2-amine-9H-purine derived
BRDY inhibitor'” (SI, Figure S11). In both structures of 3 and
4, the NH group at position 7 donates a hydrogen bond to the
Asn708 side chain CO while the carbonyl group at position 6
forms a bifurcated hydrogen bond with the Asn708 side chain
NH and the water molecule that bridges to Tyr665. In the
BRD4 and BRD9 structures, the 2-amine-9H-purine derivative
shows a flipped orientation with the amine group at position 2,
nitrogen atom at 3, and NH group at 9 involved in hydrogen
bonds to the conserved asparagine and water molecule.

Finally, a polar interaction with the backbone carbonyl of
Ile652 is present in the complex with several ligands. This
interaction was first observed in molecular dynamics simu-
lations of the spontaneous binding of acetyl lysine."® In the
complex structures with the quinoxalinone derivatives 8, 9, 10,
and 13, there is a direct hydrogen bond with the carbonyl of
Ile562, while a bridging water molecule is present for
compounds 12, 18, and 19 (SI, Figures S7, S8).

B CONCLUSIONS

We have identified six chemotypes of ligands of the BRPF1
bromodomain by high-throughput docking of fragments, which
was carried out in 1 day on a single commodity processor,
followed by soaking experiments and purchase of hit analogues.
Seven in silico hits have ligand efficiency in the range 0.45—0.50
kcal/mol per non-hydrogen atom (Table 1). The X-ray crystal
structures of BRPF1 in complex with 19 compounds (and the
complex with bromosporine, a previously disclosed promiscu-

A (4LC2)

9(5DYC)
10(5DY7)

C (4LC2)

3(5E3G)
4(5E3D)

B (4LC2)

12(5EPR)
14(5DYA)

Figure 4. A water molecule acting as hydrogen bond bridge to the side chain carbonyl of Asn708 was observed in the crystal structures of the
complexes with compounds (A) 9 and 10, and (B) 12 and 14. The bridging water molecule is replaced by the NH group of compounds 3, 4 and 20
(C), and the methyl group of fragment 11 and a benzimidazolone derivative (4UYE) (D). The apo structure (4LC2, green) is shown in all panels as

a basis of comparison.
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ous inhibitor) show that the overall structure of the acetyl
lysine binding site is conserved. Interestingly, the water-bridged
hydrogen bond with the conserved tyrosine of the ZA-loop
(Tyr66S) is present in all crystal structures except for the
complex with fragment § (l-isoquinolinone), whose oxygen
atom replaces the buried water molecule which does not
improve affinity. The phenyl ring of the gatekeeper residue
(Phe714) shows slightly different orientations, while the ZA-
loop accommodates different ligands by rigid-body displace-
ment and rearrangement of side chains, in particular Glu661.

The fragment-based high-throughput docking campaigns in
our group have resulted in the identification of molecules with
very favorable ligand efficiency for the bromodomains of
BRD4,"” CREBBP,”® BAZ2B,*' and BRPF1 (this work). These
bromodomains belong to four different subfamilies of human
bromodomains (viz., subfamilies II, III, IV, and V). In the case
of the CREBBP bromodomain, optimization of the initial hits
by chemical synthesis of derivatives has generated several
selective low nanomolar inhibitors with ligand efficiency similar
to the initial hits.”” Thus, the screening of fragment libraries by
docking is very efficient and shows high success rate and
negligible cost. The favorable ligand efliciency of our hits and
their crystal structures in the complex with the BRPF1
bromodomain are important starting points for hit optimization
and the design of chemical probes to investigate the function of
BRPF1I. For instance, the bromine-containing fragments 8 and
9 could be grown into more potent and selective ligands by
Suzuki coupling.

B EXPERIMENTAL SECTION

Fragment Docking. The nearly 12 million molecules of the ZINC
database (version 2014)" were filtered for zero rotatable bonds and
molecular weight smaller than 550 g/mol by the program DAIM.*
The resulting library of 24133 fragments was docked into the apo
structure of BRPF1 (PDB code 4LC2) by the program SEED,"* which
evaluates the binding energy using a force field-based energy function
with a continuum dielectric approximation of desolvation penalties.”®
The binding site for docking was defined by the conserved asparagine
in the BC loop (Asn708) and four buried water molecules (numbered
wl to w4 in SI, Figures S6—S8) which are present in most crystal
structures of bromodomains. The partial charges and van der Waals
parameters of the protein were taken from the CHARMM36 all-atom
force field,”* while the fragments were parametrized using the
CHARMM general force field (CGenFF).* It is important to note
that CGenFF is fully consistent with the CHARMM36 force field
because they use the same paradigm for the derivation of partial
charges, van der Waals parameters, and parameters for bonding
interactions (covalent bonds, angles, dihedrals, and improper
dihedrals). The value of the dielectric constant for the continuum
calculations was set to 2.0 and 78.5 in the low-dielectric region
(solute) and high-dielectric region (solvent), respectively. The docking
of the 24133 fragments with SEED required nearly 22 h (about 3 s per
fragment) of a single core of an i7-930 processor at 2.8 GHz.

Chemistry. All screened compounds were purchased from
commercial vendors and the purity of all molecules was analyzed by
HPLC-MS and is determined to be at least 95%. Compound 20
(bromosporine) was purchased from Sigma-Aldrich with purity higher
than 98%.

Protein Production. The gene encoding the bromo-domain of
BRPF1 (aa 626—740) was amplified by PCR from the original plasmid
(Addgene plasmid no. 53620) and subcloned to a modified pGEX-4T-
1 vector. A tobacco etch virus (TEV) protease recognition site was
introduced between the glutathione S-transferase (GST) fusion
protein and BRPF1 bromodomain. The recombinant plasmid was
transformed into Escherichia coli strain BL21(DE3). The cells were
grown at 37 °C until an OD600 of 0.6 was reached. After induction
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(0.2 mM IPTG) and overnight expression at 16 °C, the GST-tagged
protein was purified by a Glutathione Sepharose 4B column and the
GST tag was removed with TEV protease afterward. The
bromodomain was further purified using a Superdex 75 column in
the buffer of S0 mM HEPES (pH 7.5), 0.15 M NaCl, and 0.5 mM
DTT. Eluted protein was concentrated to 22 mg/mL (NanoDrop
spectrophotometer) in the same buffer and frozen in liquid nitrogen.

Crystallization. Sparse-matrix crystallization screens were per-
formed with a Phoenix crystallization robot to identify initial
crystallization conditions. BRPF1 bromodomain was crystallized by
vapor diffusion in hanging drops at 4 °C. Crystallization buffer is
composed of 0.1 M sodium acetate pH 5.5 (or 0.1 M BIS-TRIS
propane pH 6.5), 0.15—0.2 M sodium nitrate, and 18—22% PEG3350.
Overnight soaking of ligands was performed by transferring the apo
crystals into the crystallization buffer in which the compounds were
previously dissolved at S mM. Soaked crystals were cryoprotected with
the crystallization buffer supplemented with 20% glycerol prior to
freezing in liquid nitrogen. Fragments $ and 6 were cocrystallized with
BRPF1 in the crystallization buffer and cryoprotected the same way as
the soaked crystals.

Data Collection and Structure Solution. Diffraction data were
collected at the Swiss Light Source, Paul Scherrer Institute (Villigen,
Switzerland), beamlines PXI and PXIIL. Data were processed with
XDS* and SCALA,” and structures were solved by molecular
replacement with Phaser®® using PDB 4LC2 as search model. Initial
models were refined iteratively with Phenix’® and manual model
building with COOT.*® Crystal data collection and refinement
statistics are summarized in SI, Tables S1—SS.

BROMOscan and AlphaScreen Assays. BROMOscan technol-
ogy is a competition experiment that uses an immobilized ligand and a
DNA-tagged bromodomain protein.'” Compounds that bind to the
bromodomain of interest will prevent binding of the bromodomain to
the immobilized ligand. The amount of captured bromodomain is
quantified by qPCR, and the dissociation constants are calculated with
a standard dose—response curve. Further details about the assays can
be found in the SI. AlphaScreen assays'" consist of a donor bead that is
able to transfer singlet oxygen to an acceptor bead that is in the
proximity, and as a result, the acceptor bead emits a luminescent/
fluorescent signal. In the presence of a bromodomain ligand, the
donor/acceptor complex is disrupted, leading to a loss of singlet
oxygen transfer and loss of the fluorescent signal.

B ASSOCIATED CONTENT
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Molecular formula strings for ligands 1-20 (CSV)
Experimental methods, X-ray crystal structure statistic
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structures (PDF)

Accession Codes

PDB accession codes of the structures of the BRPF1
bromodomain in the complex with molecules 1-20 are 1
(5EQ1), 2 (SEWD), 3 (SE3G), 4 (SE3D), 5§ (5C87), 6
(SEM3), 7 (SEWH), 8 (5C85), 9 (5DYC), 10 (SDY7), 11
(SEPS), 12 (SEPR), 13 (SEWC), 14 (SDYA), 15 (5ETB), 16
(SETD), 17 (5SD7X), 18 (SEV9), 19 (SEVA), and 20 (SC7N),
respectively. Authors will release the atomic coordinates and
experimental data upon article publication.
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