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a b s t r a c t

Bromodomain and plant homeodomain (PHD) finger containing protein 1 (BRPF1) is a member of
subfamily IV of the human bromodomains. Experimental evidence suggests that BRPF1 is involved in
leukemia. In a previous high-throughput docking campaign we identified several chemotypes targeting
the BRPF1 bromodomain. Here, pharmacophore searches using the binding modes of two of these
chemotypes resulted in two new series of ligands of the BRPF1 bromodomain. The 2,3-dioxo-quinoxaline
21 exhibits a 2-mM affinity for the BRPF1 bromodomain in two different competition binding assays, and
more than 100-fold selectivity for BRPF1 against other members of subfamily IV and representatives of
other subfamilies. Cellular activity is confirmed by a viability assay in a leukemia cell line. Isothermal
titration calorimetry measurements reveal enthalpy-driven binding for compounds 21, 26 (KD¼ 3 mM),
and the 2,4-dimethyl-oxazole derivative 42 (KD¼ 10 mM). Multiple molecular dynamics simulations and
a dozen co-crystal structures at high resolution provide useful information for further optimization of
affinity for the BRPF1 bromodomain.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

Bromodomains are evolutionarily conserved protein-protein
interaction modules that selectively bind to acetyl-lysine (Kac)
residues. They recognize acetylated histone tails, and are thus
involved in the regulation of gene expression. Human proteome
analysis indicates that there are eight bromodomain subfamilies,
with 61 members found in 42 diverse proteins. Bromodomain-
containing proteins have important role in biological process and
are functionally implicated in disease processes, including cancer,
inflammation and viral replication [1]. The bromodomain structure
consists of approximately 110 residues folded into a bundle of four
left-handed a helices (aZ, aA, aB and aC). Two variable loops
termed ZA loop and BC loop, connect the helices and form the Kac
binding site [2]. Despite the structural conservation of bromodo-
mains, sequence and structural heterogeneity in the loop regions
result in different druggability [3].

The most studied bromodomains are the members of the bro-
modomain and extra terminal domain (BET) subfamily. Highly
potent and specific inhibitors for the BET subfamily have shown
therapeutic potential in a number of diseases, particularly in

oncology [4e6]. Outside the BET subfamily, the recent disclosure of
chemical probes for bromodomains like CREBBP/EP300 [7e11],
BRD7/9 [12e14], BAZ2A/B [15,16], SMARCA2/4 [17], PCAF [18], and
ATAD2 [19] will facilitate the elucidation of the biological function
and target validation of the non-BET bromodomains.

The bromodomain and plant homeodomain (PHD) finger con-
taining proteins (BRPF1/2/3) are members of subfamily IV. BRPFs
contain multiple epigenetic reader domains, including a unique
double PHD and zinc finger assembly, a bromodomain and a C-
terminal PWWP domain. As a multivalent chromatin regulator,
BRPF1 recognizes histonemarks via both the bromodomain and the
PWWP domain [20]. The BRPF1 bromodomain preferentially binds
to multiple acetyl-lysine marks in histone tails including H2AK5ac,
H3K14ac, H4K5ac, H4K8ac, and H4K12ac [21]. BRPF1 is a subunit of
monocytic leukemic zinc finger (MOZ) histone acetyltransferase
(HAT) which acetylates free histones and affects gene transcription.
In the MOZ HAT quaternary complex, BRPF1 enhances the acety-
lation activity of MOZ.

The MOZ HAT is involved in chromosomal translocations pro-
cess found in a subtype of acute myeloid leukemia (AML) with poor
prognosis [22]. The chromosomal translocation in AML leads to the
production of fusion proteins inwhichMOZ is linked to either CREB
binding proteins (CBP) [23], or CBP homolog p300 [24], or the
transcriptional intermediary binding factor 2 (TIF2) [25]. MOZ
fusion proteins cause aberrant expression profile of HOX genes
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mediated by the acetylation activity of MOZ during hematopoiesis,
which is found to be critical for leukemogenesis [26]. Overall, the
emerging body of evidence suggests the potential of BRPF1 as a
therapeutic target in leukemia.

To date, only one chemical probe has been disclosed for the
BRPF1 bromodomain. The 1,3-dimethylbenzimidazolone scaffold
was optimized into a chemical probe for BRPF1 (GSK6853 [27]), and
a dual BRPF1-TRIM24 inhibitor (compound 34 in Ref. [28]) (Fig. 1).
The recently reported compounds NI-42 and NI-57 bear a struc-
turally different scaffold N-methylquinolin-2-one [29,30]. The
compounds NI-42 and NI-57 are pan-BRPF bromodomain in-
hibitors, showing a biased potency on BRPF1, and less than six-fold
selectivity over BRPF2.

As outlined above, current development of BRPF1 chemical
probes still focuses on the 1,3-dimethylbenzimidazolone and N-
methylquinolin-2-one scaffolds. It would be valuable to develop
compounds structurally orthogonal to the reported BRPF1 chemical
probes, especially for inhibitors which are selectivewithin the BRPF
subfamily, to better elucidate the biological function of BRPF1. In
our previous study, several diverse chemotypes targeting BRPF1
were discovered by high-throughput virtual screening and vali-
dated by X-ray crystallography [31]. In the present study, based on
two previously identified small molecule hits, a hit-to-lead

campaign was carried out using a structure-based virtual
screening strategy. Two series of low micromolar inhibitors were
identified which exhibit good selectivity within and outside the
subfamily IV bromodomains. Isothermal titration calorimetry was
used to measure thermodynamic parameters of binding and
confirm selectivity. Explicit solvent molecular dynamics simula-
tions [32,33] confirmed the stability of the head group of the ligand
in the Kac binding site and revealed flexibility of the ligand tail
(which is partially exposed to solvent) and part of the ZA loop.

2. Results and discussion

2.1. First pharmacophore search

Taking advantage of the rich structural information from our
fragment hits [31], we set out to explore the readily available
commercial chemical space by a combination of pharmacophore
search followed by substructure search (Fig. 2).

At the beginning of this project, a pharmacophore search [34]
using PDB coordinate 5EPS as template led to the identification of
365 molecules that include either a 1-ethyl-2,3-dioxo-4H-qui-
noxaline or a 1-ethyl-3-methyl-2-oxoquinoxaline core group (see
section 4. Experimental). Presumably, a carbonyl group of the

Fig. 1. Representative BRPF1 inhibitors reported previously.
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scaffold acts as the Kac mimetic, which can form a hydrogen bond
to the conserved asparagine (Asn708) in BRPF1. Therefore, this key
hydrogen bond interaction was used to filter docking poses
generated by Autodock Vina [35]. Seven of the 24 selected com-
pounds exhibited KD values below 50 mM as determined by a
competition binding assay [36] (Table 1 and Table S2). Moreover,
compounds 2, 5 and 8 showed good selectivity on BRPF1 against
TRIM24 (KD> 100 mM) and BRD4(1) (KD> 100 mM) bromodomains.
Overall, this series of compounds shows reasonable cLogP values
(<3) and have lipophilic efficiency higher than 2.0.

Crystallographic screening (soaking or co-crystallization, see
Experimental) was performed to validate the pharmacophore
search and pose predicted by docking. Three co-crystals of the
BRPF1 bromodomain with compounds 2, 7 and 8 were solved at
resolutions higher than 1.6Å (Table S1). As expected from the
docking results (Fig. S1), the quinoxaline head group binds in the
Kac pocket with the canonical hydrogen bonding to Asn708 and a
buried water molecule bridging to the side chain of Tyr665 (Fig. 3).
Interestingly, both of the carbonyl groups on the quinoxaline ring of
2 form hydrogen bond interactions with the bridging water mole-
cule (Fig. 3A). In the crystal structure with compound 2, the 3-
position carbonyl group has an additional hydrogen bond interac-
tionwith the SH group of Cys704 which locates at the bottom of the
Kac pocket. Furthermore, the NH group of quinoxaline of 2 is
involved in a hydrogen bond to the backbone carbonyl of Ile652.
Compared to 7 and 8, the additional methyl group at the amide
linker of 2 displaces a conservedwater molecule in the binding site.
The amide-based linkers occupy different positions in the binding
site (Fig. 3D). The tail groups of these compounds pack against the
nonpolar part of the side chain of Glu661.

The binding modes of 2, 7 and 8 show two orientations of the
quinoxaline scaffold: the ethyl group of 2 points towards the side
chain of Tyr707 in the BC loop, whereas the ethyl group of 7 and 8
points towards the side chains of Ile652 and Phe653 in the so-called
NIF shelf (i.e., the Asn651-Ile652-Phe653 triad) in the N-terminal
segment of the ZA loop. The structural overlap of the crystal
structures of BRPF1 in the complex with compounds 2, 7, and 8
shows that a modified quinoxaline with methyl or ethyl groups at
both positions 1 and 4 could be accommodated in the binding
pocket.

To test this hypothesis, we tried to crystallize BRPF1 with the
fragment 9, i.e., 1,4-dimethylquinoxaline-2,3-dione (Table 2). The
co-crystal structure at resolution of 1.5Å shows clear electron
density for fragment 9 (Fig. 3E). Similarly to the binding mode of
compound 2, both of the carbonyl groups on the quinoxaline ring of
the fragment are involved in hydrogen bonding to the structurally

conserved water molecule that acts as bridge towards the hydroxyl
group of the evolutionary conserved Tyr665. The hydrogen bond
interactions with the side chains of Cys704 and Asn708 are also
present. One of the two methyl groups on the quinoxaline ring
forms van der Waals interactions with the side chain Ile652 and
Phe653 of the NIF shelf.

2.2. Substructure search

Fragment 9 provided a starting point for a substructure search.
Nearly 1400 compounds were retrieved via substructure search in
the ZINC database [37], for which either methyl or ethyl groups are
present at positions 1 and 4 on the quinoxaline core, and varied tail
groups at positions 6 and 7. To in silico screen these candidate
compounds, flexible docking was performed with Autodock Vina
[35] and docking poses were filtered using the structure of the
complex with compound 9 as reference. Next, binding poses were
refined by energy minimization with CHARMM [38] using a similar
protocol as in a recent work [39], and ranked with a knowledge-
based scoring function DSX [40]. The top 1596 poses (of a total of
3967 poses) were inspected visually, and 32 compounds with
favorable lipophilic contacts and hydrogen bonds were purchased
for binding affinity measurements by BROMOscan and AlphaScreen
[41]. Like before, a crystallographic screening was performed by
both soaking and co-crystallization methods. Of the 32 molecules
screened, compounds 13, 16, 21, 26 and 36 showed binding to the
Kac pocket by co-crystallization and could be unambiguously built
into the electron density map.

Crystal structures of BRPF1 with 13, 16, 21, 26 and 36 were
solved at resolutions higher than 1.8Å (Table S1). As expected, the
quinoxaline head groups bind to the Kac pocket in a similar way as
for the parent scaffold 9 (Fig. 4). The docking approach successfully
predicted the crystallographic poses, as for 13, 16, 21 and 26, the
docked poses show root-mean-square deviation (RMSD) less than
1.6Å with respect to the binding mode in the crystal structure
(Fig. S1). In all cases, the carbonyl group at position 3 can simul-
taneously form hydrogen bond interactions with Asn708, Cys704
and water bridging to the conserved Tyr665. As for the other
carbonyl, it acts as hydrogen bond acceptor for the NH2 of Asn708.

The tail groups show interesting binding features in the crystal
structures. The phenyl ring of 13 and 21 and aromatic ring of 16 and
26 form an edge-to-face p-p stacking interactionwith the so-called
gatekeeper residue which is Phe714 in BRPF1. The isobutyl group of
13 and 21 and the saturated ring of the tetralin in compounds 16
and 26 occupy a hydrophobic groove located between the side
chains of Ile 713 and Phe714. The substituents at the position 6 of

Fig. 2. Flowchart of the discovery of quinoxaline-2,3-dione derivatives.
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the quinoxaline point towards the NIF shelf. Furthermore, the
morpholine group in 21 and 26 contacts a backbone carbonyl of
Gly650 via a water mediated hydrogen bond.

The crystal structures can be employed to interpret the
structure-activity relationship for this series of compounds. The
substituent at position 6 seems crucial in increasing binding po-
tency, as evidenced by some pairwise comparisons (Table 2). For
example, by introduction of a morpholine group, potency of 21 is
significantly increased as compared to 13 which has a pyrrolidine
group, as observed in both the BROMOscan (KD of 18 mMand 1.8 mM
for compounds 13 and 21, respectively) and AlphaScreen assay (IC50
of 11 mMand 1.9 mM). Similarly, improved potency was observed for
24 (IC50 of 3.6 mM in AlphaScreen) as compared to 10
(IC50¼10.5 mM). However, compounds bearing 6-position mor-
pholine or piperidine groups showed similar affinity. For instance,
16 (piperidine group at position 6) shows an IC50 of 1.7 mM in
AlphaScreen and 26 (piperidine) has an IC50 of 3.4 mM. As seen from
the crystal structure of BRPF1/16, the position 2 carbonyl of 16
provided an additional hydrogen bonding interaction with the

bridging water molecule, which may compensate for the loss of the
interaction with Gly650, as compared to 26. Overall, for this com-
pound series with the sulfonamide linker, it seems bulkier group at
position 6 may bring higher potency. For future lead optimization,
it might be beneficial to directly contact Gly650 by introduction of a
modified 6-position substituent.

Due to a single crystal structure with compound 36
(IC50¼16 mM) and the discrepancy between BROMOscan and
AlphaScreen assay results (e.g., compound 32 has a KD> 50 mM and
IC50¼ 4.4 mM, respectively), it is difficult to discuss the structure-
activity relationship for the compounds 28-36 which have an
amide linker. We propose that for this category of compounds, the
amide and the linked group may stack against the flexible side
chain of Glu661, as exemplified by the crystal structure of BRPF1/36
(Fig. 4E). Interestingly, it seems that heterogeneous 6-position
groups can be employed for this series, for instance, a dieth-
ylamino group in 28 (IC50¼ 0.77 mM) and a methyl-piperidine
substituent in 32 (IC50¼ 4.4 mM) both result in potent compounds.

Isothermal titration calorimetry was used to characterize the

Table 1
Validation of pharmacophore search results. 2D structures and binding affinity of 1-ethyl-2,3-dioxo-4H-quinoxaline and 1-ethyl-3-methyl-2-oxoquinoxaline derivatives.

Cpd 2D structure BROMOscan KD (mM)a cLogPb [LiPEc] PDB Code

BRPF1 TRIM24 BRD4(1)

1 16 ND ND 2.46 [2.34]

2 17 >100 >100 1.96 [2.81] 5O5A

3 36 ND ND 2.56 [1.88]

4 45 ND ND 2.11 [2.24]

5 19 >100 >100 2.71 [2.01]

6 18 ND ND 1.80 [2.94]

7 >50 ND ND e 5O5F

8 20 >100 >100 1.29 [3.41] 5O55

a BROMOscan is a competition binding assay. The KD values were measured in duplicates.
b Calculated with ChemAxon (www.chemaxon.com).
c Lipophilic efficiency is calculated as LiPE¼ pIC50 - cLogP. ND indicates data not determined.
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Fig. 3. Co-crystal structures of the BRPF1 bromodomain in complex with compounds 2 (A), 7 (B), 8 (C), and 9 (E). The conserved water molecules and other water molecules
involved in ligand binding are shown as pink and red spheres, respectively, while hydrogen bonds are shown by dashed lines using a threshold on hydrogen bond donor and
acceptor of 3.5Å. The 2Fo e Fc electron density maps are shown in blue mesh at a contour level of 1.0 sigma. For compounds 8 and 9, the electron density maps are shown at 0.8
sigma. (D) Superimposition of binding poses of compounds 2 (yellow), 7 (cyan) and 8 (green). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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binding thermodynamics of compound 21 (Fig. 5C). A KD value of
2.7 mM was obtained, which is in good agreement with the BRO-
MOscan (KD of 1.8 mM) and AlphaScreen (IC50 of 1.9 mM) assay re-
sults. The ITC data indicated that binding of 21 to the BRPF1
bromodomain is mainly enthalpic, with an enthalpy change
of �8.5 kcalmol�1 and a small entropy penalty of 0.9 kcal mol�1.
Furthermore, ITC measurements of the binding of compound 26
showed similar thermodynamic characteristics, with a KD of 2.5 mM,
DH of �8.6 kcal mol�1, and eTDS of 0.9 kcalmol�1 (Fig. S2). These
measurements suggest optimal hydrogen bonding and van der
Waals interactions between the BRPF1 bromodomain and this se-
ries of compounds. Overlap to the apo structure shows only minor
conformational changes in BRPF1 upon binding of 21 and its ana-
logues (Fig. 4F).

Taken together, the substructure search using fragment 9 and
information on its binding mode has led to the discovery of a series
of compounds with low micromolar affinity and favorable lipo-
philic efficiency. In total 11 compounds have IC50 below 10 mM, 10
compounds exhibit LiPE higher than 3.0, and even LiPE higher than
4.0 for compounds 19, 22, and 23.

2.3. Selectivity

We next analyzed the selectivity profile of compound 21 by the
AlphaScreen assay (Fig. 5D). The assay results showed that 21 has
negligible activity on subfamily IV members BRPF2, BRPF3, and
ATAD2 bromodomains, and marginal activity (IC50¼ 204 mM) on
BRD9 bromodomain. Moreover, 21 was inactive on promiscuous
BRD4(1) (subfamily II) and CREBBP (subfamily III) bromodomains.
In addition, binding of 21 to the BRPF2 bromodomainwas too weak
to record the thermodynamic signature in an ITC measurement
(Fig. 5C, red curves). To elucidate the structural basis of the selec-
tivity of 21, the crystal structure of BRPF1/21 was aligned with apo
BRPF2 and BRD4(1) bromodomain structures (Fig. 5A and B,
respectively). The favorable van der Waals contacts between the
sulfonamide linker of 21 and Pro658 in BRPF1 are absent in BRPF2,
as the side chain of the corresponding residue in BRPF2 (Ser592)
points outwards the binding site. The structural overlap with
BRD4(1) suggests that steric collisions may occur between the
morpholine ring of 21 and Trp81 (W of the WPF shelf) in BRD4(1).
Furthermore, the binding pocket of BRD4(1) is narrower than that
of BRPF1, especially for the ZA loop segment surrounding Leu92,
which may also cause steric clashes with 21. Sequence alignment of
BRPF1 bromodomain with other bromodomains tested in the
selectivity panel provided additional information (Fig. S3). First, the
gatekeeper in the BRPF subfamily members is a phenylalanine,
while it is a smaller hydrophobic residue (valine or isoleucine) or a
tyrosine in other bromodomains, for which the T-shaped p-p
stacking with 21 cannot be formed. Secondly, Pro658 in BRPF1
corresponds to polar residues in other bromodomains (except
TRIM24), and as such the lipophilic contacts with 21 are not
possible.

2.4. Molecular dynamics simulations

To further investigate the binding mode and selectivity of
compound 21, three independent molecular dynamics runs were
performed for its complex with the BRPF1 bromodomain and three
with the BRPF2 bromodomain. The binding mode of 21 in BRPF1 is
stable in the Kac pocket during the 500 ns simulation time (Fig. 6A).
Conversely, 21 was not stable in BRPF2 and in one of the three MD
runs it escaped from the binding pocket within the first 100 ns and
there was no re-binding. The crucial hydrogen bond interaction
between the NH group of Asn708 and the 3-position carbonyl
group of 21 was present in 90% of the simulation time for BRPF1

while it broke in the first 100 ns in two of the three runs with the
BRPF2 complex.

Besides reporting on the main intermolecular interactions, the
molecular dynamics trajectories shed light on the orientation and
intrinsic flexibility of the tail group. The dihedral angle distribution
of the sulfonamide linker shows that 21 is mainly in a conformation
with the isobutyl phenyl group projecting towards the BC loop, and
sporadically this group flipped to contact the ZA loop residues (red
histograms in Fig. 6B). The simulation of 21 free in solution, i.e., in
the unbound state (blue histogram in Fig. 6B), showed that the
most populated orientation of the sulfonamide linker is the same as
in the complex with BRPF1. As for the X-ray structure, the dihedral
angle of the sulfonamide is within the main state observed in the
MD simulations of the free (and bound) state. Thus, compound 21 is
not strained in its bound conformation observed along the MD
simulations and in the X-ray structure. Concerning the relative
flexibility of the BRPF1 binding site, the ZA loop region showed the
largest flexibility during the simulations (Fig. S4), particularly for
the segment Leu659-Ser660-Glu661 (Fig. S5). The plasticity of the
ZA loop is consistent with previous simulation studies [42,43]. A
bulkier substituent and/or a functional group that stacks against
the flexible Glu661 side chain might reduce the flexibility of the ZA
loop but it is not possible to predict if the resulting entropic penalty
would be fully balanced by an enthalpic gain, i.e., additional
favorable interactions.

2.5. Cellular assays

For measuring the cellular efficacy of this series of compounds,
we selected compound 26, which has higher solubility than 21 in
the preliminary assay (data not shown). Cell viability was evaluated
on acute myeloid leukemia cell lines THP-1 and HL-60. Compound
26 showed growth inhibition in THP-1 cells in a dose-response
manner with an EC50 of 32 mM, while it displayed no obvious
toxicity to normal fibroblast cell line BJ (Fig. 7). In contrast to the
THP-1 cell with MLL translocation, 26 showed little effect on non-
MLL-rearranged acute leukemia cell line HL-60 in the cell
viability assay (data not shown). These observations are in linewith
a previous study [29] which reported that AML cell lines exhibiting
MLL translocation are sensitive to inhibition of BRPF1. However,
further optimization of potency is required for further in-
vestigations of themechanism of action of this series of compounds
in leukemia cells.

2.6. Second pharmacophore search; discovery of 2,4-dimethyl-
oxazole derivatives

From another pharmacophore search [34] based on PDB struc-
ture 5EVA (N-methylpyrazole-based compound 19 of Ref. [37]), we
identified compounds 42 and 43 (Table 3). We note that these two
compounds bear a 2,4-dimethyl-oxazole head, which is different
from the 3,5-dimethyl-isoxazole widely used as scaffold in BET
bromodomain inhibitor [44e47]. Compound 42 exhibited a KD of
3.5 mM in BROMOscan assay and IC50 of 30.6 mM in AlphaScreen
assay for the BRPF1 bromodomain and no measurable binding to
the TRIM24 and BRD4(1) bromodomains. Compound 43 showed
substantially weaker affinity than 42.

To validate the pharmacophore model, co-crystal structures of
BRPF1 with 42 and 43 were obtained. BRPF1/42 was solved in two
different space groups (Fig. 8 and Table S1). In both cases the 2,4-
dimethyl-oxazole head is positioned at the bottom of the Kac site,
with the nitrogen atom on it forming hydrogen bonds with Asn708
and the bridging water molecule. The thiazole group stack against
Pro658. The tail group 3,5-dimethyl-piperidine show different
orientations in two crystal forms; it either points to the ZA channel
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Table 2
2D structures and assay results of the 2,3-dioxo-quinoxaline derivatives.

Cpd R1 R2 BROMOscan AlphaScreen

BRPF1 %Ctrla TRIM24 %Ctrla BRPF1 KD (mM) BRPF1 IC50 (mM) cLogPb [LiPEc] PDB Code

9 H H ND ND ND >400 e 5O4T
10 43 @100 mM 72 @100 mM ND 10.5 3.48 [1.50]

11 17 @100 mM 84 @100 mM ND ND e

12 3.1 @100 mM 86 @100 mM ND 8.7 3.35 [1.71]

13 0 @100 mM 94 @100 mM 18 (n¼ 2) 11.0 3.05 [1.91] 5OV8

14 3.9 @75 mM 100 @75 mM 11 (n¼ 2) ND 1.49 [3.47]

15 9.9 @100 mM 97 @100 mM ND >10 e

16 12 @100 mM 75 @100 mM ND 1.7 3.26 [2.51] 5MWG

17 41 @100 mM 74 @100 mM ND 3.4 2.48 [2.98]

18 22 @100 mM 82 @100 mM ND ND e

19 ND ND ND 4.4 1.13 [4.22]

20 4.1 @50 mM 90 @50 mM 33 (n¼ 2) ND 1.18 [3.30]

21 8.4 @100 mM 79 @100 mM 1.8 (n¼ 2) 1.9 (n¼ 4) 2.43 [3.29] 5MWH

22 11 @100 mM 84 @100 mM ND 2.0 (n¼ 2) 1.41 [4.29]

(continued on next page)
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Table 2 (continued )

Cpd R1 R2 BROMOscan AlphaScreen

BRPF1 %Ctrla TRIM24 %Ctrla BRPF1 KD (mM) BRPF1 IC50 (mM) cLogPb [LiPEc] PDB Code

23 ND ND ND 5.4 1.18 [4.08]

24 ND ND ND 3.6 2.85 [2.59]

25 ND ND ND 10.1 1.69 [3.30]

26 ND ND ND 3.4 2.19 [3.27] 5O4S

27 23 @100 mM 77 @100 mM ND 23.6 3.47 [1.16]

28 1.6 @25 mM 96 @25 mM 9.7 (n¼ 2) 0.77 2.12 [3.99]

29 ND ND ND >200 e

30 13 @100 mM 86 @100 mM >20 (n¼ 2) 27.0 1.81 [2.76]

31 49 @50 mM 100 @50 mM ND ND e

32 0 @50 mM 91 @50 mM >50 (n¼ 2) 4.4 2.90 [2.46]

33 46 @25 mM 97 @25 mM >25 (n¼ 2) ND e

34 ND ND ND 22.3 3.08 [1.57]

35 91 @25 mM 97 @25 mM ND ND e

36 55 @20 mM 100 @20 mM 7.1 (n¼ 2) 16 1.23 [3.56] 5MWZ

37 H 68 @100 mM 94 @100 mM ND ND e

38 H 81 @50 mM 82 @50 mM ND ND e
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or the NIF shelf (Fig. 8A and B). Interestingly, the oxygen atom of the
oxazole head, and three nitrogen atoms (viz., the NH group of the
amide linker, the thiazole nitrogen, and tertiary amino in the tail
group) are involved in a water-mediated hydrogen bonding
network with the backbone carbonyl groups of Asn651 and Ile652.
In the BRPF1/43 crystal structure (Fig. 8C), the head group of 43
binds in a similar way as 42, whereas thewater-mediated hydrogen
bond with the carbonyl group of Asn651 is lost. Compound 43 has a
pyridine ring corresponding to the thiazole of 42, and a different
tail group which occupies the ZA channel. Concerning intra-ligand
interactions, an intramolecular hydrogen bond between the oxa-
zole oxygen and the NH group of the amide linker seems to
contribute to the stability of the bound conformation of compounds
42 (Fig. 8A and B) and 43 (Fig. 8C).

A substructure search using 2,4-dimethyl-N-(thiazol-2-yl)oxa-
zole-5-carboxamide yielded a single molecule in the ZINC database.
Thus, we decided to perform a similarity search which yielded 15
analogues of compound 42 with a Tanimoto coefficient larger than
0.3. These 15 compounds were evaluated using the AlphaScreen
assay (Table S4). They all showedweaker potency than 42, probably
due to their head groups which are different from the oxazole of 42.
In the biochemical assays (BROMOscan and AlphaScreen), com-
pound 42 presented good selectivity over TRIM24 and BRD4(1)
bromodomains (Table 3). To further analyze potency and selectivity,
we measured the interaction of 42 with the bromodomains of
BRPF1 and BRPF2 by means of ITC. Compound 42 showed a KD of
10.9 mM on BRPF1 (which is consistent with the affinity of 3 mM and
30 mM measured by AlphaScreen and BROMOscan, respectively,
Table 3) while binding signal was not detected for BRPF2 (Fig. 8F).
Similar to 21 and 26, compound 42 appears to be another ‘enthalpic
efficient’ BRPF1 inhibitor, with DH of �7.9 kcal mol�1 and eTDS of
1.2 kcal mol�1. Crystal structure alignment of the BRPF1/42 com-
plex with apo BRPF2 clearly shows that the Pro658 is essential for
the selectivity over BRPF2 (Fig. 8D), as discussed above for the 2,3-
dioxo-quinoxaline derivatives. The structural overlap with the
BRD4(1) structure reveals potential clashes of compound 42 with
the side chains of Trp81 (in the WPF shelf) and Leu92 (Fig. 8E).
These bulky side chains are oriented towards the center of the
binding site in BRD4(1) while the corresponding residues in BRPF1,
Asn651 and Glu661, respectively, point outside.

3. Conclusions

Our previous high-throughput fragment docking campaign [31]
paved the way for the present structure-based hit-optimization
study. Pharmacophore and substructure searches combined with
orthogonal binding assays and X-ray crystallography have led to the
identification of a series of 1,4-dimethyl-2,3-dioxo-quinoxaline
derivatives, which are structurally different from previously re-
ported BRPF1 bromodomain inhibitors. Some of these compounds
showed low micromolar inhibitory activity towards the BRPF1
bromodomain, as confirmed by both biochemical and biophysical
assays. Among them, 21 is a 2-mM ligand of the BRPF1 bromodo-
main with >100-fold selectivity over other bromodomains. Co-
crystal structures of BRPF1 with this series of compounds
revealed interesting binding features, e.g., a water-bridged
hydrogen bond to the carbonyl of Gly650 in the ZA loop. More-
over, the X-ray structures provided structural insights into the
origin of selectivity and helped to explain the structure-activity
relationship. Molecular dynamics simulations were used to inves-
tigate the binding pose of 21 to BRPF1 and its flexibility. The anti-
proliferative activity on acute myeloid leukemia cell lines was
confirmed by cell viability assay with 26.

From another pharmacophore search, we discovered compound
42 which bears a 2,4-dimethyl-oxazole scaffold. The selective in-
hibition of 42 on BRPF1 over other bromodomains was demon-
strated by both biochemical assay and isothermal titration
calorimetry. Crystallographic study showed extensive hydrogen
bond interactions formed in the Kac pocket of BRPF1 upon binding
of 42. The chemotypes discovered in the present study exhibit
favorable physicochemical properties, for instance, three of the 1,4-
dimethyl-2,3-dioxo-quinoxaline derivatives have lipophilic effi-
ciency higher than 4.0. Moreover, the compounds 21, 26, and 42
show enthalpy-driven binding in isothermal titration calorimetry
measurements, which makes them suitable candidates for opti-
mization [48].

Taken together, a total of 74 small molecules identified in silico
were evaluated by biochemical and/or biophysical assays. Of these
74 small molecules, 57 compounds originated from the pharma-
cophore searches that made use of the crystal structure of the
BRPF1 bromodomain in the complex with 1-methyl-2-oxo-4H-

Table 2 (continued )

Cpd R1 R2 BROMOscan AlphaScreen

BRPF1 %Ctrla TRIM24 %Ctrla BRPF1 KD (mM) BRPF1 IC50 (mM) cLogPb [LiPEc] PDB Code

39 H 86 @75 mM 81 @75 mM ND ND e

40 H ND ND ND >200 e

41 H ND ND ND >200 e

a The single-dose value is the percentage of remaining binding of the competitor molecule with respect to DMSO solution at the compound concentration shown in mM; thus
lower values indicate stronger binding of the compounds.

b Calculated with ChemAxon.
c Lipophilic efficiency is calculated as LiPE¼ pIC50-cLogP. The AlphaScreen IC50 values are used for the pIC50, except for compounds 14 and 20 for which the BROMOscan KD

value was employed as the AlphaScreen was not performed. ND indicates data not determined. Compound 36 has N-ethyl substitutions instead of N-methyl.
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Fig. 4. Co-crystal structures of BRPF1 bound to 13 (A), 16 (B), 21 (C), 26 (D), and 36 (E). The conserved water molecules and other water molecules involved in ligand binding are
shown as pink and red spheres, respectively, while hydrogen bonds are shown by dashed lines. The 2Fo e Fc electron density maps are shown in blue mesh at a contour level of 1.0
sigma. (F) Overlap of the complex structures of BRPF1/13 (pink), BRPF1/16 (slate), BRPF1/21 (green), BRPF1/26 (yellow), and apo BRPF1 4LC2 (cyan). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Selectivity profile of compound 21. (A) Structural comparison of BRPF1/21 (white) with apo BRPF2 PDB code 3RCW (salmon). Dashed lines emphasize van der Waals contacts
with the side chain of Pro658 in BRPF1 which corresponds to Ser592 in BRPF2 (see text). (B) Structural comparison of BRPF1/21 (white) with apo BRD4(1) structure 2OSS (pink). (C)
Thermodynamic characterization of interactions of 21 with BRPF1 (black) and BRPF2 (red) by ITC. Thermographs, fit of integrated data and fit residuals are shown in the top, middle
and bottom panel, respectively. (D) Compound 21 was tested by means of AlphaScreen on bromodomains of BRPF1, BRPF2, BRPF3, ATAD2, BRD9, BRD4(1) and CREBBP. Error bars
indicate SEM. Binding is not observed for the off-targets even at a 200 mM concentration of compound 21. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 6. MD simulations of 21 in the complex with BRPF1 or BRPF2. (A) Time series of RMSD of compound 21 from the initial structure (blue) and distance between Nd atom of
Asn708 and 3-position oxygen atom of 21 (red). Three independent MD runs were started with randomly assigned velocities for the complex with BRPF1 (left) and BRPF2 (right). (B)
Histograms of the dihedral angle distribution of the sulfonamide linker of compound 21 in BRPF1 (red) or water (blue). Insets show the conformations of 21 in BRPF1. The vertical
line indicate the sulfonamide dihedral angle of �64� in the crystallographic pose (PDB code 5MWH). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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quinoxaline (PDB code 5EPS) and 17 compounds from the search
using an N-methyl-pyrazole derivative (compound 19 of Ref. [31];
PDB code 5EVA), respectively. The pharmacophore and substruc-
ture searches were restricted to the purchasable compounds. Since
the chemical diversity of the purchasable derivatives is limited it
was not possible to reach low nanomolar potency which usually
requires optimization by chemical synthesis of derivatives
[11,49,50]. The main goal of this work was the identification of
novel and selective BRPF1 ligands with structural information on
their binding mode. Towards this goal, we have solved 12 holo
structures of the BRPF1 bromodomain, nine complexes of BRPF1
with 1,4-dimethyl-2,3-dioxo-quinoxaline derivatives and three
complexes with 2,4-dimethyl-oxazole derivatives. We propose the
newly identified chemotypes and their structural information as
attractive starting points for further development by medicinal
chemistry.

4. Experimental

4.1. In silico screening

Two BRPF1 complex structures 5EPS and 5EVA were used for
pharmacophore search with ZINCPharmer [34]. The coordinate set
5EPS contains a fragment 3,4-dihydro-1-methylquinoxalin-2(1H)-

one, of which the carbonyl group on the quinoxaline ring was
defined as hydrogen bond acceptor, the hydrophobic methyl group
and the aromatic benzene are also included in the pharmaco-
phores. In 5EVA, BRPF1 is complexed with a compound that bears a
1-methyl-pyrazole head. Similar to the aforementioned fragment,
the methyl group on the pyrazole ring was used as hydrophobic
group and the nitrogen atom served as hydrogen bond donor. The
carboxamide and the aromatic difluorophenyl group were also
used as pharmacophores.

Pharmacophore search based on the structure 5EPS revealed a
series of compounds that possess either a 2,3-dioxo-4H-quinoxa-
line or a 3-methyl-2-oxoquinoxaline head. In total 365 such ana-
logues were assembled and docked into the 5EPS structure with
Autodock Vina after manual removal of the ligand. The conserved
six water molecules were kept in the Kac binding site and the
Glu661 was set to be flexible during docking. A filter of hydrogen
bonding to the conserved Asn708 was applied and 24 compounds
with a binding affinity< �6.5 kcal mol�1 were selected from 1753
docking poses for further experimental binding validation.

Substructure search based on fragment 9was performed against
the ZINC database using an RDKit-based python script. The
retrieved 1391 compounds were docked into the 5EPS structure
with Autodock Vina using same docking settings as described
above. Filters of hydrogen bonding to the Asn708, binding affinity
more favorable than �6.5 kcalmol�1, and a RMSD calculation
within 1Å using the fragment as reference were applied, resulting
in 3967 binding poses from 1174 compounds. These molecules
were parameterized with CGenFF [51] which is fully consistent
with the CHARMM36 force field. Next the binding poses were
refined by energy minimizationwith CHARMM [38]. The optimized
binding poses were rescored with a knowledge-based scoring
function DSX [40]. In total 1596 poses from 754 compounds sur-
vived when a cutoff of DSX score at �110 was applied. The binding
poses were visually inspected and 32 compounds were selected
based on chemical structure diversity and availability.

Compounds 42 and 43 were identified by the pharmacophore
searchwith structure 5EVA. The search for compounds similar to 42
was performed against ZINC database using a python script based
on RDKit [52]. Totally 16 analogues with Tanimoto coefficient
greater than 0.3 were selected for binding assay validation.

4.2. Chemistry

All compounds were purchased from Enamine Ltd. and Chem-
div. Their chemical structure was confirmed by HPLC-MS and
proton NMR analysis (Supporting Information).

Fig. 7. Cell viability assay of 26 in leukemia cell line THP-1 and normal human
fibroblast cell line BJ. The cells were treated with 26 for 72 h. Data points are triplicates
and error bars represent SEM.

Table 3
Derivatives of 2,4-dimethyl-oxazole identified in the second pharmacophore search.

Cpd 2D structure BROMOscan KD (mM) AlphaScreen IC50 (mM) ITC

KD (mM) cLogPa LEc PDB code

BRPF1 TRIM24 BRD4(1) BRFP1 BRD4(1) BRPF1 [LiPEb]

42 3.5 (n¼ 2) >50 >50 30.6 (n¼ 2) >200 10.9 2.13 [2.83] 0.29 5OWA
6EKQ

43 >75 (n¼ 2) ND ND ND ND ND e e 5O5H

a Calculated with ChemAxon.
b Lipophilic efficiency is calculated as LiPE¼ pIC50-cLogP, according to the ITC data.
c Ligand efficiency is calculated as LE ¼ (1.4/HA)� pKD, according to the ITC data. ND indicates data not aquired.
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4.3. BROMOscan assay

The BROMOscan assay was performed at DiscoveRx. T7 phage
strains were used to display bromodomains in an E. coli host
derived from the BL21 strain. Streptavidin-coated magnetic beads
were treated with biotinylated small molecule or acetylated pep-
tide ligands for 30min at room temperature to generate affinity
resins for bromodomain assays. Binding reactions were assembled
by combining bromodomains, liganded affinity beads, and test

compounds in 1x binding buffer (17% SeaBlock, 0.33� PBS, 0.04%
Tween 20, 0.02% BSA, 0.004% Sodium azide, 7.4mM DTT). Test
compounds were prepared as 1000� stocks in DMSO and subse-
quently diluted 1:10 in monoethylene glycol (MEG) to create stocks
at 100� the screening concentration (resulting stock solution is
10% DMSO/90% MEG). The compounds were then diluted directly
into the assays such that the final concentration of DMSO and MEG
were 0.1% and 0.9%, respectively. All reactions were performed in
polystyrene 96-well plates in a final volume of 0.135ml.

Fig. 8. Co-crystal structures of BRPF1 bound to 42 (A, B) and 43 (C). BRPF1/42 was crystallized in P21 (A) and C2 (B) space groups.The conserved water molecules and other water
molecules involved in ligand binding are shown as pink and red spheres, respectively, while hydrogen bonds are shown by dashed lines. The 2Fo e Fc electron density maps are
shown in blue mesh at a contour level of 1.0 sigma. (D) Structural comparison of BRPF1/42 (white) with apo BRPF2 structure 3RCW (salmon). (E) Structural comparison of BRPF1/42
(white) with apo BRD4(1) structure 2OSS (pink). (F) Thermodynamic characterization of interaction of 42 with BRPF1 (black) and BRPF2 (red) by ITC. Thermographs, fit of integrated
data and fit residuals are shown in the top, middle and bottom panel, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

J. Zhu et al. / European Journal of Medicinal Chemistry 155 (2018) 337e352 349



The assay plates were incubated at room temperature with
shaking for 1 h and the affinity beads were washed with wash
buffer (1� PBS, 0.05% Tween 20). The beads were then resus-
pended in elution buffer (1� PBS, 0.05% Tween 20, 2 mM non-
biotinylated affinity ligand) and incubated at room temperature
with shaking for 30min. The bromodomain concentration in the
eluates was measured by qPCR. Binding constants (KD) were
calculated with a standard dose-response curve using the Hill
equation. Curves were fitted using a non-linear least square fit with
the Levenberg-Marquardt algorithm. Assay results are shown in
Table S3 in Supporting Information.

4.4. AlphaScreen assay

The AlphaScreen assay was carried out at Reaction Biology. Re-
combinant His-tagged bromodomains, test compounds and bio-
tinylated H4(1-21)K5/8/12/16Ac peptide were delivered to a 384-
well OptiPlate and incubated at room temperature for 30min
with gentle shaking. Streptavidine donor beads and nickel chelate
acceptor beads were added to plates followed by incubation in dark
for 60min with gentle shaking. Recombinant bromodomains,
compounds, donor and acceptor beads were prepared as 4� stock
solution in the buffer of 50mM HEPES-HCl, pH 7.5, 100mM NaCl,
1mg/ml BSA, 0.05% CHAPS and 0.5% DMSO. Alpha signal (Ex/
Em¼ 680/520-620 nm) was measured with an EnSpire plate
reader. Dose-response curve was fit with GraphPad Prism 6 using a
nonlinear regression analysis model.

4.5. Protein production

BRPF1 bromodomain was purified as an N-terminal GST fusion
protein in E.coli as described previously. Purified protein was
changed into ITC buffer (50mM HEPES, pH 7.5 and 150mM NaCl)
using gel filtration chromatography for the use of ITC measure-
ments. The vector harboring N-terminal 6-His tagged BRPF2 bro-
modomain was purchased from Addgene (#25342). BRPF2 plasmid
was transformed to BL21-CodonPlus competent cells. Protein
expression was induced by adding 0.2mM IPTG to the TB medium
when OD600 reached 0.6e0.8, followed by overnight culturing at
18 �C. Harvested cells were disrupted using a French Press instru-
ment in the buffer of 50mM HEPES, pH 7.5, 300mM NaCl, 10mM
Imidazole, and 5% Glycerol. Lysate was loaded to a nickel affinity
column and contaminants were washed away using a buffer of
50mM HEPES, pH 7.5, 300mM NaCl, 25mM Imidazole and 5%
Glycerol. Target protein was purified using an elution buffer
(50mM HEPES, pH 7.5, 300mM NaCl, 250mM Imidazole and 5%
Glycerol). The 6-His tag was removed by TEV protease afterwards.
Finally, protein was purified using gel filtration chromatography in
the ITC buffer. Protein concentration (A280) was determined using
a NanoDrop spectrophotometer.

4.6. Isothermal titration calorimetry (ITC)

ITC experiments were carried out on a Microcal iTC200 instru-
ment (GE Healthcare) at 25� with a reference power of 10 mCal/s,
while stirring at a speed of 1000 rpm. Compounds were dissolved
in DMSO and were diluted into the ITC buffer at appropriate con-
centrations and equivalent amount of DMSO was added to protein
sample. Bromodomains at a concentration of 350e400 mM were
injected into cell containing 20e40 mM compounds (reverse titra-
tion). An initial control injection of 0.4 mL was applied and 150 s
spacing time between injections was set during titrations. Raw data
were integrated and baseline corrected using NITPIC [53] and were
analyzed with SEDPHAT [54] using a single-site binding model.
Thermographs were plotted with GUSSI [55]. Thermodynamic

parameters were calculated according to DG¼DH e TDS, where
DG, DH, and TDS are changes in free energy, enthalpy, and entropy
of binding, respectively.

4.7. Crystallization of BRPF1/ligand complexes

BRPF1 bromodomain was co-crystallized with inhibitors by
vapor diffusion in hanging drops at 277 K. Co-crystals of BRPF1with
compound 2, 7, 8, 9,16, 21, 26 and 43were grown bymixing protein
sample at 22mg/ml concentration with an equal volume of reser-
voir buffer of 0.1M Bis-tris propane, pH 6.5, 0.2M Sodium nitrate,
20% PEG3350. For soaking trials, apo BRPF1 crystals were obtained
under the same condition. Co-crystals of BRPF1 with 13 and 36
were obtained using well solution of 0.1M Bis-Tris propane pH7.4,
5% Ethylene glycol, 0.15M Sodiumnitrate and 25% PEG3350. BRPF1/
42 complex can be crystallized either against reservoir buffer of
0.2MMgCl2 and 20% PEG3350 or a buffer of 0.1M Bis-Tris propane,
pH 9.0, 10% Ethylene glycol, 0.15M Sodium nitrate and 25%
PEG3350.

4.8. Structure determination and refinement

Crystals obtained from co-crystallization or soaking were
screened for diffraction and data sets were collected at the Swiss
Light Source, Paul Scherrer Institute (Villigen, Switzerland),
beamlines X06DA and X06SA. Data reduction was performed with
XDS [56] and scaled with Aimless [57]. Structures were solved by
molecular replacement with Molrep [58] in CCP4 suite [59] using
apo BRPF1 structure 4LC2 as a search model. Structures were
refined with PHENIX [60] and were manually built with COOT [61]
for several rounds. Topology files of compounds were obtained
from the PRODRG server [62].

4.9. Molecular dynamics simulations

Molecular dynamics simulations were carried out with GRO-
MACS [63] on Cray XC40 compute nodes at Swiss National Super-
computing Center (6900 Lugano, Switzerland). The co-crystal
structure of BRPF1 in complex with 21 was used as starting coor-
dinate set with conserved water molecules kept in the binding site.
As in previous protein structure-based virtual screening campaigns
[64,65] the CHARMM36 force field [66] was used for the parame-
ters of BRPF1, the CGenFF [51] for those of compound 21, and water
was represented by the TIP3P model. All of the simulations were
run in a cubic water box with minimum distance between protein
andwater box edge of 12Å using periodic boundary conditions. The
systems were neutralized by adding Naþ and Cl� counter ions and
energy minimization was carried out for 10,000 steps. A 100-ps
NVT run followed by a 100-ps NPT run were performed to equili-
brate the system. The electrostatic interactions were calculated
with the particle mesh Ewald algorithm and all bonds were con-
strained using the LINCS algorithm. Production simulations were
carried out with a time step of 2 fs at constant temperature (300 K)
and pressure (1 atm). Snapshots were saved every 10 ps and
analyzed with built-in GROMACS tools.

4.10. Cell viability assay

AML cell lines THP-1 and HL-60, and normal skin fibroblast BJ
were purchased from Shanghai Institute for Biological Science. Cells
were maintained in RPMI-1640 medium (THP-1) and DMEM me-
dium (HL-60 and BJ) containing 10% (v/v) fetal bovine serum (FBS),
at 37 �C in a humidified atmosphere of 5% CO2. The growth inhib-
itory activity of tested compounds were measured using Cell
Counting Kit-8 according to manufacturer's instruction (Dojindo
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Molecular Technologies). Cells were seeded in 96 well plates in
100 mL media per well. Compounds and vehicle (DMSO) were
added at varying concentrations and cell cultures were incubated
37 �C for 72 h. Optical density at a wavelength of 450 nm was
measured using a plate reader (Epoch, BioTek). Dose-response
curves were generated and EC50 values were calculated using
non-linear regression analysis with GraphPad Prism 6. All mea-
surements were performed at least three times.

Accession code

The coordinate files of BRPF1 in complex with 2 (5O5A), 7
(5O5F), 8 (5O55), 9 (5O4T), 13 (5OV8), 16 (5MWG), 21 (5MWH), 26
(5O4S), 36 (5MWZ), 42 (5OWA and 6EKQ), and 43 (5O5H) have
been deposited to the Protein Data Bank. Authors will release the
coordinates and experimental data upon article publication.
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Molecular formula strings for ligands 1-43 (CSV).
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