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ABSTRACT: The 3-amino-2-methylpyridine derivative 1 was
identiﬁed as ligand of the BAZ2B bromodomain by automatic
docking of nearly 500 compounds, selected on the basis of
previous fragment hits. Hit expansion by two in silico
approaches, pharmacophore search followed by docking, and
substructure search resulted in ﬁve additional ligands. The
predicted binding mode of the six 3-amino-2-methylpyridine
derivatives was validated by protein crystallography. A small
displacement of residues 1894−1899 of the ZA loop is
observed for two of the six ligands. In all structures, the
pyridine head is involved in a water-mediated hydrogen bond
with the side chain of the conserved Tyr1901 while the 3-amino linker acts as hydrogen bond donor for the backbone carbonyl of
Pro1888. Heterogeneous orientations are observed for the tail groups (i.e., the 3-amino substituents). The sulfonyl group in the
tail of compounds 1 and 2 is involved in a hydrogen bond with the backbone amide of Asn1894.

■

X-ray crystallography.13 With this information in hand, a library
of nearly 500 compounds (available for purchase from
commercial vendors, see Methods) was assembled on the
basis of the main binding motifs observed in these fragment/
BAZ2B complexes (PDB codes 5DYX, 5DYU, 5E9K, 5E91,
and 5E9L). Here we report the identiﬁcation of a new ligand
(the 3-amino-2-methylpyridine derivative 1, Table 1) by a
combination of ﬂexible ligand docking and validation by X-ray
crystallography. In the subsequent hit expansion campaign, ﬁve
derivatives of 1 were identiﬁed as BAZ2B ligands (compounds
2−6, Table 1).

INTRODUCTION
Bromodomains are epigenetic reader modules that bind
acetylated lysines (Kac)1−4 as well as propionyllysines,
butyryllysines, and crotonylysines5 in histones and other
proteins. The human genome encodes 61 bromodomains as
part of 46 diﬀerent proteins which contain various additional
domains such as histone acetylases, methyltransferases, transcription factors, and helicases.6 The members of the BET
(bromo and extra terminal domain) subfamily of human
bromodomains have been extensively studied in recent years.
Potent and selective inhibitors have been developed that
proved extremely useful tools for the study of chromatin
biology;7 due to the involvement of these bromodomains in
various malignancies, 12 of these inhibitors are currently tested
in clinical trials.8 Less is known about the function of other
bromodomain-containing proteins such as BAZ2B (bromodomain adjacent to zinc ﬁnger domain protein 2B). As for BET
bromodomains, the development of potent and selective
inhibitors suitable for phenotypic proﬁling would help uncover
the biological role of BAZ2B. These could also prove
therapeutically beneﬁcial; single nucleotide polymorphisms in
the BAZ2B gene locus have been associated with sudden
cardiac death,9 while high BAZ2B expression levels were
correlated with poor outcome of pediatric B cell acute
lymphoblastic leukemia. BAZ2B was reported as one of the
least druggable bromodomains due to its unusually small Kacbinding pocket.10 Two potent BAZ2B inhibitors have been
disclosed recently.11,12
In a previous work, we identiﬁed by fragment docking four
diﬀerent scaﬀolds (adenine, imidazole, indole, and indazole)
and characterized their binding modes to the BAZ2B pocket by
© 2016 American Chemical Society
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RESULTS AND DISCUSSION
In Silico Screening. A library of 493 molecules was
screened in silico by docking (Figure 1A; see Methods for
details). The docked poses were ranked by a force-ﬁeld-based
energy function with approximation of desolvation eﬀects in the
continuum-dielectric representation, which led to the selection
of seven molecules for further investigation (compound 1 in
Table 1 and 10−15 in Figure S1 in the Supporting
Information). These molecules were tested experimentally by
soaking in apo crystals of the BAZ2B bromodomain. Electron
density for compound 1 was evident in the acetyl-lysine binding
pocket (Figure 2A). Importantly, the binding mode of the 2methylpyridine headgroup of compound 1 overlaps with the
one of 2-chloroimidazole (F275 in our previous fragment-based
in silico screening,13 PDB code 5E9K, Figure 2B) which is the
fragment that had caused the selection of 45 pyridines for the
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Table 1. In Silico Identiﬁed 3-Amino-2-methylpyridine Derivatives Binding to the BAZ2B Bromodomain As Validated by X-ray
Crystallography

a
Soaking experiments and IC50 (inhibitory concentration for 50% reduction of signal) measurements were performed with racemic mixtures of the
compounds. Values of IC50 were measured by the AlphaScreen assay.35 bThe ligand eﬃciency (LE) is the measured binding free energy divided by
the number of non-hydrogen atoms.

Figure 1. Schematic illustration of the in silico procedures. (A) First a focused library was screened by ﬂexible ligand docking which resulted in the
hit 1. (B) Expansion of hit 1 was performed by two independent approaches in parallel: pharmacophore search followed by docking, and
substructure search.

assemblage of the library of 493 compounds. Quantitatively,
upon structural alignment of the Cα atoms of BAZ2B (PDB
codes 5L96 and 5E9K), the distance between the 2-methyl of
compound 1 and the chlorine substituent of 2-chloroimidazole
is only 0.2 Å. Furthermore, the acceptor atoms that are involved
in the water-bridged interaction with Tyr1901 (pyridine
nitrogen and imidazole nitrogen in compound 1 and 2chloroimidazole, respectively) are at a distance of 0.4 Å.

In a second step (hit expansion), a total of 494 compounds
was identiﬁed in online databases by pharmacophore search
using the interactions observed in the crystal structure of the
complex between BAZ2B and hit 1 (Figure 1B; see Methods
for details). These 494 molecules underwent the same
procedure of docking and scoring but with more stringent
energy thresholds for ﬁnal selection. Six compounds survived
these ﬁlters, and three of them (compounds 4, 5, and 6; Table
1) were conﬁrmed as binders by soaking in apo crystals of
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Figure 2. Structural validation of the fragment-based in silico procedure. (A) The R-enantiomer of compound 1 in the Kac pocket of the BAZ2B
bromodomain is shown with its FO − FC map contoured at 3σ. (B) The 2-methylpyridine head of hit 1 (carbon atoms in green) matches the 2chloroimidazole fragment (carbon atoms in salmon). The structural overlap was obtained by spatial alignment of the Cα atoms of the BAZ2B
bromodomain in the complex with 1 (PDB code 5L96) and 2-chloroimidazole (PDB code 5E9K). The backbone NH of Asn1894 and CO of
Pro1888 are involved in hydrogen bonds with hit 1. (C) Structural alignment of the six structures of the complexes of the BAZ2B bromodomain
with ligands 1−6. The Cα atoms of BAZ2B were used for the alignment. Only two structures of BAZ2B are shown to avoid overcrowding, viz., the
structures with ligands 2 and 3. The ZA loop residues 1894−1899 show the largest displacement for ligand 2. The 3-amino-2-methylpyridine
derivatives 1−6 show identical binding mode of the headgroup. (D) Zoom-in on ligands 1−3 (left, ligands 1, 2, and 3 with carbon atoms in salmon,
green, and orange, respectively) and 4−6 (right, ligands 4, 5, and 6 with carbon atoms in salmon, green, and orange, respectively). All images were
rendered using PyMOL, version 1.7.0, Schrödinger LLC.

nitrogen atom is at a distance of 3.1−3.4 Å from the side chain
nitrogen of the conserved asparagine (Asn1944) and is involved
in a water-bridged hydrogen bond with the hydroxyl group of
the conserved tyrosine (Tyr1901). The 2-methyl substituent is
in van der Waals contact with the side chain of Phe1889. The 3amino group donates a hydrogen bond to the backbone
carbonyl of Pro1888. The terminal sulfonyl group of
compounds 1 and 2 is involved in a hydrogen bond with the
backbone nitrogen of Asn1894; additionally the same group in
compound 1 is in hydrogen bond contact with a water
molecule bridging it to the main chain carbonyl of Pro1892.
The sulfonyl group of compound 3 points in a diﬀerent
orientation with respect to compounds 1 and 2; the hydrogen
bond with the backbone nitrogen of Asn1894 is not direct but
instead mediated by a bridging water molecule (Figure S2 in
the Supporting Information). Another water molecule is
tetrahedrally coordinated by the other sulfonyl oxygen of
compound 3, the backbone oxygen of Trp1887, and nitrogen
atoms of Leu1890 and Leu1891. Compounds 4−6 have
double-ring tail groups that are bulkier than the tail groups in
1−3. They are partially solvent exposed and directed toward
the exit of the Kac-binding pocket, at an angle of about 90°
with respect to the pyridine headgroup. In comparison to
compounds 1 and 2, they have reduced interaction with
residues toward the end of the ZA loop (Asn1894, Leu1897,
and Val1898) while increasing van der Waals and hydrophobic

BAZ2B. Interestingly, despite a diversity of head groups in the
library of 494 analogues of hit 1, only one non-pyridine based
compound passed the thresholds for selection, the pyrazole
derivative 16 (Figure S1 in the Supporting Information) which
did not bind to the BAZ2B bromodomain in soaking
experiments. In parallel to the hit expansion by secondary
docking, a substructure search using hit 1 as query yielded 50
compounds. Three of these 50 derivatives of 3-amino-2methylpyridine were predicted as binders, and two of them
were conﬁrmed by X-ray crystallography (compounds 2 and 3).
The 2,6-dimethylpyridine 20 (Figure S1 in the Supporting
Information) was selected as negative control because it diﬀers
from the hit 1 only by a methyl group (in position 6 of the
pyridine ring), which was predicted to bump into the side chain
of Phe1943 and Tyr1901. As predicted, compound 20 did not
bind to the BAZ2B bromodomain in the soaking experiments.
X-ray Crystallography. In agreement with the docking
results, the six crystal structures of the BAZ2B bromodomain/
ligand complexes show essentially identical pose and
interactions of the 3-amino-2-methylpyridine headgroup
(Figure 2C). Its aromatic ring is fully buried within the ZAloop side chains Val1893 and Tyr1901 on one side of the
acetyl-lysine binding site, and Phe1943, Asn1944, and Ile1950
(the so-called gatekeeper) on the other side. The side chain of
the gatekeeper has been shown to inﬂuence the orientation of
the headgroup in a recent study that compared the binding of
acetyl indoles in three diﬀerent bromodomains.14 The pyridine
9921
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Figure 3. Comparison with selected BAZ2B bromodomain ligands reported in the literature. (A) Chemical structures of the previously disclosed
sub-μM inhibitor 7 (aﬃnity measured by ITC)12 and the low-μM acetyl indole derivatives 8 and 9 (aﬃnity measured by a competition binding
assay).14 (B) Overlap of the structures with the 3-amino-2-methylpyridine derivative 2 (carbon atoms in green, PDB code 5L8T) and the previously
disclosed inhibitor 7 (carbon atoms in salmon, PDB code 4RVR). (C) Overlap of 2 (carbon atoms in green, PDB code 5L8T) and the previously
disclosed inhibitor 8 (carbon atoms in salmon, PDB code 5E73). The structural alignment is based on the backbone atoms in the α helices.

the apo structure (PDB code 3G0L), which was solved in the
same space group as our six holo structures. It is interesting to
note that the ZA-loop segment 1894−1899 is shifted for the
two ligands that make a direct hydrogen bond to the backbone
NH of Asn1894 (compounds 1 and 2, Figure S2 in the
Supporting Information) whereas there is no shift for
compound 3 which is involved in a water-bridged hydrogen
bond with the backbone NH of Asn1894 and compounds 4−6
whose tail groups point away from the ZA loop. The side chain
of Leu1897 shows two diﬀerent orientations (tt rotamer, χ1 =
−172° in the complexes with compounds 1 and 2; mt rotamer,
χ1 = −65° in the other structures). Its tip is in contact with the
tail group of the ligand in the complexes with compounds 1 and
2 (which is likely to be related also to the aforementioned
displacement of the ZA-loop residues 1894−1899), while it
points far away from the binding site in the remaining
complexes and the apo structure. As observed in 20 crystal
structures of the BRPF1 bromodomain in complex with
diﬀerent fragments,15 the slightly narrower binding pocket in
some of the holo structures with respect to the apo
conformation is a consequence of the intrinsic plasticity of
the ZA-loop and the formation of optimal van der Waals
contacts between the ligand and the hydrophobic side chains of
Leu1897 and Val1898 on one side of the acetyl-lysine binding
pocket and the gatekeeper Ile1950 on the other side (Figure
2C). The side chain of the gatekeeper shows identical position
and orientation in all structures, including the apo form (PDB
code 3G0L). Thus, minor displacements of part of the ZA-loop
are suﬃcient to accommodate diﬀerent tail groups of ligands in
the BAZ2B bromodomain. It is worth noting that structural
disorder of the ZA loop of the BAZ2B bromodomain, as well as
other bromodomains, was observed in molecular dynamics
simulations by us16 and others.17

contacts with residues located on the opposite side of the
binding pocket entrance (Trp1887 and Ile1950).
All compounds have a chiral center next to the 3-amino
group. In the two highest-resolution structures (compounds 2
and 5 solved to 1.85 Å), electron density strongly indicates that
a single enantiomer is present or at least largely predominant.
While the R-enantiomer is preferred for compound 2, the Senantiomer of compound 5 is selected. Enantiomeric
preference is apparently related to the orientations of the
preceding nitrogen toward the carbonyl oxygen of Pro1888 and
of the following tail. For the other compounds, the lower
resolution (2.15 Å, 2.05 Å, 2.26 Å, and 2.0 Å for the complexes
with compounds 1, 3, 4, and 6, respectively) does not allow us
to clearly distinguish between the diﬀerent enantiomers.
However, geometrical and energetic considerations together
with the structural analogies with compounds 2 and 5 suggest
that the preferred stereoisomer has the R conﬁguration for
compounds 1 and 3 and the S conﬁguration for compounds 4
and 6. For these four ligands, we cannot exclude that both
enantiomers are bound in the crystals in a more balanced ratio.
The structural overlap of the six complexes shows that most
of the backbone and chains in the acetyl-lysine binding site are
conserved (Figure 2C). In this context, it is important to note
that 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 BCloop (residues 1943−1948) and the ﬁrst half of the ZA-loop
(residues 1887−1893), which starts at the Trp1887-Pro1888Phe1889 segment (the WPF shelf as in the BET bromodomains). In contrast, the ZA-loop residues 1894−1899 are
slightly shifted toward the tail group of the ligand in two of the
six structures (compounds 1 and 2). This displacement is
largest for Leu1897 whose Cα atom in the complex with
compound 2 is shifted by 1.3 Å from the corresponding atom in
9922
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Figure 4. Comparison of docked pose (carbon atoms in salmon) and binding mode observed in the crystal structure (carbon atoms in green). The
backbone of the protein chain with the ligand is rendered by a ribbon model (gray), and the neighboring protein chain in the crystal packing is
shown with side chains as sticks (dark blue). (A) The docked pose of 1 overlaps with the crystal structure despite the docking was carried out with
the enantiomer not observed in the crystal. (B−D) Crystal packing might inﬂuence the orientation of the tail groups of 4 (B), 5(C), and 6 (D).

Comparison with Previously Reported BAZ2B Ligands. It is interesting to compare our inhibitors with the
submicromolar compound 712 (Figure 3). The headgroup of
our inhibitors contains an aromatic nitrogen atom, which is
involved in a water-bridged interaction to the side chain of the
conserved Tyr1901, while the oxygen atom of the acetyl group
of 7 acts as hydrogen bond acceptor with the structurally
conserved water and the side chain of Asn1944. Furthermore,
the NH group in position 3 of the pyridine ring, which donates
a hydrogen bond to Pro1888, overlaps with an aromatic CH of
7 which is a weaker hydrogen bond donor. Concerning the
sulfonyl group of compounds 1−3, for only inhibitor 3 it points
in the same direction as the methylsulfonyl of 7. On the other
hand, as mentioned above, the hydrogen bond to the backbone
NH of Asn1894 is water-bridged for compound 3 and direct, as
in 7, for compounds 1 and 2 (Figure 3A) whose sulfonyl
groups point in a diﬀerent orientation than the one of 7.
Instead the orientation of the methylsulfonyl group in
compounds 1 and 2 is closer to the central amide linker of
recently reported acetylindole ligands 8 and 9 of the BAZ2B
bromodomain (Figure 3, PDB codes 5E73 and 5E74,
respectively)14 whose carbonyl group is also involved in a
direct hydrogen bond with the backbone nitrogen of Asn1894.
Overall, the structural overlaps show that despite their
signiﬁcantly smaller size, our 3-amino-2-methylpyridine-based
ligands 1−3 are involved in similar polar interactions with the
BAZ2B bromodomain as the previously disclosed 7 and the
acetylindole compounds 8 and 9. In other words, compounds
1−3 eﬃciently recapitulate the intermolecular hydrogen bonds
of signiﬁcantly larger compounds (ligand eﬃciency values are
discussed below).

It is also interesting to compare our hits to the natural ligand,
the Kac of histone tails. Two structures of the BAZ2B
bromodomain with acetylated histone peptides have been
reported.18 The hydrogen bonds of the acetyl group of the Kac
side chain4 are reproduced by our ligands. On the other hand,
the interactions with the carbonyl of Pro1888 and the backbone
NH of Asn1894 are not observed in the crystal structures with
the histone tail (Figure S3 in the Supporting Information).
Comparison of the Docking Poses with the Binding
Modes in the Crystal. As mentioned above, the pose of the 3amino-2-methylpyridine headgroup predicted by docking is
essentially identical as in the crystal structures (Figure 4).
Contacts between the ligands and the protein are consistent
and conserved. Main diﬀerences between the docking and
crystal poses involve compounds 4−6, where the tail groups
(dihydrobenzodioxine in compound 4, dihydrobenzodioxepine
in 5, and thienopyridine in 6) have a diﬀerent orientation in the
crystals. In the crystallographic packing, a symmetric protein
chain approaches the exit of the binding pocket with its
Pro1862 stacking against Trp1887. A continuous and mostly
hydrophobic surface, formed by the two symmetric chains, is
presented to the tails of compounds 4−6 (Figure 4B−D).
Indeed, Pro1862 from the neighbor chain is as close as 3.7 Å to
compound 4, 3.9 Å to 5, and 3.8 Å to 6. These crystallographic
contacts could be responsible, at least in part, for the diﬀerences
in the orientation of the tail groups observed between the
docking and the crystallographic poses. Moreover, the
degrading electron density for the more external atoms of
compounds 4−6, reﬂected by their higher B-factor values in
comparison with the rest of the ligand, indicates high ﬂexibility.
Aﬃnity of the Compounds to the BAZ2B Bromodomain. For racemic mixtures of three of the six compounds,
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methylpyridine derivatives that form a direct hydrogen bond
with the backbone NH of Asn1894. This displacement is not
observed in the structure of the BAZ2B bromodomain in
complex with 7 where the ZA loop is superimposable to the
apo structure. It is interesting to note that ﬂexibility of the ZA
loop was predicted by molecular dynamics simulations.16,17
Taken together, the crystal structures and binding aﬃnity
data suggest that optimization of the tail group for the 3-amino2-methylpyridine head (e.g., by Buchwald−Hartwig amination)
will require ﬁne-tuning of the interactions with a subset of
backbone polar groups and side chains of the ZA loop. These
include hydrogen bonds with the backbone carbonyl of
Pro1888 and the backbone amide of Asn1894, and nonpolar
interactions with the side chains of Pro1888, Leu1897, and
Val1898. Mainly hydrophobic functional groups attached at
position 4 and/or position 5 of the 3-amino-2-methylpyridine
head could result in favorable nonpolar interactions with the
side chains of Leu1897 and Val1898. The (water-bridged)
hydrogen bond to the backbone NH of Asn1894 could provide
selectivity against human bromodomains that have a Pro at the
same position of the ZA loop (e.g., the BRPF1 bromodomain
in class IV and members of class V) or a decreased accessibility
of that backbone NH group of the ZA loop.
In conclusion, while the high-micromolar aﬃnity is clearly
not suﬃcient for use of these compounds as chemical probes,
there is potential for optimization of compound 2 because of its
small size (240 g/mol) and good ligand eﬃciency (0.31 kcal/
mol per non-hydrogen atom).

high micromolar aﬃnity values were measured by the
AlphaScreen assay (Table 1 and Figure S4 in the Supporting
Information). Compound 2 is the tightest binder with a
favorable ligand eﬃciency19 of 0.31 kcal/mol per non-hydrogen
atom. Its higher aﬃnity with respect to compounds 1 and 3 is
consistent with the increased rigidity of the dioxothianyl moiety
that favorably orientates its sulfonyl group toward the backbone
nitrogen of Asn1894 (in compound 3 the H-bond is not direct
but mediated by a water molecule acting as a bridge). This is
also reﬂected by the diﬀerent mean B-factor values of the
terminal dimethyl(ene)sulfonyl group in compounds 1−3. In
compound 2, this value does not seriously deviate from the rest
of the molecule (45 Å2 as compared with 34 Å2 for the rest of
the molecule); in compounds 1 and 3, thermal motions for the
ﬁve terminal atoms are signiﬁcantly higher than for the other
part of the molecule (71 Å2 vs 46 Å2 for compound 1 and 83 Å2
vs 50 Å2 for compound 3). Compounds 4 and 6 show very
similar binding aﬃnity. This can be rationalized considering
that the most external part of the compounds, where they diﬀer,
does not interact with the protein matrix. As such, a very similar
binding aﬃnity is expected also for compound 5 (which was
not measured).
Because of their diﬀerent sizes, it is not possible to compare
directly the binding aﬃnity of the 3-amino-2-methylpyridinebased ligand 2 (16 non-hydrogen atoms) with the previously
disclosed BAZ2B inhibitors 7 (26 non-hydrogen atoms) or the
acetylindoles 8 and 9 (24 and 26 non-hydrogen atoms,
respectively). By use of the IC50 values obtained by the
AlphaScreen assay, the ligand eﬃciency of compound 2 (0.31
kcal/mol per non-hydrogen atom) is worse than the one of 7
(0.34 kcal/mol per non-hydrogen atom) and more favorable
than the one of 8 and 9 (0.26 and 0.27 kcal/mol per nonhydrogen atom, respectively).

■

METHODS

Library Assembly and Docking. A library of 493 molecules was
assembled manually from commercial vendors on the basis of the main
binding motifs observed in a previous fragment-based in silico
screening that resulted in crystal structures of complexes with adenine,
substituted imidazoles, indoles, and indazoles.13 The library consisted
of 117 purine, 116 benzopyrazole, 54 imidazole, 45 pyridine, 35
pyrazole, 29 benzimidazole, 26 triazole, 15 imidazolopyridine, 14
benzopyrrole, 10 tetrazole, 8 pyrrolopyridine, 7 pyrrole, 6 piperidine, 5
pyrrolopyrimidine, 2 acylbenzene, 2 benzodiazole, 2 pyrrazolopyridine
derivatives. The molecular weight of these molecules ranges from 83 to
503 g/mol with a median of 202 g/mol (Figure S5 in the Supporting
Information). The number of rotatable bonds ranges from 0 to 7 with
a median of 1. The number of hydrogen bond donors and acceptors
ranges from 0 to 5 with a median of 2 and from 1 to 12 with a median
of 3, respectively. A total of 1013 tautomers were generated using the
calculator plugins of Marvin 15.8.17, 2015, ChemAxon (www.
chemaxon.com). The resulting 1013 structures were docked without
constraint into the BAZ2B bromodomain Kac binding pocket (PDB
code 5E73) using RDock,20 100 runs per molecules. Six water
molecules4 were kept as part of the bromodomain binding pocket.
The 101 300 docked poses were ﬁltered for a hydrogen bond with
the conserved asparagine of the bromodomain (Asn1944) by a Python
script. The geometrical thresholds used were <4 Å for the distance
between the asparagine side chain nitrogen and any acceptor atom of
the docked molecule and >110° for the donor-H-acceptor angle.
These rather generous thresholds are appropriate because the docking
poses were further minimized. The remaining 19 669 poses (of 482
molecules) were parametrized using the CHARMM general force ﬁeld
CGenFF,21 which is fully consistent with CHARMM36 all-atom force
ﬁeld22,23 employed for the protein. Docked pose were minimized using
CHARMM,24 through 500 steps of steepest descent minimization and
10 000 steps of conjugate gradient minimization, with a tolerance
gradient of 0.01 kcal/(mol Å), which was reached in all cases. The
dielectric constant was set to 4r (where r is the distance between
atomic nuclei, i.e., positions of partial charges) to take into account the
shielding eﬀect of aqueous solvent and still be computationally

■

CONCLUSIONS
We have used the structural information on fragment binders to
the BAZ2B bromodomain to prepare a library of nearly 500
compounds that recapitulate the main interaction motifs
observed in our previously reported crystal structures.13
Docking of this library followed by hit expansion has resulted
in six ligands, which is an overall success rate of 37.5% as only
16 compounds were tested by soaking experiments (Figure 1).
Three main results emerge from the analysis of the crystal
structures of the complexes with the original hit 1 and its
derivatives 2−6. First, the 3-amino-2-methylpyridine head of
compounds 1−6 maintains the orientation and the interactions
observed in the original 2-chloroimidazole scaﬀold13 (Figure
2B). The tail groups, which are partially solvent exposed, show
heterogeneous orientation.
Second, the hydrogen bond with the backbone NH of
Asn1894 can be either direct as for compounds 1 and 2, the
two recently disclosed acetylindole ligands 8 and 9 (PDB codes
5E73 and 5E74, respectively),14 and the nanomolar ligand 7
(PDB code 4RVR) or water-bridged as in compound 3.
Interestingly, the dioxothianyl tail of the strongest binder (i.e.,
compound 2) is involved in a direct hydrogen bond with the
main chain NH of residue 1894 as in 7, although assuming a
diﬀerent orientation (Figure 3B).
Third, the binding site structure is essentially identical in the
six structures of compounds 1−6 and the apo form (PDB code
3G0L). A minor rigid-body displacement of residues 1894−
1899 of the ZA loop is observed in the structures with
compounds 1 and 2 which are the only 3-amino-29924
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eﬃcient.24 Upon minimization, the electrostatic component of the free
energy of binding of the docked molecule to the protein was estimated
using a single-point calculation of solvation eﬀects with a ﬁnitediﬀerence Poisson equation grid-based solver to take into account the
presence of solvent within the continuum dielectric approximation.25
The dielectric constant was set to 4 in the protein core and to 78.5 for
the water phase. The six explicit water molecules were kept frozen and
considered to be part of the solute; i.e., the space occupied by these
structural water molecules was assigned a dielectric constant of 4 for
the ﬁnite-diﬀerence Poisson calculation.
Primary in Silico Screening; Identiﬁcation of the Initial Hit
(Compound 1). Charged and neutral compounds were ranked
separately because the ﬁxed partial-charge approximation does not
capture polarization and induced-charge eﬀects which are more
pronounced for compounds with formal charges.26 Compounds
without formal charges were discarded if their electrostatic component
of the free energy of interaction was less favorable than the free energy
of hydration (vacuo to water transfer free energy calculated by the
ﬁnite-diﬀerence Poisson solver), referred later as “ΔΔG”. Charged
compounds with a calculated binding free energy per non-hydrogen
atom (“ΔGeff”) less favorable than −1 kcal/(mol HAC), where HAC =
heavy atom count, were also ﬁltered out. Only 553 poses (out of
19 669 generated by docking) satisﬁed these criteria. These 553 poses
corresponded to 22 unique molecules, which were visually inspected.
Empirically determined as unrealistic binding modes were discarded,
compound availability and price were checked, ending with a restricted
selection of seven molecules (compound 1 Table 1 and compounds
10−15 Figure S1 in the Supporting Information) to test
experimentally.
Selection of Derivatives of the Initial Hit. A total of 494
molecules were selected on the basis of a pharmacophore search.
Chemical features of 1 were used on ZINCPharmer:27 position of the
hydrogen bond donors and acceptors and the direction from where
they can accept/donate hydrogen bonds and the position of
hydrophobic core of the pyridine group of 1. The resulting library
of 494 analogues of compound 1 was docked and energy minimized as
for the primary in silico screening. The only diﬀerence was the use of
more stringent ﬁlters for the minimized poses. The thresholds for
neutral compounds was −0.3 kcal/mol (0.0 in the primary in silico
screening) and for charged compounds −1.5 kcal/ (mol HAC) (−1.0
kcal/(mol HAC) in the primary screening). Six compounds, excluding
unavailable molecules, survived these ﬁlters and were purchased for
further experimental testing (compounds 4−6 Table 1 and
compounds 16−18 Figure S1 in the Supporting Information).
In parallel to the selection by pharmacophore search and docking,
50 molecules containing 1 as a substructure were identiﬁed on the
PubChem database.28 These 50 molecules were not present in the
library for the primary in silico screening and were not docked. On the
basis of their 2D similarity to 1 and expected interactions, four
derivatives of hit 1 were purchased (compounds 2−3 Table 1 and
compounds 19 and 20 Figure S1 in the Supporting Information). One
of these four molecules, the 2,6-dimethylpyridine 20, diﬀers from 1 by
only one additional methyl (in position 6). This additional methyl was
predicted not to ﬁt in the BAZ2B bromodomain pocket. Nevertheless,
compound 20 was still purchased as negative control because most of
the 50 derivatives of 1 have the 2,6-dimethylpyridine head, and
compound 20 is the most similar to hit 1.
Compound Purity. All compounds were purchased form ChemSpace. The purity of the molecules was analyzed by HPLC−MS and is
≥95%.
AlphaScreen Experiments. The AlphaScreen assay consists of a
donor bead that is able to transfer singlet oxygen to an acceptor bead
that is in the proximity. As a consequence, the acceptor bead emits a
luminescent signal. In the presence of a BAZ2B bromodomain ligand,
the donor/acceptor complex is disrupted leading to a loss of singlet
oxygen transfer and loss of the signal.35 The AlphaScreen assay was
carried out at Reaction Biology Inc. using the histone H3 peptide(121)K9,K14Ac-biotin-OH. Compounds were tested at 10 doses with
1.5-fold serial dilution starting at 500 μM or 1000 μM.

Protein Production. BAZ2B bromodomain (aa. 1858−1972) was
expressed overnight in E. coli BL21-DE3 at 18 °C by adding 0.5 mM
IPTG to an exponentially growing culture. The 6xHis-tagged protein
was puriﬁed by coupled DEAE-IMAC and eluted stepwise with
increasing concentrations of imidazole. Buﬀer was exchanged and the
tag removed with TEV protease. BAZ2B bromodomain was further
puriﬁed by a second IMAC and a SEC using a Superdex 75 column.
Protein was concentrated to 15 mg/mL and frozen in liquid nitrogen.
Crystallization and Soaking. BAZ2B bromodomain was crystallized by vapor diﬀusion in sitting drops at 4 °C. Crystallization buﬀer
(pH 7.5) is composed of PEGs of diﬀerent lengths PEG500MME
(18−21%), PEG1000 (0−7%), PEG3350 (0−7%), PEG20000 (9−
11%) and also contains MPD (0−7%). Overnight soaking of the
compounds was performed by transferring the apo crystals in a soaking
solution composed of 32% PEG500MME and 16% PEG20000 in
which compounds were previously dissolved. Compounds were tested
at 50 mM if soluble at this concentration; less soluble compounds
were tested at saturating concentrations. Soaked crystals were frozen in
liquid nitrogen. Soaking of the compounds is achieved at the same
time with back-soaking of MPD, which is known to bind in the Kac
pocket of diﬀerent bromodomains;13 also DMSO was avoided, as it
can compete with fragments for the binding in the same site.29
Data Collection and Structure Solution. Diﬀraction data were
collected at the Elettra Synchrotron Light Source (Trieste, Italy),
XRD1 beamline. Data were processed with XDS30 and Aimless;31
structures were solved by molecular replacement with Phaser32 using
PDB code 4IR5 as a search model. Initial models were reﬁned
alternating cycles of automatic reﬁnement with Phenix33 and manual
model building with COOT.34 Data collection and reﬁnement
statistics are reported in Table S1.
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