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ABSTRACT: Bromodomain-containing proteins are key epigenetic regulators
of gene transcription and readers of the histone code. However, the therapeutic
benefits of modulating this target class are largely unexplored due to the lack of
suitable chemical probes. This article describes the generation of lead molecules
for the BET bromodomains through screening a fragment set chosen using
structural insights and computational approaches. Analysis of 40 BRD2/fragment
X-ray complexes highlights both shared and disparate interaction features that
may be exploited for affinity and selectivity. Six representative crystal structures

are then exemplified in detail. Two of the fragments are completely new

bromodomain chemotypes, and three have never before been crystallized in a bromodomain, so our results significantly extend
the limited public knowledge-base of crystallographic small molecule/bromodomain interactions. Certain fragments (including
paracetamol) bind in a consistent mode to different bromodomains such as CREBBP, suggesting their potential to act as generic
bromodomain templates. An important implication is that the bromodomains are not only a phylogenetic family but also a
system in which chemical and structural knowledge of one bromodomain gives insights transferrable to others.

B INTRODUCTION

The epigenetic mechanisms that control gene expression offer
exciting and largely untapped possibilities for drug discov-
ery.' > These mechanisms include methylation of DNA as well
as the post-translational modifications (PTMs) of the nucleo-
some that govern chromatin remodeling and transcription.
Histone PTMs are dynamically added and removed by a range
of enzymes, many of which have been the target of drug
discovery efforts, including acetyltransferases, deacetylases, and
methyltransferases.* The reader or effector domains that recog-
nize these modifications have been less intensively pursued as
therapeutic targets.”® As mediators of protein—protein
interactions, the general perception is that they may be poorly
tractable to small-molecule intervention. Recent discoveries of
low-molecular-weight inhibitors of bromodomains’ "
MBT reader domains,'**> however, challenge this view.

One histone PTM that regulates DNA replication is lysine
acetylation,'® modulated through histone deacetylases and acetyl-
transferases (HDACs and HATs). While there are many domain
classes that recognize lysine methylation, such as chromodomains
and Tudor domains, the bromodomain is the sole reader module
for acetyl-lysine (AcK).® These small domains (~110 residues)
are found within many chromatin-associated proteins such as
HATSs and are part of the machinery that ensure the fidelity of
interpreting the so-called “histone code”. There are at least 56

and

bromodomains in 42 proteins encoded by the human genome.?
Occasionally, two or more modules occur in a single polypeptide,
as in the BET family of tandem bromodomain-containing proteins:
BRD2, BRD3, BRD4, and BRDT."
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Blocking the acetyl-lysine binding site of bromodomains
prevents recognition of acetylated histone tails and alters the
process of chromatin remodeling. Small molecules that prevent
histone binding in vitro can produce profound in vivo biological
responses. The most potent and selective bromodomain
inhibitors disclosed to date (I-BET and JQ1) target the BET
bromodomains. Prophylactic and therapeutic dosing of I-BET762
dramatically suppressed cytokine expression and promoted
survival in an acute murine model of LPS induced endotoxic
shock.” Administration of JQ1 in two mice xenograft models of a
rare, rapidly fatal, NUT midline carcinoma significantly inhibited
tumor growth.11 As bromodomains are involved in the regulation
of many genes, the therapeutic potential of inhibitors is likely to
span other disease areas. For example, in addition to links to
oncology and inflammation, members of the BET family have
roles in adipogenesis and viral infection.”'® Indeed, compounds
related to I-BET762 upregulate ApoAl,'® supporting their addi-
tional potential as metabolic agents.

Both I-BET and JQI originated from phenotypic cellular
screens. To discover new classes of bromodomain inhibitors,
we adopted a structure-based design approach exploiting the
wealth of public and proprietary structural information.
Numerous bromodomain crystal structures have been reported,
including those of all the BET family members."”>* These
show a common fold of four antiparallel @ helices, with the
peptide recognition pocket located within loops at one end of
the helical bundle.”> Most have been crystallized without a
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binding partner because few cognate peptides and even fewer
small molecule ligands are known. Consequently, although the
architecture of these domains is well established, understanding
of the elements necessary to achieve high affinity binding is
only beginning to emerge.

At the time of submission of this manuscript and prior to
very recent online publications,”®*” only a handful of small
molecule inhibitors had been reported and even fewer had
published crystallographic binding modes. Aside from ana-
logues of the benzodlazeplne I-BET762,”'° the similar
thienodiazepine JQI1,"" and fragments 6 and 7°* (which will
be discussed in greater detail below), only two bromodomain
X-ray complexes of other chemotypes had been reported

(Figure 1).
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Figure 1. (A) The benzodiazepine 2 is a mimic of acetyl-lysine 1.
Arrows show conserved hydrogen-bonds to the AcK-site asparagine
(Asn156 in BRD2) and bridging water. Methyl groups of the two
compounds occupy a small lipophilic pocket. (B) All other compounds
crystallized in bromodomains to date (excludmg analogues of 2,
fragments 6 and 7, and 3,5-dimethylisoxazoles***”~**). From right to
left: JQ1 with BET bromodomalns,11 triazole with BAZ2B
bromodomain,”* reported benzimidazole with BRD2 bromodomain.'>

We were fortunate to have access to bromodomain crystal
structures in which the AcK pocket is occupied by small
molecules from multiple chemical series, including benzodia-
zepines such as - BET762 and others yet to be disclosed. These
show the detailed interactions by which the bromodomain
recognizes small molecules. The clustering of compounds in the
AcK site suggested that fragment-based drug discovery (FBDD)
could be used to pursue new classes of inhibitors. This approach
seeks to find small (MW < 250 Da) but efficient compounds as
starting points for optimization by high-concentration screen-
ing.**7*° FBDD has several advantages: one is that because the
size of fragment chemical space is far smaller than that of larger
molecules, smaller screening sets are needed to discover hits>' A
disadvantage is that the interactions are weak and may be difficult
to distinguish from noise and artifacts. FBDD has been attempted
previously for bromodomains using NMR as the detection tool,
and fragments that bind to PCAF”** and CREBBP*" were
found. In one study,® a targeted screening set of compounds
closely related to acetyl-lysine, containing a —~NHCOCH; group
linked to aromatic rings, was screened in a 2D 'H—"*N-HSQC
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assay. Hits with potency of ~20 yM were identified and modeled
into the binding site with the help of NMR data. Binding mode
prediction without crystallography is challenging because of the
solution flexibility of the binding site loops and recent insights
that key interactions are mediated by water molecules, which are
more difficult to place by NMR techniques. The scarcity of bro-
modomain/small molecule X-ray complexes in the public domain
also hinders reliable modeling,

Here we report the results from screening a chemically
diverse, focused fragment set of putative AcK mimetics, assembled
using an extensive proprietary X-ray structural knowledge-base,
against the BET bromodomains. Multiple chemically diverse hits
have been identified and confirmed using orthogonal methods.
Most significantly, the binding modes of over 40 of these have
been elucidated by X-ray crystallography. We present examples
of some of the ways in which diverse chemical templates can
antagonize the bromodomain—AcK interaction. A following
report exemplifies the optimization of a fragment hit through
structure-based design to give a series of efficient compounds with
cellular anti-inflammatory activity.*®

B RESULTS

Fragment Screening. Since discovering the BZD inhib-
itors of the BET famlly bromodomains using an Apo-Al
upregulator assay,”'® we have found additional chemical series
by a number of complementary approaches including high-
throughput biochemical screening and rational design. The
binding of diverse chemotypes has been characterized by X-ray
crystallography. This structural knowledge base provides an
invaluable resource for drug discovery. We have found that
inhibitors showing little chemical similarity to each other share
common binding features. For example, I-BET762 (2) shows
no obvious resemblance to the AcK side chain that binds within
the same pocket (Figure 1A). However, both ligands form
hydrogen bonds to two highly conserved side chains: directly to
an asparagine (Asn156 in BRD2) and indirectly via water to a
tyrosine (Tyr113 in BRD2). This bridging water molecule is
part of an extensive hydrogen-bonded water network buried
deep within the acetyl-lysine site. Similarly, the methyl groups
of both ligands occupy a small pocket formed in part by the
side chain of Phe99. This molecular mimicry is illustrated in
Figure 1A. Conserved residues responsible for these inter-
actions are highlighted in the phylogenetic tree and alignment
(Figure 2AB).

Upon the basis of observations from our structural know-
ledge-base, we assembled and screened a focused set of fragments
that contain an AcK-mimetic. Each has hydrogen-bonding func-
tionality and a small alkyl substituent as indicated in Figure 1A.
The GlaxoSmithKline compound collection and externally
available databases were searched for molecules that satisfied this
arrangement of features. Screening was carried out against BRD2,
BRD3, and BRD4 using a fluorescence anisotropy (FA) assay.
Compounds were screened in duplicate at 200 uM, a relatively
low concentration for a fragment screen, but the FA assay proved
a robust, low-resource, and sensitive platform able to identify
weak fragment hits (Supporting Information, Figure S1). Of 1376
compounds tested, 132 showed >30% displacement of the
fluorogenic ligand from at least one of the tandem BET proteins.
Hits were subsequently retested at full curve in the FA assay and
in a TR-FRET peptide-displacement assay.

Fragment Crystal Structures. Direct target engagement
was confirmed using X-ray crystallography. Compounds were
soaked at high concentration into apo crystals of the N-terminal
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Figure 2. Sequence and structural relationships. (A) Bromodomain phylogenetic tree® showing those for which X-ray structures are publicly
available. Key residues of “typical” bromodomains are marked: blue = AcK-binding asparagine (BRD2 Asnl56); green = water-binding tyrosine
(BRD2 Tyr113); red = gatekeeper (BRD2 Tle162)."° (B) Sequence alignment of several bromodomains. Conserved residues are indicated (colored
as in Figure 2A, and gray = WPF motif, BRD2 97—99). Above the alignment, colored boxes show fragment contact frequency in 40 X-ray complexes,
scaled from white (never) to dark-blue (100%). (C) The structure of the asymmetric unit of BRD2 BD1 (chain A blue, chain B orange, chain C
green). Yellow spheres are AcK sites. (D) Surface of BRD2 BDI, colored by contact frequency as in Figure 2B. Red spheres show conserved water

clusters described in the text.

bromodomain of BRD2 (BRD2-BD1). This C2 crystal system
contains three molecules in the asymmetric unit (chains A—C,
Figure 2C). Chains A and B form an extensive parallel interface
involving the length of the B and C helices of both helical
bundles. Chain C has a relatively small interface between its ZA
loop and the N-terminus of chain A. As residues of the ZA loop
form part of the binding site, this can hinder access of larger
molecules to the acetyl-lysine pocket of chain C. The
fragments, however, were small enough to show consistent
occupancy and binding interactions at all three sites.

The robustness of the crystal system allowed many different
BRD2/fragment complex structures to be solved. Forty of these
complexes with diverse fragments bound have been analyzed.
First we examined which of the hydrogen-bonding interactions
(arrows in Figure 1A) are essential. The fragment atom closest
to the bridging water associated with Tyrl13 is invariably
nitrogen or oxygen, satisfying its H-bonding potential. Rarely,
the closest ligand atom to Asn156 is carbon, but in these cases
this interaction is usually longer range (Figure 3). Even when
both of these interactions involve ligand heteroatoms, the
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Figure 3. Plot of the distance between the ligand and the Asn156 side
chain nitrogen against that between the ligand and the bridging water
molecule for 40 diverse BRD2/fragment complex structures. Symbols
show the element of the ligand heavy atom closest to Asn156 (crosses =
nitrogen or oxygen, circles = carbon).

fragment is almost always closer to the bridging water than to
Asnl156. Altogether, this suggests that the H-bond interaction
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with the bridging water dominates that with the asparagine but
that both influence ligand positioning. We also analyzed the
positions of bound water molecules within the complexes. In
addition to the deeply buried water molecules within the AcK
pocket, three others were consistently conserved (Figure 2D).
Two waters cap the N-terminus of the C-helix, H-bonding to
the backbone NH atoms of Asp161 and Ile162, while the third
caps the C-terminus of the B-helix, H-bonding to the carbonyl
oxygen of TyrlSS.

In the sequence alignment of Figure 2B and the surface
representation of BRD2-BD1 (Figure 2D), each residue is
colored by its frequency of fragment binding (the fraction of
the 40 representative structures in which the residue interacts
with the bound fragment with a heavy-atom distance <4.5 A).
Figure 2D therefore summarizes the preferred interaction
surface and low-energy water molecules involved in efficient
AcK-mimetic binding to BRD2-BD1. An alignment of this
domain with other bromodomains within and beyond the BET
family (Figure 2A,B) highlights the preservation of most of the
key interaction residues between members of this target class.
“Typical” bromodomains have a conserved tyrosine (Tyr113 in
BRD2) to coordinate the active site bridging water molecule, an
asparagine equivalent to Asn156, and valine or isoleucine at the
“gatekeeper” position equivalent to Ile162, as well as other
conserved positions near the AcK site. Our interaction analysis
suggests that our fragments are unlikely to discriminate
between BET family members, a conclusion confirmed by the
strong correlation of activities found (Supporting Information,
Figure S1). Unsurprisingly, structures of pan BET compounds
within different BET family bromodomains display indistin-
guishable binding modes."

We next discuss the detailed binding modes of some
representative fragments 3—7 (Table 1). All bind in the acetyl-

Table 1. Molecular Weight and Activity of Fragments 3—7“

5 6 7
OH § \>
HN/ij 1NH Q
N
Me/&o M —< o

3
/N %
e O Me
Compound 3 4 LE of 4 5 6 7
MW 189 236 151 162 99
FA BRD2 44% 12.6 M  0.37 11% 12% <5%
@ 100uM BRD3 44%  63uM  0.40 7% 14% <5%
BRD4 42% 100uM 038 <5% 9% <5%
BRD2 44% 2.0uM 043 6% 23% <5%
g—SFOITJEMT BRD3 29% 25uM 043 19% 22% <5%
BRD4 35% 2.0 uM 0.43 12% 25% <5%

“Activities are expressed as %I at the top screening concentration (100
UM for the FA assay and 50 uM for the TR-FRET assay) or as ICq,
(mean of at least four replicates) for 4. Ligand efficiency (LE) of 4 is
shown: LE =~ 1.37(pICsy/number of heavy atoms). The LE of 3 ~
0.39, based on ICyy &~ 100 uM.

lysine pocket of BRD2-BD1 as intended, mimicking the inter-
actions highlighted in Figure 1A.
N-Acetyl-2-methyltetrahydroquinoline. The racemic
N-acetyl-2-methyltetrahydroquinoline (THQ) 3 had similar
activity in the FA and TR-FRET assays (Table 1). The 2.05 A
BRD2-BD1 X-ray structure reveals the atomic details of binding
to the AcK pocket, as well as that the configuration that binds is
the S-enantiomer (Figure 4, Figure S). Figure 4B shows the
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complex in the same orientation as Figure 4A, the highly
homologous BRDT bound to an acetylated histone H4 peptide.”
In accord with the design strategy of the focused set, the amide
substituent of 3 mimics the acetyl carbonyl of the AcK side chain,
forming the interactions with Asnl56 and the bridging water
molecule described earlier. Its methyl group also binds in the
same pocket as the AcK methyl, adjacent to Phe99. The THQ
ring fills the lipophilic part of the pocket, with the aromatic
portion between Pro98 and Leul08 and the aliphatic part of the
ring lying against the gatekeeper residue Ile162. The S-configura-
tion of the C2 atom of the THQ ring places the 2-position methyl
group into another small lipophilic pocket which is not occupied
by the acetyl-lysine side chain. This makes hydrophobic contacts
with the side chains of Vall03, Leul08, Leull0, Tyr113, and
Tyr1SS. The hydrogen atom at the THQ ring 2-position points
directly toward the carbonyl oxygen of the Asnl56 side chain.
The distance between the C2 atom and Asnl56 is 3.3 A, close
enough that the methyl of the R enantiomer would clash and
prevent binding.

The THQ template is more rigid and makes more
interactions than the native AcK side chain and is an appealing
starting point for chemistry because of its chemical tractability
and high binding efficiency. It achieved almost 50% inhibition
at 100 M in the FA assay, giving it an approximate ICy, of 100
uM and ligand efficiency (LE) of around 0.39 (Table 1), which
compares favorably to the next fragment we will describe.

1-(1-(Pyridin-2-yl)indolizin-3-yl)ethanone. Fragment 4
is a more potent hit than 3 (Table 1), doubtless because of its
greater size. Crystallography shows that 4 has a similar binding
mode to 3, utilizing a methyl ketone template to mimic the
acetyl-lysine headgroup (Figure 4C). Aside from this motif, the
remaining interactions with the protein are all lipophilic in
nature. The indolizine ring fulfils an analogous role to the
saturated part of the THQ ring, sandwiched between the
gatekeeper Ile162 and Leul08/Leull0. The 2-pyridyl substituent
at the 1-position of the indolizine fills a further lipophilic space
between Leul08 and the side chains of TrpS7 and ProS8 of the
WPF motif. The only accessible polar atom is the pyridyl nitrogen.
No protein atoms or visible water molecules are sufficiently close
to contact this nitrogen, so the pyridine may adopt a position
rotated by 180° from that shown. As 4 had good potency and
ligand efficiency (ICq, ~ 2 uM, Table 1), it was tested in a cellular
inflammation assay. We used an IL-6 inhibition assay, as this
cytokine has been shown to be regulated by BET inhibitors.”
Surprisingly for such a small compound, it showed reproducible
inhibition of IL-6 release from LPS-stimulated PBMC cells, with
ICsy ~ 14 uM (pICyy 4.9 + 0.2, mean of n = 4).

Acetaminophen (Paracetamol). After viewing the essen-
tial binding features of 4, we tested one of the most commonly
used drugs, acetaminophen (paracetamol, §), for its ability to
bind to the BET bromodomains. While acetaminophen was
found to be a very weak fragment, with an undetectable
inhibition in the FA assay at 100 pM, its structural similarity to
4 suggested that it could satisfy many of the common features
required for occupation of the acetyl-lysine pocket. To test this,
crystals of BRD2-BD1 were soaked with high concentrations
(~10 mM) of 5. The resulting 1.91 A structure (Figure 4D)
shows unequivocally that 5 binds in a consistent and predicted
fashion within the AcK pocket of all three chains of BRD2-
BD1. Gratifyingly, its binding mode overlays perfectly with that
of compound 4 (Figure 4C,D). The phenyl ring of § follows
the path of the bound acetyl-lysine side chain, sandwiched
between the lipophilic side chains of Ile162 on one side and

dx.doi.org/10.1021/jm201320w | J. Med. Chem. 2012, 55, 576—586
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Figure 4. X-ray structures in the same orientation (with ZA loop at the back). Each complex in B—G is shown alongside the ligand molecular surface
colored by electrostatic potential (red = negative, blue = positive). The part of each ligand that acts as the acetyl-lysine mimetic is circled with a
dotted line. (A) Complex between BRD2-BD1 (blue) and BZD 1 (green). Acetyl lysine taken from the complex with mouse BRDT-BD1 and
histone H4 (1—20, KSAc K8Ac)™ is shown in yellow. Four conserved water molecules are shown as small red spheres with their interactions as gray
broken lines. BRD2 residue numbering is identical in Figures 2A—D,F,G. The gatekeeper Ile162 lies toward the front of the view and has been
removed for clarity. (B) Complex between BRD2-BD1 and 3, the tetra-hydroquinoline (green). (C) Complex between BRD2-BD1 and 4 (cyan).
(D) Complex between BRD2-BD1 and §, acetaminophen/paracetamol (yellow). (E) CREBBP bromodomain (green) complexed with § (yellow).
(F) Complex between BRD2-BD1 (blue) and 6 (magenta). (G) Complex between BRD2-BD1 and 7, N-methylpyrrolidin-2-one (orange).

Leul08 and LeullO on the other. The phenolic oxygen of §
extends toward the solvent region at the edge of the pocket and
forms a hydrogen-bond to a water molecule, which is not well
preserved within our fragment structures so its contribution to
binding is doubtful.

Because of its small size, 5 only engages residues that are
critically involved in acetyl-lysine recognition and which are
highly conserved across the “typical” bromodomains (Figures
2C,D). This suggests it may bind in an equivalent manner to
many of these. Noting that phenylacetamide-containin%
compounds have been shown by NMR to bind to CREBBP,
we obtained a 1.81 A X-ray structure of the CREBBP bromo-
domain with §. The binding mode observed in BRD2 and
CREBBP (Figure 4E) is preserved as predicted.

3-Methyl-3,4-dihydroquinazolin-2(1H)-one. Fragments
3-S5 all possess clear acetyl moieties presented on different
scaffolds. The 1.91 A structure of compound 6 illustrates that
cyclization of these binding features can be tolerated and
exemplifies more diverse AcK mimicry (Figure 4F). While 6
binds in a similar manner as 3-S5, the hydrogen-bond acceptor
and methyl functional groups of 6 are linked by an additional
atom incorporated into a ring. The hydrogen bond to the bridg-
ing water is satisfied by the exocyclic carbonyl of the 3,4-dihydro-
quinazolin-2(1H)-one. The resulting different vectors presented
by this fragment offer opportunities for elaboration to explore
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alternative parts of the site. Unlike the other fragments, 6 makes
an additional hydrogen-bond donor interaction with the side chain
carbonyl of the conserved Asn156 through its N1 hydrogen.

A search of the GlaxoSmithKline screening collection for
analogues of compound 6 yielded several hits which were
screened in the FA assays. The sulfonamide analogue 8 (Figure 6)
showed detectable binding and an improvement in potency over 6
(ICsy 30—40 uM against BRD2, BRD3, BRD4, corresponding to
ligand efficiency LE ~ 0.25—0.27). While this is not especially
potent or efficient, it is significantly more potent than 6, so we
were curious to understand how the analogue bound. Given that
the N1 proton of the 3,4-dihydroquinazolin-2(1H)-one ring of 8
is methylated, it would be unable to donate the hydrogen bond to
the AsnlS6 carbonyl oxygen. Indeed, it would be expected that
these two atoms would clash.

A 1.6 A resolution crystal structure of 8 bound into the
N-terminal BRD4 bromodomain was solved (Figure 6). This
shows that the binding mode of 8 is similar to that of 6, with the
carbonyl of the 3,4-dihydroquinazolin-2(1H)-one maintaining its
interaction with the bridging water molecule. The presence of the
additional 1-methyl group is accommodated by a puckering
movement in the ligand that moves the methyl away from the
asparagine (Asnl40 in BRD4). This might account for the
relatively low ligand efficiency of this molecule. The morpholino

sulfonamide substituent binds in the region we have termed the

dx.doi.org/10.1021/jm201320w | J. Med. Chem. 2012, 55, 576—586
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Figure 5. OMIT (F, — F.) difference maps of X-ray complexes: (A) BRD2-BD1 with 3; (B) BRD2-BD1 with 4; (C) BRD2-BD1 with §; (D)
CREBBP with S; (E) BRD2-BD1 with 6; (F) BRD2-BD1 with 7; (G) BRD4-BD1 with 8. All maps are contoured blue = 30, gray = —30, except (B)
blue = 20, gray = —20, and (G) blue = 1.75, gray = —1.7¢.

WPF shelf, close to Trp81, Pro82, and Ile146. We have previously results is that the sulfonamide substituent of compound 8 does
suggested that binding in this subpocket of the site is one way to make this beneficial interaction but that the clashing N1-methyl
gain increased binding affinity."’ Our interpretation of these substituent also imposes a significant penalty.
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Figure 6. Structure and binding mode of 8, an analogue of fragment 6.
Crystal structure of 8 (green) complexed with BRD4-BD1 (cyan),
superimposed on that of 6 (magenta) complexed with BRD2-BD1
(blue). Hydrogen bonds are shown as gray dotted lines. Labels
indicate the residue numbers of BRD2 followed by those of BRD4.

While the potency of 8 is not sufficient for it to be useful as a
cellular probe of BET function, we anticipate that it could be
improved (for example by removing the N1-methyl group). We
use this example only to illustrate that starting from a simple
fragment that occupies the AcK pocket it is possible to gain
potency over the initial fragment by growing out into the
surrounding areas.

The unsubstituted fragment 6 only interacts with the highly
conserved features of the acetyl-lysine site. It has also been
reported to bind to the acetyl-lysine pocket of CREBBP.** To
our knowledge, the affinity of this interaction and the way in
which it was discovered have not been published. However,
comparison of the available CREBBP atomic coordinates with
our BRD2-BD1 structure confirms that 6 shares a common
binding mode within these two “typical” bromodomains. We
anticipate that its CREBBP activity will be of similarly weak
nature to that with BET but that it may be possible to build in
CREBBP potency and selectivity by growing outward.

N-Methylpyrrolidin-2-one. Like acetaminophen (4), N-
methylpyrrolodine-2-one 7 (NMP) was selected for crystallog-
raphy even though it was too weak to detect in our FA assay. A
1.73 A structure of the bromodomain of BRD2 with 7 shows an
unambiguous and consistent binding mode within all three
chains of the asymmetric unit (Figure 4G). It is similar to 6 in
that the hydrogen-bond and methyl functional groups are
separated by two ring atoms. The 6,6-fused system of 6 is
replaced in 7 by a monocyclic S-membered ring. This offers yet
another set of different vectors which could be used to extend
the fragment.

Like S and 6, 7 is a small fragment that interacts with the
conserved parts of the acetyl-lysine pocket. Accordingly, it has
been shown to bind to several other bromodomains, including
CREBBP, the fifth bromodomain of polybromodomain (PB1-
BD5), and the second bromodomain of PHIP (PHIP-BD2).>*
The affinity of binding of 7 to these domains has not been
reported, but is likely to be low based on its size and the very
low BET potency (Table 1). BRD2-BD1, CREBBP, and PB1-
BDS are all “typical” bromodomains in which the residues
binding to the AcK headgroup are highly conserved (Figures
2A,B), so a consistent binding mode of 7 to all four proteins is
expected.

In contrast, the second bromodomain of PHIP (PHIP-BD2)
is atypical. The analogous residue to the conserved Asnl56 of
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BRD2-BD1 is a threonine (T1396). The hydroxyl group of this
side chain overlays approximately with the NH, group of the
conserved asparagine of BRD2 and the typical bromodomains.
However, perhaps because of the smaller size of this side chain,
the carbonyl of the NMP group does not hydrogen-bond
directly to the threonine: instead binding occurs via a bridging
water molecule. As a result, in PHIP-BD2 there is insufficient
space to accommodate the N-methyl group of the NMP in its
typical position close to F1341 (the equivalent of F99 in
BRD2) and a flipped orientation, where the methyl grou

points away from the AcK pocket, is seen (PDB entry 3mb3).”*

B DISCUSSION

In their recent analysis, Swinney and Anthony showed that
from 1999 to 2008 almost twice as many first-in-class drugs
came from phenotypic screening as from targeted screening.>
They also found that three times as many follower drugs came
from targeted approaches, suggesting that these techniques are
especially useful once validated drug targets have been found.
While the epigenetics field is still young, it appears that it is no
exception to this trend. Pioneering work in the area led to the
discovery of Vorinostat (SAHA) as an inducer of cell differen-
tiation before its histone deacetylase mode of action was
known.** Similarly, the first bromodomain inhibitors were dis-
covered as phenotypic ugrefgulators of Apo-Al and their targets
identified subsequently.”™"" With data continuing to emerge
supporting their potential therapeutic value,**® a move toward
bromodomain-targeted drug discovery seems inevitable.

One limiting factor is the lack of known starting points for
chemistry. Using structural knowledge of the essential features
required for interaction at the acetyl-lysine site, fragments were
selected and screened in a high-concentration competition
binding assay. The success of this leads us to the conclusion
that the BET family bromodomains are highly tractable to
FBDD. We have identified and confirmed the binding mode of
many chemically diverse acetyl-lysine mimics of the sort
exemplified here. This is the first time that bromodomain X-ray
complexes of molecules related to three of these (3, 4, and 5)
have been reported. Against the sparse background of compound
structural knowledge to date our contribution of three completely
new complexes clarifying the molecular requirements for binding
represents a significant addition to the literature. Each exemplifies
a new way in which different scaffolds can present similar features
to the bromodomain acetyl-lysine pocket.

One fragment of only 236 Da, 4, shows micromolar affinity
and measurable activity on LPS-stimulated cellular produc-
tion of IL-6. For the racemic fragment 3 previously identified
by NMR as a CREBBP ligand,8 we have resolved the stereo-
chemical requirements for binding to the related BET bro-
modomain and rationalized this preference structurally by
crystallography.

Although paracetamol, 5, has been reported to act as a
26 uM COX2 inhibitor,”” the biological basis for its analgesic
and anti-inflammatory effects and side-effects are still a matter
of much debate, and it is believed that it may act upon multiple
targets.”® The mechanism by which paracetamol reportedly
induces differentiation of breast cancer stem cells* is unknown,
but it may suggest it can influence transcriptional or epigenetic
gene regulation. Inhibition of the BET bromodomains is
associated with anti-inflammatory activity’ and with induction
of differentiation in NUT midline carcinoma."' The affinities of
paracetamol for the BETs are very weak (>100 uM, Table 1),
so it is unlikely that any of its in vivo activity can be solely
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Figure 7. Electrostatic potential colored molecular surfaces of (A) BRD2-BD1, (B) BRD2-BD2, (C) CREBBP, (D) PB1-BDS, (E) BPTF, (F) PHIP

BD2. Green spheres show conserved waters of the AcK-site.

attributable to binding the BET bromodomains. However, we
have also demonstrated it can bind to CREBBP and is likely to
interact weakly with many, even possibly all of the “typical”
bromodomains (Figure 2A,B). The cumulative effect of weak
engagement of multiple bromodomains, each influencing
different transcriptional outcomes, is difficult to gauge but
may be significant. Regardless of any physiological relevance of
the bromodomain binding of paracetamol, this fragment is
small and highly tractable as a starting point for the design of
potent bromodomain inhibitors.

One theme emerging from this work is that small fragments
can bind in similar ways to the acetyl-lysine pocket of different
bromodomains. Figure 4 shows the electrostatic potential
surfaces of 3—7, highlighting common characteristics which
contribute to binding at the acetyl-lysine pocket. They interact
with conserved waters and residues by mimicking the AcK
headgoup, while lipophilic parts of the fragments engage with
hydrophobic side chains. Analysis of the amino acids involved
in binding fragments and the native acetyl-lysine ligand (Figure
2A,B) highlights the conservation of these residues. This
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suggests that a relatively small, focused pool of fragments could
be used as a common source of starting points for medicinal
chemistry, and that a given fragment hit for one bromodomain
has the potential to act as a lead for many.

Of course, it is not the case that a system that is tractable to
fragment screening must therefore be tractable to fragment-
based drug discovery. It is also necessary that the binding site
permits the optimization of fragments to greater levels of
potency while remaining within drug-like property space. Given
the role of some bromodomain-containing proteins in
fundamental cellular processes, selectivity is likely to be critical.
The potential to achieve potency and selectivity depends on the
nature of the pocket surrounding the fragment binding site. In
bromodomains, this is formed from the long ZA and BC loops,
which vary more between bromodomains than the acetyl-lysine
pocket (Figure 2B, Figure 7). The range of fragments we have
discovered present different vectors for exploration which could
be used to target regions of greater diversity to develop
increased affinity and specificity. An extensive example of this,
starting from an unrelated isoxazole fragment hit, will be

dx.doi.org/10.1021/jm201320w | J. Med. Chem. 2012, 55, 576—586



Journal of Medicinal Chemistry

reported separately in an accompanying manuscript.”® Develop-
ment of the N-acetyl-2-methyltetrahydroquinoline template (3)
has yielded BET inhibitors with high levels of potency and
selectivity,*”*" work which will also be reported separately. We
have shown above another very simple example of optimization
of the 3-methyl-3,4-dihydroquinazolin-2(1H)-one fragment 6
to an ICs, of 30—40 uM using an analogue available to hand.
The independent optimization of this series to give potent,
submicromolar leads has very recently been reported.*

B CONCLUSION

The FBDD screening we described above is biased toward AcK
mimetics, and it is possible that other screening strategies may
discover inhibitors with different modes of binding. To
investigate this, we have attempted alternative approaches,
including high-throughput biochemical screening and fragment
efforts using diverse compounds rather than targeted molecules,
the results of which are beyond the scope of this manuscript.
Significantly, the focused FBDD approach alone has enabled us
to analyze 40 different small molecule bromodomain X-ray
complexes, a far greater number than currently exists in the
public domain Protein Data Bank. Here we have reported five
complexes, three of which are chemotypes that have not been
crystallized in bromodomains before. This contribution of new
diverse fragments considerably extends the public crystallo-
graphic small molecule/bromodomain interaction database and
should lead to increased appreciation of the variety of ways in
which chemically different small molecules can make essentially
the same bioisosteric interactions. In addition, we have noted
that the binding modes of several fragments are preserved
between bromodomains. It seems that the bromodomain
family might be a true system, the members of which are
related not only by evolution, fold, and function, but also by
the chemical connectivity of their inhibitor space. The results
are encouraging for the future of rational design of therapies
targeting this protein—protein interaction and epigenetic
reader class.

B MATERIALS AND METHODS

Fragment Set Selection. Fragments were selected using
substructural patterns designed to capture chemically diverse AcK-
mimetic functional groups. The resultin§ list was then filtered to
eliminate “nondruglike” substructures™ before a careful visual
assessment and application of the Rule-of-Three.** A further filter
was used to remove compounds with predicted pK, outside the range
5—9. The remaining fragments were clustered, and docking results
used to guide selection of representative members of each cluster. Full
details are given in Supporting Information and properties of the set
are shown in Supporting Information, Figure S1.

Assays. The fluorescence anisotropy assay was configured as
previously described.'® It measures displacement of a labeled
benzodiazepine inhibitor from the BRD2, BRD3, and BRD4 acetyl-
lysine binding sites (see Supporting Information). The time-resolved
fluorescence resonance transfer assay was configured as previously
described.'® It measures displacement of a labeled acetylated lysine
histone peptide from the BRD2, BRD3, and BRD4 acetyl-lysine
binding sites (see Supporting Information). The IL-6 PBMC assay
measures the inhibition of cytokine release from LPS-stimulated
peripheral blood mononuclear cells and is also described in Supporting
Information.

X-ray Crystallography. His-tagged BRD2-BD1 (67-200),
BRD4-BD1 (44—168), and CREBBP (1081—1197) were expressed
in E. coli, purified and crystallized. Compounds were soaked into apo
crystals prior to crystal freezing and data collected as described in
Supporting Information. Data collection and refinement statistics are
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given in Supporting Information, Table 1, and OMIT (F, — F.) maps
in Figure S.

B ASSOCIATED CONTENT
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Supplementary methods; properties of the fragment set,
BRD3/BRD4 correlation in FA assay; fluorescent ligand;
X-ray statistics. This material is available free of charge via the
Internet at http://pubs.acs.org.
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