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Fragment-based approaches have been successfully applied to the discovery and optimisation of ligands

for a wide range of targets. These concepts are proving valuable for bromodomain-containing proteins, an

emerging family of epigenetic regulators. This review gives examples in which fragment-based drug

discovery concepts are helping to find and optimise bromodomain inhibitors, with early successes against

the BET subfamily now extending to other members of the target class.

Introduction

=

Following the discovery that small-molecule binding to the
acetyl-lysine (KAc) pocket of bromodomain modules can block
the recognition of their acetylated partner proteins,
bromodomains have become a very active target class for drug
discovery. Excitement has been fuelled by their potential
tractability and the prospect of finding novel epigenetic
mechanisms to tackle complex diseases such as cancer and
inflammation. Inhibitors of the BET (Bromodomain and Extra
Terminal domain) family of tandem bromodomain-containing
20 proteins (BRD2, BRD3, BRD4 and BRDT) exhibit wide-ranging
biological effects and therapeutic potential.'” Indeed, the first
BET inhibitors (including 1-4, Figure 1) were identified through
their effects in cellular systems.’ For example, 1 was found in
an ApoAl upregulator reporter assay while seeking leads for
atherosclerosis. The application of chemoproteomics, biophysics
and crystallography proved that its mode of action was histone-
competitive bromodomain binding.** X-ray crystallography has
revealed the detailed interactions of these and other inhibitors
with bromodomain acetyl-lysine sites, providing a compelling
30 rationale to pursue this domain class through target-based lead
discovery and optimisation approaches. The breadth of published
bromodomain inhibitors, especially those for the BET family, has
been comprehensively reviewed elsewhere.”® In this article we
will concentrate on case histories using fragment approaches,
35 addressing questions relevant to fragment-based drug discovery
within this target class of related proteins. These include the
opportunities of targeting a conserved site, the advantages from
transferring chemical knowledge between targets, and the
challenges of achieving selectivity and chemical novelty.

@

)
o

«» Bromodomain structure, acetyl-lysine recognition
and mimicry

At least 42 human genes contain one or more bromodomains,
modules whose function is to bind appropriately lysine-acetylated
modified forms of their targets (Figure 2). Although other
45 interacting proteins have been reported, histone tails are the most
commonly known binding partners. In this context, the role of

bromodomain modules is thought to be to recruit additional
effectors to sites of histone acetylation around activated genes, so
acting as readers of the “histone code”.*"

so  Bromodomains form four-helical bundles, with the peptide-
binding site located at the end furthest from the two termini
(Figure 3). Most bromodomains recognise their targets by means
of multiple interactions within and outside their acetyl-lysine
sites. The acetylated lysine itself is bound by a cluster of

ss conserved residues, in particular an asparagine and tyrosine
structural motif, and associated conserved water molecules
(Figure 3). In contrast to these “typical” bromodomains, some
lack these conserved residues (Figure 2), and it is unclear whether
they still bind to acetylated lysine peptides, have alternative

60 substrate recognition specificity, or are “pseudo-bromodomains”

without binding competency.
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Fig. 1 Some BET inhibitors discovered directly or indirectly through cell-
based screening.
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Fig 2. Bromodomain phylogenetic tree, with target ligandability indicated
by the size and colour intensity of circles (SiteMap Dscore).'* Targets for
which FBDD has been reported are marked in green. Domains lacking
s either the conserved KAc-binding asparagine or water-network binding
tyrosine are indicated by purple or green boxes respectively containing
their replacement 1-letter amino acid codes.

Fig. 3 Acetyl-lysine recognition by bromodomains, using BRD4 BD1 as
10 anexample (PDB: 3uvw). The expanded area (top right) shows the
conserved Asn and Tyr and the water network critical for acetyl-lysine
(cyan) binding. Below right: compound 1 (green) with BRD4 surface
showing the location of the WPF shelf and ZA channel (PDB: 4¢66).

The ZA and BC loops that flank the conserved KAc-site have the
15 greatest sequence variation between bromodomain family
members. These regions are responsible for the selective binding-
partner recognition necessary for correct cellular function. The
best studied and understood selectivity regions are those of the

20

BET proteins, where two areas known as the WPF shelf (due to
the nearby conserved Trp-Pro-Phe motif) and the ZA channel
have been found to be particular valuable in enhancing inhibitor
potency and selectivity (Figure 3). For bromodomains outside the
BET subfamily, these regions tend to be either more polar or
relatively shallow, affording opportunities to introduce selectivity
for the BET proteins over other bromodomains even when
starting from unselective KAc-site fragments. In this respect, the
situation is reminiscent of the protein kinase family, where
interactions with selectivity pockets resulting from relatively
conservative amino acid substitutions can be used to tailor the
kinase profile of common ATP-site binding fragments.

Fragment-based drug discovery

Fragment-based drug discovery (FBDD) is a well-established,
widely used target-based lead discovery strategy.'*!
comparison to other approaches, FBDD screening sets contain
compounds of lower molecular weight. Since these are usually
relatively weak binders they are tested at higher concentration.'®
2l Among the advantages of this approach in general is the
promise of efficient coverage of chemical space with smaller
compound libraries, but there are other reasons why FBDD is
especially suitable for epigenetic histone reader modules such as
bromodomains. One is the difficulty of developing viable
alternatives, such as high-throughput in vitro screens, for targets
where native binding partners and tool compounds are typically
either of weak binding affinity or completely unknown.”> The
lower-throughput but sensitive direct binding methods (NMR,
SPR etc.) commonly used in fragment screening offer a
convenient solution to this challenge. Another feature of
bromodomains and other histone reader modules is the ability to
generate stable truncated domains for biophysical assays and 3D
structure determination, which are highly advantageous for
fragment binding confirmation and optimisation. The availability
of constructs for protein expression from public-private structural
genomics groups has played a significant part in enabling this.??

Fragment-based optimisation then proceeds either by linking
two or more fragments that bind near to one another, or more
commonly in the same way as conventional medicinal chemistry
optimisation, by growing the ligand."” Practitioners of fragment
growing usually try to at least maintain high ligand efficiency
(LE, defined as the binding affinity per heavy atom) during this
process.”’ There are now several reports of fragment screens
against the BET bromodomains as well as other members of the
family, and a smaller but growing number of published fragment-
based medicinal chemistry optimization stories. Some of these
will be described below, beginning with the most active area of
current therapeutic interest, the BET subfamily.

In

Fragment screening against BET subfamily
bromodomains

The BET proteins, each containing two bromodomains (BD1 and
BD2), are highly tractable to a wide range of hit-finding
approaches, from cellular reporter assays to virtual
screening.%**? This, together with the well-validated biology of
BET bromodomain inhibitors, has made them popular systems
for fragment screening experiments.

2 | Journal Name, [year], [vol], 00—00
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Fig. 4 Some BET bromodomain fragments and elaborated inhibitors

In one example, information from historical work on BET
bromodomain inhibitors was used to assemble a knowledge-
s based fragment library.”® This was screened against three BET
family bromodomains in competition-binding fluorescence
anisotropy assays. From this, crystal structures of multiple hits
bound to the KAc-site of BRD2 BD1 were solved. With reference
to the interactions made by acetyl-lysine shown in Figure 3, for
10 almost all fragments the indirect W1-water mediated hydrogen
bond to tyrosine Y113 was shorter than the direct hydrogen bond
to the conserved asparagine N156, suggesting that this is the
stronger interaction.
Four of the hits (5-8) are shown in Figure 4.**" Although

15 originating from BET family bromodomain screens, several of
these fragments illustrate the ability of fragments to bind to the
KAc-site of more than one bromodomain. The indolizine (5) is a
micromolar-affinity BET fragment, which uses its ketone group
as an acetyl-lysine mimetic, and which was also optimised

20 against the BAZ2A/B bromodomains (see the BAZ2A/B section
below). The BRD2 BD1-bound crystal structure of § prompted
the crystallographic screening of acetaminophen (9), which
although too weak to detect in the binding assays was found to
bind to the acetyl-lysine site of BRD2 BD1 in the same manner as

25 5. The Kd of 9 for BRD4 BDI1 has been determined to be of the
order of 250-290 uM using a sensitive '°F protein NMR approach
in which fluoro-tyrosine and fluoro-tryptophan labels were
incorporated into the region of the KAc-site.® 9 binds to the
bromodomain of CREBBP and to that of BAZ2B in a near-

% identical way, which will be a recurring theme in this review.?*

Another example of cross-bromodomain fragment binding is
provided by the tetrahydroquinoline (THQ) 6. Its racemate was
originally detected in a fragment screen carried out against
CREBBP (see the CREBBP section below).”” Independently,

35 inhibitors containing the THQ fragment 6 were found as ApoAl
upregulators using a diversity screen in a cellular reporter assay.
Optimisation of these for atherosclerosis led directly to 4 (I-
BET726). Only later, as similar discoveries were made for other
compound classes, was it recognised that the BET family

40 bromodomains were the molecular targets of this series, and
crystal structures solved confirming its binding to the
bromodomain of BRD2 BD1.>%¢ This fragment provides the first
of several interesting examples of the discovery of similar
bromodomain inhibitor fragments by parallel, independent
strategies. Another instance of this is the range of inhibitors based
on the dimethyl isoxazole fragment 7, which most likely features
within the compound collections of numerous organizations
because of the availability of  (3,5-dimethylisxoxazol-4-
yl)boronic acid as a commercial reagent.

4

o

Fragment-based discovery and optimisation of dimethyl
isoxazoles.

%
=

At least three groups have reported the independent discovery
and optimisation of the phenyl dimethylisoxazole fragment 7 or
close analogues. In our case, as described above for the
tetrahydroquinoline 6, the dimethyl isoxazole motif was found
through a reporter assay, and optimised to 3 (I-BET151) using
cellular SAR.*'*? Subsequently a crystal structure of BRD2 BD1
bound to 7 was used as the starting point for a proof-of-concept
fragment optimisation study, aimed at generating a
¢ submicromolar BET bromodomain compound with cellular
activity through structure-based fragment optimisation.”’
Structure-activity relationships from previous optimisation of
multiple series suggested a viable fragment optimisation strategy.
It was apparent that structurally diverse compounds such as 1-4
os fill the KAc-site, but also project aromatic substituents outwards
onto a lipophilic region termed the WPF shelf (Figure 3C).'?>?!
This suggested that growing from a KAc-site fragment to make
lipophilic interactions with the WPF shelf could provide
significant boosts in activity.

o
b

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Crystal structures of BRD2 BD1 bound to A) 7 (cyan, PDB: 4alh) and B) optimised analogue 10 (green, PDB: 4a9m). Crystal structures of BRD4
BD1 bound to C) 13 (pink, PDB: 3svf) , D) (R)- and (S)- compound 16 (PDB: 4;0r, yellow; 4j0s, orange). Black arrows mark the WPF shelf.

s To apply this to the isoxazole series, a 3D pharmacophore was
used to search for compounds able to satisfy the WPF shelf
interaction. This identified hits such as 10, a sub-micromolar
BET inhibitor with activity against a known BET-driven
phenotype, the production of inflammatory cytokines.”” The

10 cyclopentyl sulfonamide substituent (Figure 5A,B) contributed
over 100-fold improvement in binding affinity. Little medicinal
chemistry resource was required to get to this point, since many
key compounds were commercially available, showing that the
BET family bromodomains are highly tractable both to fragment

15 screening and optimisation.

An independent and extensive exploration of the dimethyl
isoxazole fragment began with the observation that 11 (the
solvent N-methyl pyrrolidine or NMP) binds in the KAc-sites of
several bromodomains.*®> Following a hypothesis that other N-

20 methyl lactams and related compounds could bind in a similar
way, the N-methyl dihydroquinazolinone 12 was tested and found
active in a BRD4 AlphaScreen peptide displacement assay.™*
However, when the BRD4 BD1 X-ray complex with 12 was
solved, it was discovered that the dihydroquinazolinone ring had

25 oxidised and that ethylene glycol from the buffer had added to the
iminium intermediate, giving 13. Unexpectedly, 13 bound in the
KAc pocket using its dimethyl isoxazole as the acetyl-lysine
mimic rather than its dihydroquinazolinone. Its hydroxyethyl

group occupied the WPF shelf (Figure 5C). This prompted further
30 analogue screening and led to the discovery of 14 as a BET KAc-

site binding fragment structurally unrelated to the starting point.

The (R)-enantiomer of 14 crystallised preferentially with BRD4

BD1. The discovery that 14 showed comparable inhibition of

CREBBP triggered further work against that bromodomain (see
35 the CREBBP section below).

A fragment-growing approach was then used to optimise the
interactions of 14 with BRD4, and to increase selectivity over
CREBBP. Initially, the WPF shelf of BRD4 BD1 was targeted,
using the pendant phenyl ring of compound 15, maintaining

40 ligand efficiency and leading to a 7.5-fold improvement in
potency relative to 14. A second iteration targeted water
molecules of the ZA channel region of the binding site, producing
improved potency in the form of compound 16 (Figure SD). Both
(R)- and (S)-enantiomers had similar BET binding activity, and

45 submicromolar activity in an acute myeloid leukemia cell line.

Follow-up work concentrated on derivatisation of the phenyl
ring.** Rigidification of the benzylic substituent led to 17. When
co-crystallised, the (R)-enantiomer was found to bind to BRD4
BD1, with the phenyl ring occupying the WPF shelf. However,

so due to chemical instability of this series efforts were concentrated
on other bicyclic templates such as the benzimidazole 18.
Compound 19 was one example which showed an increased

This journal is © The Royal Society of Chemistry [year]
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window of selectivity over CREBBP.*
A third group has also described the independent discovery of Q Q Q
20, a fragment closely related to 7. They chose to use this — S/<O NH g S//O
information indirectly, identifying an opportunity for isosteric Br HN h O>\S/ HN ~o
sring replacement within an existing BET inhibitor, the o~

triazolodiazepine 2. Comparison of the bound X-ray structures

showed that the triazole moiety of 2 could be replaced by the

isoxazole, resulting in the isoxazole azepine 21. 25 NH 26 NH 27 NH 28 { NH
Other molecules containing the dimethyl isoxazole fragment /N« (PFI-1) /N« /N«

10 have featured in several more BET publications and patents. One 0 0 0 0
recent extension was a systematic exploration of alternative KAc-
mimetics to the isoxazole.” Taking 10 as a starting point,
heterocyclic replacements were synthesised and evaluated in BET

AlphaScreen assays, as well as for microsomal stability. While
1s none improved on the potency of the isoxazole, several were

active. Surprisingly, given the presence of this substructure in

potent BET inhibitors such as 1 and 2, the triazole 22 was much

weaker than the pyrazoles 23 and 24, with barely detectable

activity at 5 uM compound concentration, compared to the BRD4
20 BDI1 ICs4 0f 0.67 uM for 10.

The crystallographic binding modes of 16 and 10 in BRD4
BD1 and BRD2 BDI respectively are very similar (Figure 5).
Both molecules reach similar potencies and ligand efficiencies,
albeit measured in different assays, but are chemically distinct, an
interesting outcome given that the same fragment provided the
starting point for each. Other independent groups working on the
same fragment also arrived at comparable but different optimised
compounds. It might be thought that targeting a particular binding
site with knowledge-based fragment libraries constructed using
30 the same information could lead different investigators down

parallel tracks to the same end-point. These examples show that

for BET bromodomains this has not been the case. It seems that
chemical novelty as well as selectivity and potency is quite
achievable using FBDD for the BET bromodomains.

60

Fig. 6 Dihydroquinazolinones and related BET compounds 25-28

2:

G

35

Dihydroquinazolinone fragment optimisation

As explained above, the acetyl-lysine mimetic of fragment 12
was not the intended N-methyl dihydroquinazolinone.** Even so,
thlS bicyclic system is a Competent acetyl_lysine mlmlc Flg. 7 Crystal structures of BRD4 BD1 bound to A) compound 25 (PDB
Optimisation of the simple bromide analogue 25 (Figure 6) © 4hbv) and B) optimised compound 26 (PDB: 4¢96).
produced the potent and selective BET bromodomain chemical
probe PFI-1 (26).** As with the optimisation of 7 to produce 10
and 16, this was achieved by growing from the acetyl-lysine site
fragment using a linked lipophilic group targeting the WPF shelf
(Figure 7). Again, the conformational preference of the linker BET X-ray screening, and 2-thiazolidinones
was critical, but because the WPF shelf was approached from a
different starting point the structure-activity relationships differed
between the two series. For example, in the dimethyl isoxazole
sulfonamide series, alkyl groups such as the cyclopentyl of 10
so were preferred over aryl rings, whereas aryl rings were superior
in the dihydroquinazolinone series. In addition, the sulfonamide
of the reversed directionality was preferred, such that 27 was
significantly less potent than 26.%*
In light of the instability to oxidative insertion that gave rise to
ss 13 from 12, the quinolinone 28 was made. This aromatised
analogue of the dihydroquinazolinone 26 had similar potency and
selectivity. Through crystallography, the pendant WPF-shelf
methoxyphenyl was identified as a suitable place for further

4

S

derivatisation. When the methoxy position of 28 was substituted
with a linker connected to a biotin group, this provided an
effective affinity-capture tool for chemoproteomic studies.*

4

@

In these examples of BET bromodomain fragment screening,
most groups chose to take advantage of prior X-ray structural
knowledge to bias the screening library towards groups thought
likely to be active. Fragments containing features important for
binding to the acetyl-lysine site (the conserved hydrogen bonding
functionalities and the small lipophilic methyl group of the acetyl
moiety) were used to populate targeted libraries. These were then
screened using either direct-binding methods such as NMR, or
competition binding assays using labelled peptides or small
molecules. Once they were known to bind, X-ray crystallography
so was used to elucidate the binding modes to support optimisation.
Crystallography can also be used as a low-throughput, high-

K

=]
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&

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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asparagine Asnl140, and a limited number were tested directly by
20 crystallography without any intervening screen. Out of these,

i3 07 \__Me ~25% were observed to bind in the KAc-site (e.g. 30-33, Figure
N o N S5 8). The thiazolidinone 33 was chosen for optimisation against
Me Me ‘ﬁ/ BRD4 BD1, exploring a number of different substituent positions
<\ N 5 targeting specific regions of the protein (Figure 9).* As with the

I
S

optimisation that led to compound 26, aryl sulfonamides at the 3-
position were found to be optimal for targeting the WPF shelf.
Separately, position 5 was elaborated to grow into the ZA
channel. Both substituents were then combined, giving

\
32

Pr\fo D o\/? /Q micromolar compounds such as 34 (Figure 9) which had some
HN S \S\N 30 antiproliferative activity in a colon cancer cell line. A follow-up
// \\ H publication described the reversal of the 3-sulfonamide linker.*
F In this case, pendant cycloalkyl sulfonamides were preferred to
33 34 35 aromatic, although intriguingly these do not appear to occupy the
~" "NH ~" "NH ~"NH WPF shelf. The 5-substituent could be shortened, as for example
S& S& S‘Q 35 in 35, maintaining BRD4 BD1 binding and improving cellular
0 0o o potency.

Fig. 8 BRD4 X-ray screening hits 29-33 and optimised molecules 34-35 PCAF (K ATZB)

A ZAchannel \ The first fragment screen against a bromodomain was performed
/

not against a BET subfamily member, but against PCAF
40 (P300/CBP-associated factor, also known as KAT2B; figure 2).
N'NMR was highly influential in this work. First, it was used to
solve the solution structure of the PCAF bromodomain, then to
screen compound libraries for small molecule binding
partners.**® Shifts in the assigned protein backbone NMR
resonances showed that the compounds interact with PCAF in the
same region as the acetyl-lysine peptide binding site. The potency
of one of the hits, fragment 36 (Figure 10; estimated ICsy of 5
uM) was improved to 1.6 uM in compound 37. While no obvious
acetyl-lysine mimic exists in these compounds, and a crystal
so structure has yet to be reported, a binding model was produced
with the help of restraints from the NMR data. Analogues were
active in a reporter assay measuring HIV-1 LTR-luciferase
expression,47 and inhibition of HIV infection in a T-cell line has
been reported for members of the series.*®

I
o

5

Fig. 9 Crystal structures of BRD4 BD1 bound to A) compound 33 (PDB:
4hxn) and B) compound 34 (PDB: 4hxm).

sensitivity screening assay, albeit one that does not quantify
affinity or ligand efficiency.*®*' This approach has been applied
10 to the BET family bromodomains. For example, X-ray screening
was used to find and determine the binding mode of three very
small fragments in BRD4 BD1, such as 29 (Figure 8).*
Optimisation of BET bromodomain fragments discovered
through crystallographic screening has been reported in one
15 instance.*® As with many other bromodomain fragment screens,
this made use of a knowledge-based library, selected using
computational docking of diverse fragments against BRD4 BD1.
Docked poses were checked for interactions with the conserved

6 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig. 10 PCAF fragments 36-37 and CREBBP fragments 38-46

CREBBP

Following the successful screen against PCAF above, the same
s laboratory applied a similar approach to the bromodomain of
CREBBP (cAMP Response Element-Binding protein Binding
Protein).’® In this case, protein NMR screening was performed
against a pooled library of fragments chosen to mimic the acetyl-
lysine group. As in the PCAF case-study, fragments such as 38
10 and 39 (Figure 10) interact with CREBBP residues close to the
acetyl-lysine site. Fragment 38 was estimated to have Kd of
around 20 puM by tryptophan fluorescence. A particularly
encouraging finding was that most of the CREBBP fragments did
not bind to PCAF, suggesting that even such small compounds

achieve some degree of discrimination between
bromodomains. While optimisation of 39 against CREBBP has
not been reported, its (S)-enantiomer 6 binds to other
bromodomains, including BRD2 BDI1, and forms the KAc-
mimetic at the heart of a potent optimised series of BET
2 inhibitors including 4 (see above).**®
In a further example of chemical cross-over between inhibitors
of different bromodomains, optimisation against CREBBP of
fragments first known as BET family KAc-site binders has been
described. The dihydroquinazolinone fragments 8 and 12 (Figure
5 4) were crystallised in CREBBP. Modification to overcome
oxidative instability (see above) led to the synthesis of

benzoxazinone and dihydroquinoxalinone isosteres (40 and 41,

Figure 10).* In this work, the amide substituents were chosen by

an in silico screen targeting the ZA channel region of the
30 CREBBP bromodomain. Unexpectedly, the two compounds have
very different CREBBP AlphaScreen ICsps, with the
benzoxazinone 40 being relatively modest compared to 41 (51
UM vs 323 nM). The poor activity of 40 was rationalised by an
unfavourable electrostatic interaction between the benzoxazinone
ring oxygen and the backbone carbonyl of Prol110. Another
factor was the stabilisation of an undesired conformation via
formation of an internal H-bond between the benzoxazinone
oxygen and the amide NH group. When the crystal structure of
(R)-41 in CREBBP was solved, it was found that its
tetrahydroquinoline substituent does not bind in the ZA channel.
Instead, it occupies a CREBBP site roughly analogous to the
WPF shelf of BET (Figure 11A). This pocket was not seen in
previous crystal structures, being formed by movement of the
mobile Argl173 sidechain. A Kd of 390 nM for (R)-41 was
obtained for CREBBP by ITC, 3-4 fold lower than the Kd of 1.4
uM for BRD4 BD1.

Like the dihydroquinazolinone 25, the isoxazole KAc-mimetic
was originally found for BET (see above), and has also been
optimised for CREBBP.*® Starting from the unselective 18 (ICs,
s0 ~4 uM vs CREBBP, ~6 uM vs BRD4 BD1), parallel synthesis

was used to expand SAR at the benzimidazole 1- and 2-

positions. Building blocks were chosen to target regions of the

protein analogous to the BET WPF shelf and ZA channel, but
additional diversity was also included. Compound 42 showed
ss increased CREBBP potency (AlphaScreen ICsy ~500 uM) and

15 can

3

&

=
S

~
@

C \

=

N1tes (¢ 4 o

Figl1 A) Crystal structure of CREBBP bound to 25 (cyan, PDB: 4nyv) and 41 (orange, PDB: 4nyx). B) Crystal structures of 43 bound to BRD4 BD1
(green, PDB: 4nr8) and CREBBP (pink, PDB: 4nr5). The yellow arrow highlights the movement of the C2-linked phenethyl ring between the two
60 structures. C) Crystal structure of CREBBP bound to 46, with the morpholine modelled in two conformations (PDB: 4nr7).

This journal is © The Royal Society of Chemistry [year]
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little effect on BRD4 BD1 as assessed by stabilisation of thermal
melting.

Optimisation of the benzimidazole N-1 amine substituent led
to the morpholine 43, which had CREBBP ICsy ~160 uM. This
was crystallised in CREBBP and BRD4 BD1. A 180° rotation
around the isoxazole-benzimidazole bond leads to a different
binding orientation in each bromodomain (Figure 11B), with each
substituent occupying a different pocket. Although the C2-linked
phenethyl substituent bound on a rather exposed hydrophobic
surface patch in each bromodomain, diverse analogues were
made to vary the terminal ring. This led to compounds such as 44,
whose Kd for CREBBP was measured to be 22 nM by isothermal
titration calorimetry, with 20-fold selectivity over BRD4 BD1.

The crystal structure of 43 in BRD4 BD1 also revealed the
presence of a hydrogen-bond between the benzimidazole N-3
atom and a water molecule that was not seen in CREBBP (Figure
11B). This observation led to the synthesis of the indole analogue
45" The prediction that this compound should be less active
against BRD4 BD1 was confirmed by thermal melting. However,
it showed surprisingly little thermal stabilisation of CREBBP
either, despite the lack of visible interactions made by the
benzimidazole N-3 nitrogen of 43. The X-ray structures also
showed that the C-2 ethyl linker made hydrophobic contacts with
the BRD4 BD1 WPF motif tryptophan, Trp81, and that in
CREBBP the linker was more exposed (Figure 11B). As a result,
polar and sterically constrained C-2 linkers were prepared, but
neither of these led to an improvement. However, a similar
conformational constraint approach at the N-1 linker gave better
results, the chiral compound 46 being twice as potent against
CREBBP than 45 (Kd 21 nM). Crystallography revealed that the
chloro-methoxy-phenyl ring of 46 binds in a similar place to the
methoxyphenyl of 41, in the binding site produced by movement
of the sidechain of Argl173 (Figure 11C). 46 (SGC-CBP30)
appears to be selective for CREBBP and its closest homologue
EP300 over other bromodomains, including 40-fold (by ITC)
over the BET family. This is another example of the use of
structure-based design to generate selectivity from an unselective
fragment starting point.

BAZ2A and BAZ2B

Unbiased or diverse fragment libraries have been employed less
frequently than targeted libraries in published bromodomain
fragment screens. In one example, a diverse fragment set was
screened in a high-concentration AlphaScreen peptide
competition format against BRD4 BD1, CREBBP, and also a
bromodomain with lower predicted ligandability, that of BAZ2B
(Bromodomain Adjacent to Zinc-finger domain 2B).*' The hit-
rates against the three bromodomains were reported to be
consistent with their predicted druggability. As this assay format
is known for its high false-positive rate, ligand-observed NMR
was used to authenticate BAZ2B fragment binding, before the
successful crystallisation of three fragment-bound X-ray

a5
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S 49 X=Cl, Y=CH; N
HN HN 50 X=Br, Y=CHj3 /&
a7 /N5 /Yo 48 B51X=ClY=NHCH; Y~ Yo
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N
X NT ™
0 _ L
52 / g 53 OH 54 OH

o) 55 (GSK2801)

Fig. 12 BAZ2B fragments and optimised molecules 47-55

ss complexes (47-49, Figure 12). Analogues of fragment 49 were

synthesised and tested, but large potency gains proved difficult to
realise. In fact, the biggest improvements (less than threefold)
came from the close analogues 50 and 51. Interestingly, 50 but
not 51 thermally stabilised CREBBP and both bromodomains of
BRD2, providing another example of fragments binding to
multiple bromodomains.

Crystal structures of BAZ2B complexed with other acetyl-
lysine site binding fragments (e.g. 9 and 52-54) have been
released.”’ Their discovery story has not yet been published, but
the binding mode of 9 in BAZ2B is identical to that in BRD2
BD1 and CREBBP, reinforcing the concept of common fragment
starting points for multiple members of this target class.

55 (GSK2801) has been reported as a selective chemical probe
for the bromodomains of BAZ2A and BAZ2B.* By isothermal
titration calorimetry, the compound has Kd of 136 nM and 257
nM for each bromodomain respectively. This molecule originated
from optimisation of the BRD2 BDI1 fragment 5 (Figure 4)
against BAZ2A and BAZ2B. Selectivity over the BET
bromodomains (e.g. BRD4 BD1 ICs, >50 uM) was achieved with
the help of the bulky ortho-sulfone substituent. This introduces a
greater out-of-plane rotation to the indolizine-phenyl bond,
leading to a molecule that is too wide to fit into the relatively
narrow ZA channel in the BET bromodomains. The selectivity
profile was supported by chemoproteomic profiling, in which an
analogue of 55 immobilised on beads was used to pull down
native bromodomain-containing proteins from cell lysate.’> Out
of 18 proteins detected, only BAZ2A and BAZ2B showed dose-
dependent competition with 55. The compound was also active in
a FRAP (Fluorescent Recovery After Photobleaching) assay with

This journal is © The Royal Society of Chemistry [year]
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transfected GFP-BAZ2A, accelerating recovery time to the same
extent as an acetyl-lysine site mutated construct, providing direct
evidence that the compound can engage intracellular BAZ2A.
With favourable pharmacokinetic properties in mice, 55 was
judged suitable for use as a cellular and in vivo chemical probe
for BAZ2A/B bromodomain inhibition. Chemically distinct
molecules identified through non-fragment approaches (e.g.
BAZ2-ICR*) provide opportunities to strengthen the BAZ2A/B-
driven target interpretation of any phenotypes discovered.

ATAD2, and water network-displacing fragments.

Over-expression of ATAD2 (ATPase family, AAA domain
containing 2), also known as ANCCA (AAA nuclear coregulator
cancer-associated protein), is associated with poor outcomes in
cancer.> Its bromodomain and that of its homologue ATAD2B
are predicted to be among the least ligandable of all
bromodomains."> Consistent with this, reports of fragments that
bind to the KAc-site of this protein have recently appeared, but so
far all are relatively weak.

The first of these pointed out that screening of putative acetyl-
lysine mimic fragments was hampered by the need to avoid
DMSO as a solvent, since this is itself a competitive
bromodomain binding fragment. X-ray screening of polar water-
soluble fragments produced crystal structures of ATAD2 bound
to fragments 56 and 57, thymine (Figure 13).” X-ray soaking of
analogues identified related nucleoside hits, including thymidine
(58). '*C-methyl labelled HSQC NMR titrations were used to
estimate Kd values of approximately 10 mM for 57 and 58.

Another X-ray screen to identify ATAD2 inhibitors
commented that the ATAD2 fragment screen had a relatively low
hit-rate. It also found that known inhibitors of other
bromodomains were relatively weak against ATAD2.°® Despite
this, the resulting dimethyl isoxazole hit 59 had Kd for ATAD2
of 200 uM (LE 0.28), comparable to that reported for the similar
isoxazole fragments 7 and 14 to the BET bromodomain (see
above).

These examples show that efficient fragment hits can be found,
but so far only one example of optimisation has been reported.”’
Starting from the quinolinone fragment that acts as the acetyl-
lysine mimetic of 28, 60 was prepared as part of an array. Its
dimethylamine group was chosen to target a cluster of acidic
residues unique to ATAD2 (Aspl1066, Asp1068 and Aspl071).
An ICsy of ~100 pM was found in a TR-FRET assay, and its
specificity confirmed by '"N-'H NMR. Optimisation of a more
chemically tractable 1,7-naphthyridin-2(/H)-one template
resulted in the first reported micromolar ATAD?2 inhibitors (e.g.
61, ICso 1.5 uM). Crystal structures (Figure 14) confirmed the
role of the 1,7-naphthyridin-2(/H)-one as the acetyl-lysine
mimetic and explained the improvement in potency afforded by
the pyridyl substituent, which forms a direct hydrogen-bond with
the backbone amide NH group of Asp1014 on the ZA loop.

The isomeric 1,5-naphthyridin-2(/H)-one 62 was also found
independently by screening a pooled, unbiased fragment library
by 'H-"’N SOFAST-HMQC NMR.* Other fragments binding in
the ATAD2 KAc-site included 63-66. After deconvolution, the
same assay was used to determine the affinity of the hits, which
had reasonably good ligand efficiency (Kd > ~600 uM, LE <
~0.38). Crystal structures of several hits were reported, mostly

60

65

showing typical interactions with the KAc-site pharmacophore,
engaging the conserved asparagine Asnl064 and the W1 water
associated with Tyr1021 in the expected manner. The
benzimidazolone 64 is related to BET/BRPF1 fragment 73 which
will be discussed later.

OH

NH,

HaN
N 7N\ HZN\Q
NH N~
\ &
N N
62 o 63 _/ o 64 / o
65 66 jj
N =
I\ NH N N
HN s NH
o)
N HoN
67 68

.

Fig. 13 ATAD2 fragments 56-66 and BRD4 BD1/p38 kinase inhibitors
67-68.

Fig. 14 X-ray structures of ATAD2 with 60 (orange, PDB:5a5p) and 61
(blue, PDB:5a5r).

This journal is © The Royal Society of Chemistry [year]
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10 bromodomain ligands bind with the conserved KAc-site network
of four water molecules intact (W1-W4, Figure 3). Although 65
and 66 both still bind within the KAc-site, they were among the
first fragments reported to displace some of the conserved water
molecules. The lactam of fragment 65 (Kd 500 uM, LE 0.33)
hydrogen-bonds to the conserved asparagine Asn1064 and to the
W1 water as usual (Figure 15A). The thiazole sulfur binds in the
acetyl-lysine methyl site. However, the fourth water of the
network (W4) is displaced by the amine of 65, which replaces the
hydrogen bonds it normally makes with W3 and the carbonyl of
Lys1011.

Fragment 66 makes even more disruptive changes to the water
network (Figure 15B). The triazole ring forms a direct hydrogen
bond to Asnl064, but this large aromatic molecule goes even
deeper, displacing all four conserved water molecules. Its aniline
group satisfies the hydrogen-bond normally made by the third
water to the carbonyl of Ile1056. As 66 was among the least
efficient of the hits reported in this study (Kd 600 uM, LE 0.27),
removal of the four water molecules of the conserved network
may be energetically penalised. Until this point, these had been
present in almost all published experimental bromodomain
crystal structures. It is possible that the water molecules of
ATAD2 may be unusually weakly bound. If so, it is unclear
whether this is a quirk of this particular truncated construct of the
ATAD?2 bromodomain, or is a feature of the full-length protein
and therefore pharmaceutically relevant. Further studies will be
needed to explore these possibilities.

Alternatively, it is interesting to speculate that similar water
displacement might be possible in other bromodomains. Indeed,
displacement of one water molecule was seen in the binding of a
tetrahydrothieno[ 3,2-c]pyridine fragment 30 (Figure 8) to BRD4
BD1 (Figure 15C).* In this case, only weak activity was
measured by fluorescence anisotropy (11% at 100 uM) compared
to other fragments from the same study such as 33 (43%). Several
full-sized literature kinase inhibitors (e.g. the p38 inhibitors 67,
SB-202190, and 68, SB-284847-BT) also bind to the BRD4 BD1
bromodomain with modest potency (AlphaScreen ICsy 2.5 uM,
LE = 0.31) by displacing some or all of the water network (Figure
15D).%°. Another example of complete displacement of water by a
fragment is seen in the crystal structure of salicylic acid 69 bound
to the KAc-site of PB1 BD5, which will be discussed below in
the PB1 section.
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PB1

PB1 (Polybromodomain-containing protein 1) contains six
bromodomains, with the fifth (BDS) predicted to be the most
tractable to small molecule inhibition."* To date, there has been
no reported chemistry targeting this protein. A crystal structure
has been deposited in the protein databank of BD5 in complex
with salicylic acid (69, Figure 16).%> This fragment binds deep

Fig. 15 Crystal struct}lres of ATAD2 bound to H4KS5Ac peptide (orange, within the KAc-site, displacing all of the conserved water

PDB: 4quu) superimposed on A) ATAD2/65 (cyan, PDB:4tz8); B)
ATAD2/66 (green, PDB: 4tz2); C) BRD4 BD1/30 (magenta, PDB: . .

s 4hxk); D) BRD4 BD1/67 (lime green, PDB: 4077). Water molecules and ATAD2. PBl BDS crystal structures in complex with larger
H-bonds are shown for histone peptide complex (4quu). Water molecules inhibitors structurally related to this fragment (70, 71) have also
remaining in the fragment complexes are labelled W1-W4. been deposited.®® It may be significant that these resemble PFI-3

(72), reportedly a dual inhibitor of the PB1 BD5 and SMARCA4

¢s bromodomains (Kd 48 nM and 89 nM by ITC, respectively).®'

5

b

¢ molecules, in a similar position to the aniline moiety of 66 in

S

Interestingly, two fragments (65 and 66) were found to exhibit
novel binding modes. With only a few exceptions, known

10 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig 16 PB1 BD5 compounds (69-71) and PB1 BD5/SMARCA4
bromodomain inhibitor 72.

BRPF1

BRPF1 (Bromodomain and PHD Finger-containing 1) is a
member of MOZ/MOREF transcriptional coactivator complexes,
which have been associated with oncology indications,
particularly leukemia.®* Its bromodomain has proved very
tractable to fragment optimisation as well as screening. For
example, the dimethyl benzimidazolone 73 (Figure 17), closely
related to the ATAD2 fragment hit 64 (Figure 13), was found in a
BRD4 BDI1 screen using ligand-observed STD-NMR, and was
competitive with a known BET standard.”® Analogue searches
from results such as this helped to populate a screening set of
lead-sized molecules, which was cross-screened against other
bromodomains, including BRPF1 in a TR-FRET competition
binding assay. BRPF1 specificity of the hits was confirmed by
N HSQC NMR. Potent hits found directly from this screen
included molecules that originated from fragment 73. Compound
74 had good potency (ICsy ~80 nM), with significant selectivity
by TR-FRET over BRPF2/3 (> ~100-fold) and other
bromodomains, critically BRD4 BD1 (ICs, >50 uM). It was also
cell permeable in a NanoBRET assay measuring displacement of
Halo-tagged histone H3.3 from NanoLuc-tagged BRPF1
bromodomain. As discussed in the conclusion section, crystal
structures showed similar orientations of the benzimidazolone
core of 73 and 74 in multiple bromodomains (Figure 20B).

Related compounds with similar properties have also been
described by collaborators of the Structural Genomics
Consortium (SGC). Researchers at Pfizer have reported the
discovery of a potent, highly selective BRPF1-selective inhibitor
PFI-4, believed to be related to 74.%' A distinct sulfonamide-
substituted benzimidazolone 75 has also been described in the
context of the development of dual BRPF-TRIM24 bromodomain
inhibitors.®* The compound is cell-permeable, with BRPF1
activity comparable to 74, and 5-fold selectivity over BRPF2.
Details of the discovery by this group of the sulfonamide-
substituted benzimidazolones are unpublished, but as with the
examples above its optimisation was assisted by the availability
of numerous commercially available analogues.

The primary goal of chemical probe discovery is to establish a
robust target-phenotype hypothesis. This can be strengthened by
testing multiple structurally diverse chemical probes, to reduce
the chance of confusing biology from off-target effects. A
chemically distinct quinolinone inhibitor of the BRPF family, NI-
57 (76) also originated from a bromodomain fragment screen.® It
has recently been reported to bind to BRPF1, 2 and 3 with Kd of
31 nM, 108 nM and 408 nM respectively by ITC.!

(NI 57) _s
/ @ s
§/ s//o
N_ HN™ \\o
\@f@ .
N
«O / T«O
Q / @
S/O
\Q ©/ \@N/
/NT<
81 0
0 (IACS-9571)
Fig. 17 BRPF and TRIM24 inhibitors 73-81.
TRIM24/TIF1a

Very recently, analogues of the benzimidazolone BRPF1
inhibitors above have been shown to also inhibit the distantly
ss related bromodomain of TRIM24 (Tripartite Motif containing
protein 24). Knockdown of this gene, also known as TIFla
(Transcription Intermediary Factor la), has an antiproliferative
effect in some cancer lines, for example breast cancer.%
77 originated from an observation that substituted analogues of
075 were active in a TRIM24 AlphaScreen assay.** Further
characterisation of 77, the first published inhibitor of TIFla,
showed that it binds potently (Kd 222nM by ITC), with limited
selectivity over BRPF1 (Kd 137 nM) and BRPF2 (Kd 1.1 uM).
This demonstrates again the potential for polypharmacology
6s between bromodomains, even ones that are not closely related on
the phylogenetic tree (Figure 2).
Another group has independently found similar dual
TRIM24/BRPF compounds. Using a mixture of virtual screening,

This journal is © The Royal Society of Chemistry [year]
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targeted compound sets and diversity screening, 78 was identified
as an efficient TRIM24 hit (AlphaScreen ICsy 8.5 uM).% Its
crystallographic binding mode suggested that replacing the
thiazole group with sulfonamide derivatives may produce a
vector targeting the “LAF/V” shelf (analogous to the WPF shelf
of the BET proteins). Although unsuccessful in the original
indolinone template, results from a replacement benzimidazolone
template were more promising (e.g. 79, TRIM24 ICsy 4.9 uM).
SAR from closely related high-throughput screening hits led to
the investigation of benzimidazolone 5-substituents (80, ICs, 1.5
uM, which showed an unexpected flipped binding mode in which
the aryl ether rather than the aryl sulfonamide targets the LAF/V-
shelf. In the TRIM24 complexes of 80 and the closely related 77,
the sulfonamide apparently contributes to binding by stacking
against and positioning the ether substituent.**” Further
elaboration targeting two additional regions, the “upper pocket”
and the ZA channel, led to 81 (IACS-9571), a compound with
improved potency (Kd 1.3nM), solubility (76 uM), and activity in
a cellular target engagement assay. Although not especially
selective over the BRPF bromodomains, its selectivity window
over BRD4 is excellent (Kd > 10 puM). Together with
pharmacokinetics suitable for in vivo dosing, this is the profile of
a chemical probe useful for either the TRIM24 or the BRPF
family bromodomains.

The examples of 77 and 81, together with those in the BRPF1
section, illustrate the independent, convergent discovery by
multiple investigators of closely related molecules sharing a
common benzimidazolone template. This is perhaps not
surprising, given the commercial availability of libraries of
analogues and the shared knowledge underlying their selection. It
is however encouraging that it has proved possible to modify the
series with different substituents to produce different
bromodomain binding profiles.

BRDY9 and BRD7

The most recent bromodomains to be targeted using fragments
are those of BRD9 and its close homologue BRD7. In one case
study, pursuing analogues of a hit from a previous BRD4 BD1
screen, the purine 82 (Figure 18) was found to give positive
thermal stabilisation of BRD4 BD1 and BRD9.%® Analogues
including phenyl 6-substituents were prepared, such as 83 and 84,
which were found to be more potent BRD9 inhibitors (e.g. Kd of
278 nM for 84), with around five-fold selectivity over BRD4
BD1 in vitro. The compound was active in a NanoBRET assay
measuring the displacement of tagged BRD9 bromodomain from
Halo-histone H3.3 with IC5y ~0.5 puM, and in this format no
activity was found against BRD4. A crystal structure of 83 in
BRD9 showed a bidentate hydrogen-bonding interaction with the
conserved asparagine (N100) involving the purine N3 atom and
the NH, group (Figure 19). The purine N9 atom makes the
conserved hydrogen-bond with W1 of the water network.
Compared to the previously determined BRD9 apo structure, in
the complex with 83 some movement was observed in the
sidechains of Phe44 and Phe47, leading to the suggestion that this
more open pocket could provide opportunities for greater
selectivity.

The optimisation of a separate series of 1-methylquinolones
has recently been reported, starting from 56 (Figure 13), which

60

65

70

75

was first reported as an ATAD2 bromodomain fragment.”® This
was found to be an exceptionally ligand-efficient BRD9 inhibitor
(with reported Kd 5 pM, LE 0.60).% Using its ATAD2-bound
structure as a model, the C7 position was chosen for elaboration
to explore the BRD9 ZA channel. First, analogues incorporating
various N-heterocyclic substituents were made and ranked
according to their thermal stabilisation of BRDY, the
valerolactam 85 being preferred. Synthesis of chiral analogues
led to the discovery of 86 (BRD9 Kd 99 nM, LE 0.27). The
(2R,3S) isomer was active, while its enantiomer showed no
binding. Compound 86 inhibited IL6 production in LPS-
stimulated THP-1 cells with ICs, between 5-10 puM. No
significant thermal stabilisation of 48 bromodomains tested was
detected within the sensitivity limits of differential scanning

OMe

Fig. 19 Binding mode of 83 in BRD9 (green, PDB: 4xy8) overlaid with
apo BRD9 structure (cyan, PDB: 3hme).
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fluorimetry (DSF) apart from BRD9 and BRD7, suggesting that
one of these targets may be responsible for the cellular activity.
IL6 inhibition is highly sensitive to weak BET bromodomain
inhibitors, and DSF only provides a qualitative measure of BET
potency, but this result certainly justifies further investigation.
Chemically distinct inhibitors of BRD9 and BRD7 with different
bromodomain binding profiles, such as the recently reported I-
BRD9 and BI-9564, might help to corroborate this mechanistic
interpretation.®""

Most recently of all, the indolizine template first found to bind
to BET bromodomains and optimised to inhibit BAZ2A/B
(fragment 5 and compound 55) has been adapted for BRD9.
Analogues such as 87 were found active in a BRD9 AlphaScreen
assay (ICsp 500 nM) with around six-fold selectivity over
BAZ2B. SAR-guided synthesis of analogues resulted in 88 (Kd
by ITC of 68 nM for BRD9 and 368 nM for BRD7) with > 40-
fold selectivity over BRD4 BD1 (Kd > 15 uM).”!

Conclusion

Fragment screening is now firmly established as a means to
discover ligand-efficient hits that compete for binding to the
acetyl-lysine pockets of BET subfamily bromodomains. These
are judged to be among the most tractable of this target class, as
supported by a growing body of experimental data as well as by
structure-based in silico calculations. Although current clinical
compounds did not originate from fragment-based drug
discovery, there are now several examples of fragment screening
coupled with successful optimisation to give potent, ligand-
efficient inhibitors selective for the BET bromodomains.

Other members of the family, while less well therapeutically
validated, are still of interest. Chemical probes are needed to
investigate their still poorly-understood functions. Reports of hits
from fragment screening against these proteins have started to
emerge. Encouragingly, for at least some members of the family
it is possible to identify fragments with comparable ligand
efficiencies to those that bind to BET. It now seems likely that
KAc-mimetic fragments can be found for many if not all of the
subset of bromodomains containing the typical conserved acetyl-
lysine recognition elements. Examples of the optimisation of
fragments into selective probe-quality molecules against several
bromodomains are given above (e.g. CREBBP, BAZ2A/B,

80

BRPF1 and BRD7/9). Full details of the biological effects of
these molecules have not yet emerged, so it is too early to say
whether these compounds will achieve their goal of delivering
novel, validated disease-relevant targets for drug discovery.

The KAc-site is by far the deepest cleft in the bromodomain
fold. It is to this pocket that all reported bromodomain fragments
bind. For practical reasons, target-based screening efforts
(including fragment screens) have used isolated bromodomain
modules. It is possible that additional functional allosteric
binding sites could be present in the context of full-length
bromodomain-containing proteins. However, no allosteric
compounds have yet emerged from cell-based screens using
intact proteins that first delivered BET bromodomain inhibitors.

Because of the conservation of the KAc-site between most
bromodomains, it is not surprising that fragments such as some of
those discussed above are able to bind to more than one member
of the family. X-ray structures of 11 have been solved in the
bromodomains of ATAD2, BRD2 BDI1, CREBBP, PBI1 and
SMARCA4 (Figure 20A), besides the atypical PHIP BD2, to
which it binds with a flipped mode. Compounds containing the
1,3-dimethyl benzimidazolone fragment such as 64, 73 and 74
also adopt similar binding modes in multiple bromodomains
(Figure 20B), as does acetaminophen (9, Figure 20C). This
promiscuity brings advantages and disadvantages. Fragments
may provide suitable starting points for optimisation against more
than one target, enabling efficient parallel optimisation as well as
serendipitous discoveries. Medicinal chemistry knowledge and
SAR can be transferred between targets, and the construction of
focused bromodomain family screening sets and arrays, which
have featured heavily in several publications, is a realistic option
for improving hit-rates. On the other hand, this conservation of
sites and binding modes introduces the tricky issue of selectivity.
Bromodomain  KAc-site  fragments require  significant
optimisation for selectivity as well as potency before they can be
useful as chemical probes or, perhaps, as drugs. While strategies
to optimise inhibitors for the BET family are known (growing
into the WPF shelf, ZA channel, etc.), for other bromodomains
such approaches are not generally so well understood.

This situation is reminiscent of the early days of protein kinase
drug discovery. Similar fragments bind with high efficiency to
the purine pockets of the ATP site of most kinases. This is one

C
>4 \

. B §
&..
e } Zi

Fig. 20 Conserved binding modes of KAc-mimetic fragments bound into different superimposed bromodomains. A) 5 bound to BRD2 BD1 (grey, PDB:
4a91), PB1 domain 5 (cyan, PDB: 3mb4) and SMARCA4 (orange, PDB: 3uvd). B) Benzimidazolone-containing fragments: 64 bound into ATAD2 (grey,
PDB:4tyl), 73 bound into BRD4 BD1(orange, PDB:4uyd), and 74 bound into BRPF1 (cyan, PDB: 4uye). C) 9 bound into BRD2 BD1 (orange, PDB:
4a9j), CREBBP (magenta, PDB: 4a9k) and BAZ2B (green, PDB: 4cut).
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major reason for their tractability: by growing into less conserved
regions, potent and highly selective kinase inhibitors can be
obtained. By analogy, the conserved KAc-site may be more of an
opportunity than a liability for bromodomains, enabling target-
class based lead discovery. By a curious coincidence, there are
several examples of kinase inhibitors that also bind to BET-
family bromodomains, despite the differences between the
architectures of the purine and acetyl-lysine binding sites.>>""*
These common activities may be more a consequence of the
promiscuity of the BET proteins than any particular similarity
between the pharmacophores of the kinase ATP site and the
bromodomain KAc-site, because there are also examples of
polypharmacology between BET bromodomains and other target
classes, notably the gamma-aminobutyric acid receptor.”” The
high level of current research activity also resembles that seen
within kinases, which might lead to parallel discoveries and
novelty considerations as some of the referenced examples show.

Some authors have commented that experimental
bromodomain fragment screening hit-rates seem to correlate with
predicted ligandability, with targets containing shallow or polar
active sites giving fewer confirmed hits. This has also been our
experience. At this point, significant optimisation has only been
reported in a limited number of cases. This may suggest that the
difficulty of optimising fragments against some bromodomains
should not be underestimated. In some cases, the region outside
the KAc-site may simply be too shallow, polar or flexible to offer
any chance to gain the necessary increase in potency while
staying within drug-like chemical space.

Nevertheless, predictions of ligandability based on

Abbreviations

BD, Bromodomain; BET, Bromodomain and Extra Terminal
FBDD, Fragment-Based Drug Discovery; GFP, Green
Fluorescent Protein; ITC, Isothermal Titration Calorimetry; KAc,
acetyl lysine; NMR, Nuclear Magnetic Resonance; SPR, Surface
Plasmon Resonance.
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interpretations of static bromodomain crystal structures may be
misleading. Some fragments bind to ATAD2 and other
bromodomains with unexpected displacement of some or all of
the waters of the conserved network. Although the water network
has been studied by molecular dynamics simulations,”® the
thermodynamic consequences of its partial or complete disruption
remain poorly understood. In addition, the KAc-site environment
is formed by the ZA and BC loop regions between o-helices,
which have been seen to be mobile by solution NMR
spectroscopy.®>’"® Recently, similar ZA-loop flexibility has
been reported in the structures of apo crystals of the ATAD2
bromodomain grown under different conditions.®® The
optimisation of selective CREBBP inhibitors was assisted by a
pocket created by the movement of a flexible arginine sidechain,
which was not visible in the unbound crystal structure (Figure
11A). In BRDY, sidechain movements result in adaptation to
ligand-binding compared to the previously determined apo
structure,®® and larger-scale ZA loop movements can occur in
response to relatively minor inhibitor modifications.”” These
results should caution against over-interpretation of rigid,
unbound crystal structures for insights into bromodomain
inhibitor binding. Whilst such movements may often be
unpredictable, this flexibility is likely to create opportunities for
ligands to bind to unexpected pockets, enabling potency and
selectivity to be gained during fragment optimisation. In
summary, although we now know much about the interactions of
bromodomains with their ligands, further surprising discoveries
should be expected.
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