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Different orientations of low-molecular-weight
fragments in the binding pocket of a BRD4
bromodomain

Bromodomains are involved in the regulation of chromatin architecture and
transcription through the recognition of acetylated lysines in histones and other
proteins. Many of them are considered to be relevant pharmacological targets
for different pathologies. Three crystallographic structures of the N-terminal
bromodomain of BRD4 in complex with low-molecular-weight fragments are
presented. They show that similar molecules mimicking acetylated lysine bind
the bromodomain with different orientations and exploit different interactions.
It is also advised to avoid DMSO when searching for low-affinity fragments
that interact with bromodomains since DMSO binds in the acetylated lysine-
recognition pocket of BRD4.

1. Introduction

Bromodomains (BRDs) are protein modules that recognize acetyl-
ated lysines (K,.) in histones and other proteins. BRDs are present
in diverse proteins including acetylases, helicases, methyltransferases,
transcriptional mediators and the bromo and extra-terminal (BET)
family (Filippakopoulos, Picaud, Mangos et al., 2012), covering
important roles in the regulation of chromatin architecture and
transcription. All BRDs have a common left-handed helical bundle
fold with four antiparallel helices (¢Z, ¢A, «B and «C) connected by
the two ZA and BC loops. K, binds in a deep central hydrophobic
cavity, anchoring to an asparagine residue present in most BRDs by a
hydrogen bond (Owen et al., 2000).

Several reports encourage the development of BRD inhibitors for
therapeutic purposes. Restricting the field to BRD4, a member of the
BET family, many studies have identified this protein as a valuable
target in cancer. It directs post-mitotic transcription, directly influ-
encing mitotic progression (Dey et al, 2009). It also recruits the
positive transcription elongation factor complex (P-TEFb) to mitotic
chromosomes, increasing the expression of growth-promoting genes
(Yang et al., 2005). The cyclin-dependent kinase 9 (Cdk9), which is
part of the P-TEFb complex and activates transcription elongation
through phosphorylation of RNA polymerase II, is already a
validated target for a subset of malignancies, with its inhibitor
flavopiridol undergoing clinical trials (Lolli, 2009, 2010). Finally,
BRD4 is fused with NUT (nuclear protein in testis) as a consequence
of a chromosomal translocation in the aggressive NUT midline
carcinoma (French er al, 2001, 2003) and the BET-BRD inhibitor
I-BET762 has recently entered clinical trials for this pathology
(ClinicalTrials.gov identifier NCT01587703). Anti-inflammatory
effects in mice have also been reported for this inhibitor (Nicodeme
et al., 2010). The structurally related triazolodiazepine compounds
I-BET762 and (+)-JQ1 (Filippakopoulos et al, 2010) are the most
potent BET-BRD inhibitors developed to date. Additional scaffolds
(3,5-dimethylisoxazole and dihydroquinazolinone) have been shown
to bind to BRD4 (Hewings et al., 2011; Dawson et al., 2011; Chung et
al., 2012; Fish et al., 2012). One of these, -BET151, induced cell-cycle
arrest and apoptosis in mixed-lineage leukaemia (MLL) cells and also
shows encouraging results in mouse models of MLL (Dawson et al.,
2011). The fragment-based drug-discovery approach is at present
widely used for the development of new BRD4 inhibitors, with the
most recent articles being published during the revision process of the
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Table 1 present manuscript (Chung et al., 2012; Fish
Data-collection and refinement statistics. et al., 2012; Zhao et al., 2013). Here, we
characterize the interference of DMSO, the
most common solubilizing agent used for
fragment libraries, with this approach,

N-BRD4 complexed with N-Methyltrimethylacetamide Pyrrolidinone DMSO

Data collection

Space group i P2,2:2, P2,2,2, P2,2,2, A . N
Unit-cell parameters (A) a=3720, b =4413, a=3731, b= 4440, a=3718,b=4412, showing that its use could reduce the hit
¢ =77.96 c=78.16 ¢ =77.96 ratio of fragment libraries by a significant
X-ray source . 1D23-1, ESRF XRD1, Elettra XRD1, Elettra f i
Wavelength (A) 0.9724 1.200 1.200 raction. )
Resolution (A) 44.13-1.25 (1.32-1.25) 44.40-1.50 (1.58-1.50) 38.98-1.40 (1.48-1.40) We also show that different fragments
Rineree (%) 96 (49.6) 7.6 (37.3) 7.2 (46.8) can reproduce the different binding modes
Rincas (%) 11.0 (57.5) 9.2 (46.0) 8.6 (58.5) ; o
Ryim. (%) 53 (28.5) 5.1 (26.5) 46 (34.3) explored by bromodomains for recognition
(Ilo(I)) 8.9 (2.8) 7.9 (2.1) 9.5 (2.0) of variously modified substrates (i.e. mono-
Completeness (%) 99.1 (96.7) 99.3 (98.8) 98.8 (97.3) . .
Multiplicity 43 (37) 29 27) 31 24) acetylated and diacetylated peptides).
Refinement .
Resolution (A) 38.98-1.25 39.08-1.50 39.00-1.40
Ruorid/ Rizee (%) 14.9/16.7 16.9/19.4 15.9/19.1 2. Experimental procedures
No. of atoms
;‘mt’l, ﬁig %gg ﬁ‘i(l) The expression vector for the N-terminal
rotein .
Ligand 8 +4 6 4 bromodomain of BRD4 (N-BRD4) was
Water 172 153 157 obtained from the Structural Genomics
3 gtclzfy)lrzr‘(i&%])yml 24 20 20 Consortium, Oxford, England. Purified
Buwitson 8.4 11.6 3.9 protein was obtained as described previously
Overall 11.0 137 10.9 (Filippakopoulos et al., 2010). Briefly,
Protein 9.5 12.5 9.5 N-BRD4 . . Escherichi Ii
Ligand 95 156 9.9 - expr.essmn 1n. scherichia coli
Water 20.1 21.5 19.8 BL21 cells was induced with 1 mM IPTG for
Ethylene glycol 18.5 204 207 4 h at 291 K. The clarified lysate was passed
R.m.s. deviations .
Bond lengths (A) 0.013 0.012 0.012 through a DEAE column in the presence
Bond angles (°) 1.7 1.5 15 of 0.5 M NaCl and the unbound fraction
Ramachandran plot, residues in (%) s : :
Favoured region 992 992 992 contalnlng the protein of interest was loaded
Allowed region 0.8 0.8 0.8 onto a HisTrap column (GE Healthcare).
Outlier region 0 0 0 Elution was performed using a step gradient
PDB entry 4ioo 4ioq 4ior

of imidazole. The buffer was exchanged and
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Figure 1

(a)—~(c) N-BRD4-ligand interactions: (@) DMSO, (b) pyrrolidinone, (c) N-methyltrimethylacetamide. Hydrogen bonds are indicated by dashed lines, while hydrophobic
contacts are represented by an arc with spokes radiating towards the ligand atoms that they contact. The contacted atoms are shown with spokes radiating back (prepared
with LigPlot"; Laskowski & Swindells, 2011). (d)-(f) Electron densities in the N-BRD4 K, -binding site: (d) DMSO, (e) pyrrolidinone, (f) N-methyltrimethylacetamide.
Fragments are shown with corresponding simulated-annealing OMIT maps contoured at 30. 2F, — F. maps contoured at 1o are shown for residues and water molecules
involved in polar interactions with the fragments (prepared with PyMOL; http://www.pymol.org/).
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the hexahistidine tag was removed with TEV protease. N-BRD4 was
further purified on a Superdex 75 column (GE Healthcare) and was
concentrated to 10 mg ml™".

N-BRD4 crystals were obtained at 277 K in sitting nanodrops using
reservoir solutions consisting of 16% PEG 3350 and 20% ethylene
glycol in the pH range 6.5-8.5. Small molecules purchased from
Sigma-Aldrich were soaked at the following concentrations: 1%
DMSO, 50mM pyrrolidinone and 5mM N-methyltrimethyl-
acetamide in the presence of 1% DMSO. Crystals were cryoprotected
by raising the PEG 3350 concentration to 20% and maintaining
the ethylene glycol concentration at 20% in the soaking solutions.
Soaking and cryoprotection were then performed simultaneously,
adding the appropriate solution to the crystallization drop. After 2 h,
the crystals were transferred into liquid nitrogen.

Diffraction data were collected at 100 K at the XRD1 and ID23-1
beamlines at Elettra, Trieste, Italy and the ESRF, Grenoble, France,
respectively, and were integrated with XDS (Kabsch, 2010) before
reduction and scaling with SCALA (Collaborative Computational
Project, Number 4, 1994; Evans, 2006; Winn et al., 2011). Molecular
replacement was performed with Phaser (McCoy et al., 2007) using
the apo N-BRD4 structure (PDB entry 2oss; Filippakopoulos, Picaud,
Mangos et al., 2012) as a model. Models were inspected and modified
with Coot (Emsley et al., 2010) and were refined anisotropically with
REFMACS5 (Murshudov et al, 2011; Winn et al., 2011). Water mole-
cules were added with PHENIX (Adams et al., 2010), which was also
used for occupancy refinement of N-methyltrimethylacetamide and
DMSO. The PRODRG server (Schiittelkopf & van Aalten, 2004) was
used to obtain PDB and CIF files for the small molecules, which were
manually placed in positive electron density using Coot. Anisotropic
refinement was also applied to the ligands. Structures and structure-
factor amplitudes have been deposited in the PDB (http:/
www.pdb.org/) as entries 4i00, 4ioq and 4ior.

3. Results and discussion

Three structures of the first bromodomain of BRD4 (N-BRD4) are
reported which have been solved to high resolution in complex with
small molecules mimicking acetylated lysines (Table 1). The smallest
of these, DMSO, was observed to interfere with the BRD solution
assay for binding of histone peptides (Philpott et al.,2011) and we first

Asn140
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>

-
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Figure 2

(a)

(a) Comparison of the binding modes of pyrrolidinone (to N-BRD4; salmon) and N-methylpyrrolidinone (to
N-BRD2; PDB entry 4a9f; green). K8, in the histone H4 Lys8-Lys12 diacetylated peptide (PDB entry 3uw9;
violet) binds to N-BRD4 similarly to pyrrolidinone. (b) N-Methyltrimethylacetamide binds to N-BRD4 similarly
to K16, in the histone H4 Lys16-Lys20 diacetylated peptide (PDB entry 3uvy; cyan).

verified its binding to the N-BRD4 acetylated lysine-binding pocket
by solving the structure of their complex. Subsequently, we investi-
gated the possible interference of DMSO with the fragment-based
approach for BRD4 drug discovery. In order to verify the effect
of DMSO on soaking low-molecular-weight fragments in N-BRD4,
we selected pyrrolidinone and N-methyltrimethylacetamide as test
molecules. Pyrrolidinone was selected as a very low affinity fragment
by removing part of the BRD-interacting region from N-methyl-
pyrrolidinone (Filippakopoulos, Picaud, Mangos et al., 2012; Chung et
al.,2012). N-Methyltrimethylacetamide was chosen as a better ligand
starting from the observed interaction of N-methylacetamide with the
GCNS5 bromodomain (Hudson et al., 2000). All three fragments are
found in the acetylated lysine-binding pocket of N-BRD4, which is
almost identical in the three structures.

DMSO only shows a single anchoring point (Figs. 1a and 1d): the
hydrogen bonds to the side-chain amide N atom of Asn140 and to
a conserved water molecule (W1, hydrogen bonding to Tyr97)
observed in various structures of N-BRD4 in complex with K,.-
containing peptides (PDB entries 3uw9, 3uvw, 3uvy and 3uvx; Filip-
pakopoulos, Picaud, Mangos et al., 2012) or with different inhibitors
and fragments. The hydrogen bond to Asn140 (2.90 A) is shorter than
those formed by K,.-containing peptides or by the triazole and
isoxazole moieties of BRD4 inhibitors (PDB entries 2yel, 3mxf, 3p5o,
3svf, 3svg, 3udj, 3zyu and 4f3i; Filippakopoulos et al., 2010; Nicodeme
et al., 2010; Hewings et al., 2011; Chung et al., 2011; Dawson et al.,
2011; Filippakopoulos, Picaud, Fedorov et al., 2012; Zhang et al.,
2012). During the writing of this manuscript, various structures of
N-BRD4 in complex with dihydroquinazolinone compounds have
been deposited, with the cyclic urea carbonyl approaching Asn140
similarly to DMSO (PDB entries 4¢96, 4hbw, 4hby and 4hbx; Fish et
al., 2012). With respect to the apo structure (PDB entry 2oss; Filip-
pakopoulos, Picaud, Mangos et al, 2012), DMSO displaces a single
water molecule (that interacting with Asnl140) and induces Ile146
to switch to a different conformer as observed in the ligand-bound
N-BRD#4 structures (except for the structure in complex with histone
H4 Lys5-Lys8 diacetylated peptide; PDB entry 3uvw). Additional
contacts involve Pro82, Phe83, Val87, Leu94, Tyr97 and Cys136. This
structure was obtained by soaking N-BRD4 crystals with 1% DMSO,
indicating that this solvent should be avoided when searching for
additional low-affinity fragments that interact with the K,.-binding
site of BRDs. This is further described below
in the structure of N-BRD4 in complex with
N-methyltrimethylacetamide. The structure
of the CREBBP bromodomain in complex
with DMSO (PDB entry 3ple; Structural
Genomics Consortium, unpublished work)
was solved to 1.8 A resolution with two
molecules per asymmetric unit and with
slightly different orientations reported for
the DMSO molecules in the two chains
(mean displacement of 0.85 A) In the
complex with N-BRD4 at 1.4 A resolution,
DMSO is oriented similarly to as observed
for chain B of PDB entry 3ple.

All of the interactions described above
are retained in the other two structures
reported here. The pyrrolidinone molecule
has an additional anchoring point via a
water-bridged (W2) hydrogen bond between
the N atom and the side-chain amide
carbonyl of Asnl40 (also present in the
structure of N-BRD4 in complex with
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6-bromo-3-methyl-3,4-dihydroquinazolin-2-one; PDB entry 4hbv;
Fish et al., 2012) and additionally contacts Leu92 and Tyr139 (Figs. 16
and le). It closely resembles the spatial organization of K8, in the
histone H4 Lys8-Lys12 diacetylated peptide bound to N-BRD4
(Fig. 2a); N-BRD4 does not contact K12, and this structure repre-
sents the N-BRD4 monoacetylated recognition mode (PDB entry
3uw?9; Filippakopoulos, Picaud, Mangos et al., 2012). The structures of
two different BRDs (the single bromodomain of BRD1 and the first
bromodomain of BRD2) in complex with N-methylpyrrolidinone are
available (PDB entries 3rcw and 4a9f; Filippakopoulos, Picaud,
Mangos et al., 2012; Chung et al., 2012). In both cases the pyrrol-
idinone ring is tilted 180° with respect to that observed in our
structure (Fig. 2a). The additional methyl group impedes the
hydrogen bond to W2 while more deeply exploring the K,-binding
site.

Similarly, in the last structure presented here, the complex with
N-methyltrimethylacetamide, the amide group is tilted with respect to
the pyrrolidinone molecule. As a consequence, the acetamide N atom
anchors to a different point, with a water-bridged (W3) hydrogen
bond to the backbone carbonyl of Pro82 (Figs. 1¢ and 1f). Interest-
ingly, this interaction is also present in the structures of N-BRD4 in
complex with histone H4 Lys5-Lys8, Lys12-Lys16 and Lys16-Lys20
diacetylated peptides (Fig. 2b). In these structures, the two acetylated
lysines bind simultaneously and with identical conformations to
N-BRD4, representing the diacetylated recognition mode (PDB
entries 3uvw, 3uvy and 3uvx; Filippakopoulos, Picaud, Mangos et al.,
2012). In comparison with the pyrrolidinone molecule, N-methyl-
trimethylacetamide also shows extended van der Waals contacts with
Tyr139. This complex was obtained by soaking N-BRD4 crystals with
5 mM N-methyltrimethylacetamide in the presence of 1% DMSO.
Both molecules are present in the K,.-binding site, with refined
occupancies of 0.65 and 0.35, respectively.

The structure of N-BRD4 in complex with pyrrolidinone was
obtained by soaking the fragment at a concentration of 50 mM in the
absence of DMSO, while the lower concentration of 5 mM only led to
partial occupancy of the N-BRD4 pocket. When 1% DMSO was used
in conjunction with 5 mM pyrrolidinone, only DMSO was visible in
the electron density. As expected, pyrrolidinone has a lower affinity
for N-BRD4 with respect to N-methyltrimethylacetamide; a pyrroli-
dinone:DMSO concentration ratio of 1:28 makes the pyrrolidinone—
BRD4 interaction undetectable.

Fragments considered useful as starting points for the development
of hit compounds bind their targets with affinities in the high
micromolar to low millimolar range. DMSO is generally used as a
solubilizing agent at a concentration 10-100 times greater than that of
the tested fragments. Our data indicate that, at least in the case of
N-BRD4, this would result in a number of false negatives, with the
binding of many if not all fragments with millimolar affinities being
undetectable in the presence of DMSO.

The structures presented here also highlight the possibility of using
different acetylated lysine-mimicking molecules as tools to explore
the different target-recognition modes exploited by BRDs.

We are grateful to Professor Stefan Knapp (Structural Genomics
Consortium, Oxford) for providing us with the expression vector for

N-BRD4 and to the staff of the ID23-1 and XRD1 beamlines at
ESREF, Grenoble, France and Elettra, Trieste, Italy, respectively. This
work was supported by a FEBS Distinguished Young Investigator
Award granted to GL.
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