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Abstract

Bromodomains (BrDs), a conserved structural module in chromatin-associated proteins, are well
known for recognizing e-A-acetyl lysine residues on histones. One of the most relevant BrDs is
BRD4, a tandem bromodomain containing protein (BrD1 and BrD2) that plays a critical role in
numerous diseases including cancer. Growing evidence shows that the two BrDs of BRD4 have
different biological functions; hence selective ligands that can be used to study their functions are
of great interest. Here, as a follow-up of our previous work (Gacias et al.,, Chem Biol. 2014;
21:841-854), we first provide a detailed characterization study of the /n sifico rational design of
Olinone as part of a series of five tetrahydro-pyrido indole-based compounds as BRD4 BrD1
inhibitors. Additionally, we investigated the molecular basis for Olinone’s selective recognition by
BrD1 over BrD2. Molecular dynamics simulations, free energy calculations and conformational
analyses of the gpo-BRD4-BrD1|2 and BRD4-BrD1|2/Olinone complexes showed that Olinone’s
selectivity is facilitated by five key residues: Leu92 in BrD1|385 in BrD2 of ZA loop, Asn140]433,
Aspl44|His437 and Aspl145|Glu438 of BC loop, and 11e146|\Val49 of helix C. Furthermore, the
difference in hydrogen bonds number and in mobility of the ZA and BC loops of the acetyl-lysine
binding site between BRD4 BrD1/Olinone and BrD2/Olinone complexes also contribute to the
difference in Olinone’s binding affinity and selectivity towards BrD1 over BrD2. Altogether, our
computer-aided molecular design techniques can effectively guide the development of small-
molecule BRD4 BrD1 inhibitors, explain their selectivity origin, and further open doors to the
design of new therapeutically-improved derivatives.
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INTRODUCTION

Lysine acetylation is well recognized as an important post-translational modification (PTM)
that regulates several cellular functions and disease biology.12 In particular, histone lysine
acetylation plays an active role in epigenetic control of gene transcription. Studies of histone
biology show that specific proteins add PTM marks (writers), recognize marks (readers) and
remove marks (erasers).34 The proteins associated with acetylated lysine (AcK) are well
described: histone acetyltranferases (HATS) add the acetyl group, histone deacetylases
(HDACSs) remove the acetyl group, and bromodomains (BrDs), which are a conserved
structural module present in numerous chromatin-associated proteins and HATS, recognize
AcK acting as “readers” of lysine acetylation state.®

There are 61 human BrDs embedded in 46 proteins,® which are divided into eight
subfamilies with distinctive features based on sequence similarities.” One subfamily is the
BET (bromodomain and extra-terminal domain) proteins composed of four members in
humans: BRD2, BRD3, BRD4 (bromodomain-containing proteins 2-4) and BRDT
(bromodomain testis-specific protein), each containing tandem bromodomains (BrD1 and
BrD2). Bromodomains adopt a conserved fold of a left-handed bundle of four a helices (aZ,
aA\, aB, and aC) with inter-helical ZA and BC loops of variable length and sequence.®
These loops form a hydrophobic pocket serving to stabilize acetyl-lysine binding. The amino
acids residues in the acetyl-lysine binding pocket are highly conserved, with over 90%
sequence identity between the two BrDs in each BET protein. Among the BET proteins,
BRD4 has been arguably the most broadly investigated. Recent studies have implicated
BRD4 in numerous diseases including cancer, obesity,? kidney malfunction,? and
inflammation.11

Growing evidence shows that the biological functions of BRD4 are mediated through its two
BrDs,10:11 however, the specific role of each bromodomain is still poorly understood. An
important strategy for understanding the function of each BrD of BRD4 is to use small-
molecule probes that selectively disrupt the interaction of BRD4 BrD1|2 with their native
histones AcK. Nevertheless, developing a selective inhibitor towards either BrD1|2 of BRD4
is challenging due to the high sequence similarity of the acetyl-lysine binding sites. Thus,
despite several potent BRD4 inhibitors reported in previous findings,!2 at the time our
research was conducted, there was only one published inhibitor that had been validated to
differentiate between the two BrDs of BRIM.12 This compound, MS436 (Figure 1A), is a
diazobenzene-based inhibitor with an estimated Kj, of 30-50 nM for BRD4 BrD1 and a 10-
fold selectivity over BrD2, which is achieved through water-mediated intermolecular
interactions.13 Recently, our group reported another selective inhibitor of BRD4 BrD1. This
compound, MS402 (Figure 1A), is a cyclopentene-based BrD inhibitor with an estimated K;
of 77 nM for BRD4 BrD1 and a nine-fold selectivity over BrD2 of BRD4.14 In addition, in
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2014 we reported a more selective inhibitor of BRD4 BrD1, but with a different chemical
scaffold, tetrahydro-pyrido indole.® This compound, Olinone (Figure 1A), has a Kyof 3.4
UM against BRD4 BrD1 and is about 100-fold selective over BrD2. Olinone displays
preferred BrD1 binding over BrD2 for all three BET proteins BRD4, BRD3, and BRD2,
while exhibiting nearly no detectable binding to other bromodomain-containing proteins.1®
Olinone has been shown to accelerate the progression of mouse primary oligodendrocyte
progenitors towards differentiation, while inhibition of both bromodomains of BET proteins
hindered differentiation.1>

In the present paper, as a follow-up of our previous work,1 we first provide a detailed
characterization study of our in silico design rationale of Olinone(MS3)1 as part of a series
of five tetrahydro-pyrido indole-based compounds (MS1 to MS5, MSi) modulators of BRD4
BrD1, and second explain the molecular basis for Olinone’s selectivity towards BRD4 BrD1
over BrD2. The first part of this computational study was contemporaneously completed
with the experimental characterization of Olinone.1® Our design rationale used as starting
point compound MS7972, an inhibitor of the structurally related bromodomain of the
CREB-binding protein (CBP), that had been previously identified by NMR-based screening
in our laboratory.18 The /n silico study presented herein indicates that Olinone!® has the
strongest binding affinity for BRD4 BrD1 out of the five molecules originally designed as
BRD4 BrD1 inhibitors. This result was validated experimentally as the MSi compounds
were synthesized and their binding affinity towards BRD4 BrD1 measured.®> Moreover, we
explain the molecular basis for Olinone!® binding to BRD4 BrD1 and the potential origin of
its selectivity for BrD1 over BrD2. Towards this end, we present Molecular Dynamics (MD)
simulations of BRD4 BrD1/Olinone X-ray crystal structurel® and BRD4 BrD2/Olinone
complexes, free energy calculations as well as conformational analyses. The origin of
Olinone’s selectivity for BrD1 over BrD2 seems to be related to the most favorable energetic
contribution to the binding free energy of acetyl-lysine binding site gatekeeper residues
Ile146 in BrD1 compared to Val439 in BrD2 together with four other residues Leu92|385,
Asn140|433, Aspl44|His437, and Asp145|Glu438 in BrD1|BrD2. Our study also revealed
that the binding free energy is mainly driven by van der Waals interactions, and the potential
of modifying the amide group of the piperidone ring of Olinone and the amide group of the
N-acetamidoalkyl chain for developing new derivatives with improved affinity towards
BRD4 BrD1, while keeping its selectivity over BrD2.

METHODS AND MODELS

Molecular Systems

The CBP BrD in complex with MS7972 system was built from the NMR structure (PDB ID
2D8216) placed in a truncated octahedron periodic box with 5,307 water molecules and four
sodium ions to neutralize the simulation cell. The initial structures of the MSi compounds,
designed by the Marvin program?’, were used for docking studies and parameterization (see
below Parameterization of MS Compounds). The initial poses of MSi compounds bound to
BRD4 BrD1 were obtained from docking calculations using MOE18 (Molecular Operating
Environment). Each compound was docked against the BRD4 BrD1 X-ray structure (PDB
ID 3UVW19), from which the H4K5ac/K8ac peptide had been removed. Docking ligands
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MS1, MS2, MS3 and MS4 produced only one predominant pose and it was chosen to build
the respective models (see below Molecular Docking sections). Their acetamidoalkyl chains
pointed inside the acetyl-lysine binding pocket (see Figure S1 Supporting Information) as in
the histone H4K5ac/K8ac peptide bound to the BRD4 BrD1 (see Figure 1F). For ligand
MSS5, two different poses were selected: 1) with the acetamidoalkyl chain pointing inside the
acetyl-lysine binding pocket (MS5.1) and 2) with the tetrahydro-pyrido indole scaffold
pointing inside the acetyl-lysine binding pocket (MS5.2) (see Figure S1 Supporting
Information). Thus, six different systems were built as described above: BRD4 BrD1 in
complexes with the different designed molecules (MS1, MS2, MS3, MS4, MS5.1 and
MS5.2). In addition, in order to study the selectivity of Olinone (MS3) towards BRD4 BrD1
over BrD2, four additional systems were built. Two of these were built using the complex of
Olinone bound to BRD4 BrD1 X-ray crystal structure (PDB ID 4QB31%): ap0-BRD4 BrD1
and in complex with Olinone (MS3). The two other systems were built using the second
bromodomain (BrD2) of BRD4 X-ray crystal structure (°PDB ID 20U0): gap0-BRD4 BrD2
and in complex with Olinone (MS3) (see Molecular Systems in Methods and Models in
Supporting Information for further details).

Molecular Docking

The H4K5ac/K8ac peptide from the PDB structure 3UVW of BRD4 BrD1 was used to
correct the 3D structure (e.g., terminal amino acids and protonation states) with the Structure
Preparation application in MOE. The LigX of MOE was invoked to protonate the BRD4
BrD1 structure using the 3D protonation application. Water molecules farther than 4.5 A
were removed. Finally, the energy of the retrieved protein molecule (BRD4 BrD1) was
minimized using the default parameters of MOE energy minimization algorithm (gradient:
0.1 kcal/mol/A2, force field: MMFF94X). A MOE database with all MSi (MS1 to MS5)
compounds was created with the MMFF94x.20 The Rigid Receptor with flexible ligands
docking protocol was used for the molecular docking of the MSi ligands to BRD4 BrD1.

At the end of docking, the top scoring poses were selected for MD simulations. The initial
models were minimized (see Setup of the Simulations) using Amber 12.0 program?! and
rescored using the Pose Rescoring protocol in MOE Dock program. The minimized structure
of BRD4 BrD1/MS3(Olinone)1® is very similar to the X-ray crystal structure (see Table S1
in Supporting Information). In addition, the MOE score of the BRD4 BrD1/MS3(Olinone)
docking model (—8.04 kcal/mol) is very similar to that of the X-ray crystal structure (-8.23
kcal/mol). Thus, we conclude that the docked poses are appropriate as initial models.

Setup of the Simulations

We performed 20 ns MD simulations of the CBP BrD/MS7972 complex and 25 ns MD
simulations of each model BRD4 BrD1/MSi complex to select the best binder of the MSi
series. Afterwards, we conducted 200 ns MD simulation of each BRD4 BrD1/Olinone
complex and without ligand, and 400 ns MD simulations of each BRD4 BrD2/Olinone
complex and without ligand to study Olinone’s selectivity towards BrD1 over BrD2 (a total
of ~1.4 microseconds MD simulation). Based on pKa calculations using Maestro 16-1,22
His437 was considered charged. The all-atom FF99SB Amber force field?! and the TIP3P
water model23 were used for all first seven systems (/.e., CBP BrD/MS7972 and BRD4
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BrD1/MS1-5.1&5.2). The all-atom FF14SB Amber force field,2124 and the TIP3P water
model?3 were used for all other four systems calculations (i.e., apo-BRD4 BrD1, BRD4
BrD1/Olinone X-ray crystal structure, 4p0-BRD4 BrD2 and BRD4 BrD2/Olinone complex)
because during the project an updated and improved Amber force field for protein modeling,
FF14SB, became available. The system was initially minimized using the Steepest Descent
and Conjugate Gradient methods to remove unfavorable steric interactions. Then, it was
heated at a constant rate to 300 K for 100 ps. Heating was followed by a sequence of
equilibrations with positional restraints on the protein and the ligand, which were gradually
reduced from 25 kcal/mol until the system was allowed to move freely. Twin-range non—
bonded cutoffs of 10 A and 12 A were used for the Lennard—Jones potentials and
electrostatic interactions were calculated using particle-mesh Ewald. The production MD
simulations were carried out using the NPT ensemble. In the production stage the
temperature was maintained using Langevin dynamics with a temperature coupling
parameter of 5 ps and a collision frequency of 5 ps~L. The length of all bonds involving
hydrogen atoms was kept fixed with the SHAKE algorithm.2> The pressure was kept fixed at
1 atm. The equations of motion were integrated with a time—step of 2 fs. The first six
systems involved in the /n silico rational design (BRD4 BrD1/MSi) were solvated using
Grand Canonical ensemble Monte Carlo simulations (GCMC).26:27 The remaining four
systems involved in the selectivity study of Olinone were solvated using the so/vateOct
command in the LEaP program.28 Truncated octahedron periodic boundary unit cell was
used throughout (see Setup of the Simulations in Methods and Models in Supporting
Information for further details). The coordinates were saved every 5 ps. All MD simulations
and analysis were performed using the Amber?!, Simulaid2®, the Metropolis Monte Carlo
(MMC)39 and VIDA3! programs.

Parameterization of MS Compounds

The force field parameters for the ligands MS7972 and MS1 to MS5, which are neutral,
were obtained by using the following protocol: 1) the geometry of the molecules, drawn
using Marvinl’ and VIDAS3! programs, was optimized using Quantum Mechanics Semi-
empirical (QMS) minimization; 2) all ligands atomic partial charges were computed with the
AM1-BCC semi-empirical method as implemented in the Amber 12.0 or 14.0 Antechamber
programs; 2132 and 3) the parameterization of the ligands were done using the GAFF force
field.2 Molecular Operating Environment (MOE)18, Visual Molecular Dynamics (VMD)33,
PyMOL34, Marvinl? and VIDA3! programs were used for further structure visualization and
drawing. The charges and other parameters are available upon request. The molecular
mechanics Generalized Born (GB)3°:36 surface area (MM/GBSA) method was used to
calculate the free energy of binding between a small molecule (a ligand, L, MS1 to MS5)
and a macromolecule (the receptor, /, BRD4 BrD1 and BRD4 BrD2) forming a receptor—
ligand complex (RL, BRD4 BrD1/MSi and BRD4 BrD2/Olinone; see MM/GBSA Method
in Methods and Models in Supporting Information for further details).

Water Molecules Calculations

The water molecules inside the acetyl-lysine binding pocket and close to the MSi ligands
were determined by using the following protocol: 1) the average number of water molecules
in the first shell of 3.4A of the Atalkylated chain (MS1, MS2, MS3, MS4 and MS5.1) or the
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tricyclic moiety (MS5.2) were obtained using the watershe// module in Amber 12.0 or 14.0
Antechamber;21:32 2) the closest water (~8) molecules obtained in Step 1 were written onto
an Amber MD trajectory file; and 3) a hydrogen bonding analysis of the MD trajectory was
computed in VMD?3 to identify the BRD4 BrD1 residues that form hydrogen bonds with
water molecules and/or with the MSi ligands. For MS1, MS2, MS3, MS4 and MS5.1 the
residues selected were Pro82, GIn85, Tyr97, Met105, Met132, and for MS5.2 the same
residues were selected as for the other MSi ligands plus Asn135. In the case of BRD4
BrD2/MS3 the residues selected were Pro375, Lys378, Tyr390, Met398, Met425, 4) the
average number of water molecules in the first shell (closer than 3.4A) about the residues
selected in Step 3was obtained using the watershel// module in Amber 12.0 or 14.0
Antechamber,21:32 and 5) the closest water molecules obtained in Step 4 were written onto
an amber MD trajectory file that was later used to perform the MM/GBSA calculations.

RESULTS AND DISCUSSION
A) IN SILICO DESIGN OF BRD4 BrD1 INHIBITORS

Molecular Dynamics Simulations of CBP BrD/MS7972-Lead Compound—The
rationale of our /n silico design of BET-specific BrD inhibitors started from MS7972, which
we had previously identified in NMR-based screening as a modest inhibitor (PDB ID
2D8216) (Figure 1A). MD simulations of the NMR structure of the CBP BrD/MS7972
complex identified two stable bound poses of MS7972: 1) a NMR-like orientation6 with a
population of —40% and 2) a flipped orientation by —90° along the long axis of the molecule
with a population of -60% (~6.1+0.3 A all ligand atoms root-mean-squared deviations,
RMSD) (Figures 1B-1E). MS7972 forms a network of hydrophobic and aromatic
interactions with Pro1110, Phe1111, Vai1115, Pro1117, Leu1120, 1le1122, Tyr1167 and
Vaill74 (Figure 1E) as well as with polar residues (GIn1113, Tyr1125, Asp1134, Tyrl167,
Asn1168, Ser1172 and Arg1173) in the ZA and BC loops. As in all bromodomains a few
water molecules are located deep in the acetyl-lysine binding pocket (Figure 1E). Based on
these findings, and given the structural similarities of the bromodomains of CBP and BET
proteins we used MS7972 as a starting point in our search for selective BRD4 BrD1
inhibitors.

Structure-Guided Rational Design and Development of Selective BRD4 BrDs
Inhibitors—Our /n sifico design rationale for a BRD4 BrD1 inhibitor relied on three
elements: 1) ZA and BC surface loops because they include polar residues and exhibit
considerable mobility; 2) the hydrophobic acetyl-lysine binding pocket and the structured
water molecules near the ligand; and 3) the residue-based energetic contributions of the
BRD4 BrD1/ligand interaction. Thus, we first superimposed the representatives NMR-like
and flipped orientations of MS7972 bound to CBP bromodomain resulting from the MD
simulation on the X-ray crystal structure of histone H4K5ac/K8ac peptide bound to the
BRD4 BrD1 (PDB 1D 3UVW?, Figures 1E and 1F). This strategy helped us identify key
structural features on MS7972, such as the potential change in position of the C=0 group, to
enhance its derivative interactions with the BRD4 BrD1 AcK binding pocket. Secondly, our
analysis focused mainly on the surface of the polar ligand acetyl-lysine binding vestibule.
We aimed at taking advantage of GIn85, Tyr97 and Asp106 of the ZA loop, and Tyr139,
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Asn140, Aspl144 (unique to BRD4 BrD1) and Asp145 of the BC loop in BRD4 BrD1, which
do not interact with MS7972 directly, but could enhance potency towards BRD4 BrD1 by
introducing groups in MS7972 that could provide additional electrostatic interactions.
Thirdly, we paid attention to several trapped water molecules in the acetyl-lysine hydrohobic
pocket proximal to Tyr97 and Asp106 in BRD4 BrD1 (/.e., correspoding to Tyr1125 and
Aspl1134 in CBP BrD). Similar waters are observed in other BrDs bound to their native
peptides or small-molecule inhibitors.513.15 These structured water molecules in the acetyl-
lysine binding pocket often extend into a channel formed by the ZA loop, called the ZA
channel, which can be used to enhance potency and selectivity as describe previuosly.3’-41 It
could be expected that if these waters are not strongly bound, introducing groups that
displace the waters and interact better with the protein will enhance the ligand’s affinity.
37-41 Thus, on this basis, we designed the family of structurally related 1-substituted-2,3,4,5-
tetrahydro-pyrido-[4,3-b]indol-1-ones as chemical modulators of BRD4 BrD1 (Figure 1A).
These molecules retain the key features of MS7972 and contain a longer acetamidoalkyl
substituent at the A-indole. The C=0 group of MS7972 cisto the acetyl group that does no
interact with the protein is converted to an endocyclic amide that points in the opposite
direction to enhance possible interactions with the ZA and BC loops of BrDs. The MSi
compounds connect the N-acetamido group to the ring N with varying length linkers
(n=2,3,4,5,6) to probe the depth of the binding pocket and potentially displacing the inner
waters (Figure 1A). To probe the relation of the linker’s length and the affinity of the ligand
we conducted MM/GBSA calculations.

MM/GBSA Calculations—The results of a typical MM/GBSA calculation for the binding
of each of the designed MSi compound (MS1 to MS5) are given in Table S1 in Supporting
Information. The ensemble of structures from the MD simulations of each complex occupied
a single basin as indicated by the RMSD with respect to the minimized initial structure (see
Figure S2 in Supporting Information) so the average energies can be considered as
representative. In addition, the number of water molecules close to ligand is nearly constant
varying between 7 and 8 (see Table S2 in Supporting Information). Thus, it is reasonable to
consider them as part of the protein in the MM/GBSA calculations.

The results show that MS3 and MS5 are predicted to bind to BRD4 BrD1 with the highest
affinities in good agreement with the docking binding energy calculations (see Table S1 in
Supporting Information). Indeed, MS3(Olinone) experimentally showed the highest affinity
of the series (Ky= 3.4 uM) towards BRD4 BrD1 using isothermal titration microcalorimetry
(ITC).25 Our calculated values for binding free energies are in very good agreement in trend
with their corresponding experimental values (see Table S1 in Supporting Information). In
addition, we found that the length of the A-alkylated chain of the MSi ligands plays an
important role in binding to BRD4 BrD1.15 The optimal length of the TV-alkylated chain
seems to be four methylene units, which corresponds to Olinone. This length allows
Olinone to stay in an extended T-like conformation in the bound state and be anchored
between Asn140 (a highly conserved residue in BrDs) and Asp144 in BRD4 BrD1. Later it
was confirmed experimentally that MS3 (Olinone) not only binds BRD4 BrD1 with the
highest affinity within the series but also has a high selectivity towards BRD1 over BrD2.1°

Proteins. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rodriguez et al.

Page 8

Thus, the success of predicting Olinone as the best binder of the series makes the above /n
silico strategy feasible to be used next for further selectivity studies.

B) SELECTIVITY ORIGIN OF MS3 (OLINONE)

To gain better understanding of the origin of the selectivity of Olinone for BRD4 BrD1 over
BrD2 we performed longer MD simulations of unbound proteins: 1) apo-BRD4 BrD1 (200
ns) and 2) auo-BRD4 BrD2 (400 ns); and of bound complexes: 3) BRD4 BrD1 in complex
with Olinone using its X-ray crystal structurel® as initial structure (200 ns) and 4) BRD4
BrD2 in complex with Olinone (400 ns). As initial structure we used the X-ray crystal
structure of the second bromodomain (BrD2) of BRD4 (PDB ID 20U0%9) and the Olinone
was taken from the superimposed BRD4 BrD1/Olinone. We analyzed each of the four
simulations using RMSD (Figure 2) and two-dimension-RMSD (2D-RMSD; see Figure S3
in Supporting Information), as well as root-mean-squared fluctuations (RMSF) and average
correlations between the motions of residues as function of protein residue and simulation
time, respectively. Finally, we conducted MM/GBSA free energy calculations and pairwise
decomposition of interaction energies for each complex.

Molecular Dynamics Simulations—Protein dynamics in ligand binding is well
recognized to be an important property that affects the thermodynamics in a complex way.
On the one hand, the loss of vibrational flexibility upon ligand binding to protein (e.g.,
BrDs) could have an unfavorable entropic effect. On the other hand, the conformational
mobility and sequence variability of the ZA and BC loops, which define the ligand acetyl-
lysine binding site, can adapt to the ligand to optimize the enthalpic contribution to
selectivity.#2-45 Indeed, the BrD loops can accommodate the specific shape of their native
p53-AcK382 and histone H4K5ac/K8ac peptides as well as small molecules that inhibit
peptide binding.40:41.4345-49 Therefore, we have examined the binding free energy of the
BRD4 BrD1/Olinone and BRD4 BrD2/Olinone complexes and their ZA and BC loops
mobility before and upon ligand binding along the MD simulation time.

The apo-BRD4 BrD1 MD simulation as well as its binding pocket stabilized after 13 ns with
an average RMSD of 1.8+0.2 A with respect to the minimized initial structure backbone
atoms (see Figure 2A). The core protein structure (7.e., the left-handed bundle of four a
helices) is the part that confers stability to the protein. The BRD4 BrD1/Olinone complex
stabilizes from the beginning of the MD simulation with average backbone binding site
RMSD of 0.8+0.2 A relative to the minimized initial structure, which is about 2-fold lower
than for tfpo-BRD4 BrD1 binding site (see Figures 2A and 2B). In contrast, the gpo-BRD4
BrD2 (see Figure 2C) and in complex with Olinone show much more structural variability
(see Figure 2D). With regard to the binding site of the 4p0-BRD4 BrD?2, its backbone atom
RMSD relative to the minimized initial structure show high fluctuations along the MD
simulation with an average value of 1.9+0.5 A (see Figure 2C). In case of BRD4 BrD2/
Olinone complex, the binding site backbone atoms RMSD show less fluctuations than the
respective unbound systems with an average value of 0.8+0.2 A, respectively. Olinone
binding mode to BRD4 BrD2 has higher heavy atoms RMSD value (relative to the
minimized initial structure) compared to its counterpart BRD4 BrD1, on average 3.1+1.4 A
(last 200 ns: 2.6+0.9 A; see Figure 2D) and 1.1+0.4 A (see Figure 2B), respectively. All in
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all, BRD4 BrD2, either with or without the ligand, shows more fluctuations than BrD1. This
may have implications on Olinone’s selectivity towards BRD4 BrD1 over BrD2 as discussed
below in Conformational Analysis | ZA and BZ Loops Mobility section.

Olinone Acetyl-Lysine Binding Site—We have analyzed the Olinone binding site for
each of the complexes formed by BRD4 BrD1|2; this site overlaps with the binding pocket
of the acetyl-lysine. Olinone forms on average an extended T-like conformation in the bound
state. Their A-acetylated chain intercalates into the hydrophobic pocket between the ZA and
BC loops (Figure 3). The Olinone heterocyclic moiety packs 1) against the side chain of
Trp81, Pro82 and Phe83 (WPF lipophilic shelf residues)39:40:50 in the one-turn helix Z, and
the lie 146 (gatekeeper residue)39:40:50 jn helix C for BRD4 BrD1 (Figures 3A and 3B), and
2) Trp374, Pro375, Phe376 (WPF lipophilic shelf residues) in the one-turn helix Z, and the
Val439 (gatekeeper residue) in helix C for BRD4 BrD2 (Figures 3C and 3D). Olinone is
trapped in a network of hydrophobic and aromatic interactions that includes 1) Trp81, Pro82,
Phe83, Val87, Leu92, Leu94, Tyr97, Cys136, Tyrl39, lle146 and Met149 in BRD4 BrD1
protein, and 2) Trp374, Pro375, Phe376, Val380, Leu387, Leu390, Tyrd97, Asn433, His437,
Glu438, Val439 and Met442 in BRD4 BrD2 protein. As described previously, many BET
bromodomain ligands derive their affinity from effective hydrophobic interactions with these
residues including the hydrophobic WPF shelf.43

The MD simulation of the BRD4 BrD1/Olinone complex reveals five direct hydrogen
bonds between the protein and Olinone. These hydrogen bonds are between 1) the side
chain of the sulfhydryl -SH group of Cys136 in the BRD4 BrD1 protein and the carbonyl
oxygen of the acetyl group of Olinone, 2) the side chain -NH, group of Asn140 in the BRD4
BrD1 protein (Asn140 is a highly conserved asparagine in BrDs) and the carbonyl oxygen of
the acetyl group of Olinone, 3) the side chain carbonyl oxygen of Asp 144 and the amide
group of the piperidone ring of Olinone, 4) the nitrogen backbone of Asp 145 and the amide
group of the piperidone ring of Olinone, and 5) the nitrogen backbone of Ile146 and the
amide group of the piperidone ring of Olinone (Figure 3B). Furthermore, the carbonyl
oxygen of the acetyl group of Olinone interacts with the side chain hydroxyl group of Tyr97
through a water molecule (Figure 3B). To a lesser extent, the -NH, group of the amide group
of the A-acetylated chain of Olinone interacts with the backbone carbonyl oxygen group of
Pro82 through a water molecule as well (see Figure 3B, and Tables S3 and S4 in Supporting
Information). Table 1 summarizes the main hydrogen bonds formed during the MD
simulation using a distance cutoff between the heavy atoms of 3.5 A and the angle cutoff
between the acceptor and donor atoms of 120°. The occupancy of the hydrogen bond
between 1) Cys136, 2) Asn140, 3) Aspl44, 4) Asp145, and 5) Ile146 and Olinone are about
28%, 92%, 32%, 30% and 37% along the last 100 ns of MD simulation within a distance
cutoff of 3.5 A, respectively. For the same portion of the MD simulation, the occupancy of
the water-mediated hydrogen bonds between the side chain hydroxyl group of Tyr97 and the
carbonyl oxygen of the acetyl group of Olinone, and the backbone carbonyl oxygen group of
Pro82 and the amide group of the A-acetylated chain Olinone are —84% and —20% along the
last 100 ns of MD simulation within a distance cutoff of 3.5 A, respectively (Tables S3 and
S4 in Supporting Information).
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Analysis of the MD simulation of BRD4 BrD2/Olinone complex shows four direct
hydrogen bonds between the protein and ligand. These four hydrogen bonds have their
corresponding ones in the BRD4 BrD1/Olinone complex: between 1) the side chain -SH
group of Cys429 in the BrD2 protein and the carbonyl oxygen of the acetyl group of
Olinone, 2) the side chain -NH, group of a highly conserved residue Asn433 in the BrD2
protein and the carbonyl oxygen of the acetyl group of Olinone, 3) the nitrogen backbone of
Glu438 and the amide group of the piperidone ring of Olinone, and 4) the nitrogen backbone
of Val439 and the amide group of the piperidone ring of Olinone. Furthermore, the carbonyl
oxygen of the acetyl group of Olinone interacts with the side chain hydroxyl group of
Tyr390 through a water molecule (Figures 3C and 3D). To a lesser extent, the amide group
of the A-alkylated chain of Olinone interacts with the backbone carbonyl oxygen group of
Pro375 through a water molecule as well (see Figure 3D, and Tables S3 and S4 in
Supporting Information). Table 1 summarizes the main hydrogen bonds formed along the
MD simulation using a distance cutoff of 3.5 A and the angle cutoff between the acceptor
and donor atoms of 120°. The occupancy of the hydrogen bond between 1) Cys429, 2)
Asn433, 3) Glu438, and 4) Val439 and Olinone are about 36%, 94%, 19%, and 18% along
the last 200 ns of the MD simulation, respectively. The occupancy of the water-mediated
hydrogen bonds between the side chain hydroxyl group of Tyr390 and the carbonyl oxygen
of the acetyl group of Olinone, and the backbone carbonyl oxygen group of Pro375 and the
amide group of the N-alkylated chain Olinone are —88% and —17% along the last 200 ns of
MD simulation, respectively (Tables S3 and S4 in Supporting Information).

Altogether, the BRD4 BrD1/Olinone complex exhibits five direct hydrogen bonds between
the protein and the ligand in contrast to four hydrogen bonds in the BRD4 BrD2/Olinone
complex. The hydrogen bond involving the highly conserved Asn140|433 in BrD1/|2 and
Olinone, for the two complexes, maintains the highest occupancy of ~92% among all shown
directly hydrogen bonds along the whole MD simulations. In addition, the occupancy of the
hydrogen bonds between Asp145|lle146 and Olinone in BrD4 BrD1/Olinone complex are
about two fold than the corresponding residues Glu438|Val439 in BrD4 BrD2/Olinone
complex. A notable difference between the two complexes is the hydrogen bond formed by
Aspl44 and Olinone in BRD4 BrD1/Olinone, which it is not displayed for the
corresponding residue His437 in BRD4 BrD2/Olinone. This hydrogen bond, and the
difference in number and population of such direct bonds between BRD4 BrD1|2/Olinone
complexes could be in part responsible for the origin of the selectivity of Olinone for BRD4
BrD1 over BrD2.

Conformational Analysis | ZA and BC Loops Mobility—Figure 4 shows the root-
mean-square fluctuations as function of residue number of 4po-BRD4 BrD1 and BrD2, and
their complexes with Olinone. It is clear that the overall patterns of the RMSF are similar;
the ZA loop has more mobility in BrD2 in both the gpo-form and in the complex (see
Figures 4A and 4D). Another clear pattern in the RMSF is the reduction of the ZA loop
mobility upon Olinone binding regardless of the specific complex (see Figures 4B and 4C).
6.42-45.51 |nterestingly, the mobility of the BC loop shows an opposite behavior. It is higher
in both the gpo-BRD4 BrD1 and in the complex with Olinone compared to BrD2 (see
Figures 4A and 4D). Furthermore, the ligand increases the mobility of the BRD4 BrD1 BC
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loop (see Figure 4B) but not of BrD2. Considering that the change in mobility of the ZA
loop is larger in BrD2 this could be in part responsible for the selectivity of Olinone for
BRD4 BrD1 over BrD2 due to a larger loss of configurational entropy in BrD2 contributing
unfavorably to its binding affinity. The average correlations between the motions of residues
within the binding site can shed some light onto this phenomenon as next further discussed
(see Figures 4E-4G).

Although the motion correlation patterns overall seem similar for the binding sites of BRD4
BrD1|2/Olinone complexes, as depicted in Figure 4, they are more correlated in BrD1 than
in BrD2. For example, in case of BRD4 BrD1 (see Figure 4E), the motion of Leu92 of ZA
loop and 1le146 in helix C is correlated. The motion of 1le146 is also highly correlated with
residues spanning Trp81 to Tyr97 in the ZA loop. Interesting, the motion of residues in the
vicinity of 1le146 have low correlation with ZA loop residues, except for Asp144 and
Aspl45 of BC loop that show low correlation with residues Ala89, Leu92, Leu94, and Tyr97
of the ZA loop. In addition, the motion of residue Met132 in helix B is anti-correlated with
residues spanning Asn140 to Asp 145 of BC loop and 1le146 to Alal50 in helix C. The
motion of Asn135 is also anti-correlated or non-correlated with residues ranging Gly143 to
Alal50. In case of BRD4 BrD2 (see Figure 4F), all these correlations or anti-correlations
occur in lesser extent compared to BrD1 (see Figure 4G). These differences in intensity of
the correlation patterns motions for the binding site of BRD4 BrD1 compared to those for
BrD2 could be the origin of locally less losses of configurational entropy and thus less
penalization on binding affinity.>2 In addition, the motion of Olinone is more correlated
with Leu92 of the ZA loop, Asp144 and Asp 145 of the BC loop, and lie 146 in helix C in
BRD4 BrD1 (all key residues contributors to the energetics of binding; see MM/GBSA
Calculations and Energetics of BRD4 BrD1|2/Olinone Interactions sections below) than with
the corresponding ones Leu385 of the ZA loop, His437 and Glu438 of the BC loop, and
Val439 in helix C in BRD4 BrD2, respectively (see Figure 4G). All in all, these differences
in correlation motions of the ZA and BC loops of BRD4 BrD1 compared to the ones of
BRD4 BrD2 as well as Olinone correlation motions with BRD4 BrD1 or BrD2 shed some
light on Olinone’s selectivity.

Our modeling indicates that BRD4 BrD1 and BrD2 can both accommodate Olinone, as it
can enlarge or compress the AcK binding pocket via the ZA and BC loops motion. This is
also in agreement with experimental results showing several kinds of inhibitor with different
molecular scaffold (shape and size) that can bind to AcK binding pocket40:41:43.45-49 |
addition, although it is outside of the scope of this study, binding kinetics (/.e., binding/
unbinding processes) could play an important role in the Olinone’s selectivity towards
BRD4 BrD1 over BrD2 as it has been described for the binding of (+)-JQ1 or (-)-JQ1 to
BRD4 BrD1.51:%3 Kuang et a/>! have showed that (+)-JQ1 binds stronger than (-)-JQ1
because the binding of (+)-JQ1 into the pocket is favorable, which leads to its achievable
binding kinetics and consistency with its good inhibitory effect (ICsg-grp4 Brp1 = 77 NM).
Conversely, (-)-JQ1 finds difficulty in its path entering into the binding pocket and leads to a
worse inhibitory effect as it has been reported (ICsp-8rpa Brp1 = 10,000 nM).51 Thus, based
on our conformational analysis, Olinone entrance to the AcK binding pocket in BRD4 BrD1
could occur easier than to the AcK binding pocket in BRD4 BrD2 due to in part to 1) the

Proteins. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rodriguez et al.

Page 12

gatekeepers isoleucine (1le146, BrD1) or valine (Val439, BrD2) residues that can impose
spatial constraints on Olinone size gaining access to the WPF shelf and other important
residues on the ZA and BC loops for ligand recognition, and allowing Olinone to attain the
perfect shape complementary to the AcK binding pocket, 2) the mobility of the ZA and BC
loops, 3) the correlation between the motions of residues within the AcK binding pocket
such as the correlated motion between Leu92 and lie146, which are key residues for the
selectivity of Olinone towards BrD1 over BrD2 (see below MM/GBSA Calculations and
Energetics of BRD4 BrD1|2/Olinone Interactions sections below), 4) the more pronounced
anti-correlated motion between Met132 and residues spanning Gly143 to Alal50 in BRD4
BrD1 than between Met425 and residues spanning Asp436 to Ala443 in BRD4 BrD2, which
could result in an enhanced plasticity of the binding pocket, and 5) the higher dynamics
correlation of Olinone with Leu92 of the ZA loop, Asp144 and Aspl45 of the BC loop, and
liel46 in helix C in BRD4 BrD1 than with the corresponding ones in BRD4 BrD2, which
facilitates the creation of the AcK binding pocket to accommodate Olinone and triggering an
enhanced selectivity towards BRD4 BrD1 over BrD2.

MM/GBSA Calculations—There are 8 water molecules in the first shell (closer than 3.4
A) of the acetyl-lysine binding site residues (see Water Molecules Calculations in Methods
and Models section). They are included in the MM/GBSA calculations as part of the protein
(see Tables S5A and S5B in Supporting Information). The MM/GBSA calculations for both
systems, BRD4 BrD1/Olinone and BRD4 BrD2/Olinone, were carried out on portions of the
MD simulations where they were equilibrated and stabilized: 100-200 ns for BRD4 BrD1/
Olinone and 200-400 ns for BRD4 BrD2/Olinone (see Figures 2B and 2D). Table 2 shows
the main energy terms (AEgject, AEyaws AGsons AGpp, and TASy) and the calculated total
free energy of binding (4G,,/,). The main contribution to the total binding free energy
comes from the combined van der Waals and nonpolar solvation, the combined electrostatic
and polar solvation, and the configurational entropy terms. In comparison, the combined
electrostatic and the polar solvation energy contribution is more positive in BRD4 BrD1 than
in BrD2. In addition, the combined van der Waals and nonpolar solvation energy
contribution is less negative in BRD4 BrD1 than in BrD2. This result is in agreement with
the fact that the electrostatic potential of the surface area around the acetyl-lysine binding
site of BRD4 BrD2 is more polar than the one of BrD1 (see Figure 5), In fact, the acetyl-
lysine binding site of BRD4 BrD?2 is slightly more negatively charged (see Figure 5B) than
the one of BrD1 (see Figure 5A).19 This difference in electrostatic potential surface between
the two BrDs could also play an important role on Olinone binding and selectivity towards
BrD1 over BrD2 since the slightly larger extent of negative potential on the Olinone surface
(see Figure 5C).

Based on the MM/GBSA free energy calculations, Olinone has the lower total MM/GBSA
energy of binding value towards BRD4 BrD1 (30.19 kcal/mol) than towards BrD2 (-27.77
kcal/mol) with a difference of over 2 kcal/mol (see Table 2). The lower mobility of the ZA
loop in the BRD4 BrD1/Olinone complex together with a slightly higher mobility of its BC
loop, compared to their corresponding ones in the BRD4 BrD2/Olinone complex as
mentioned earlier (see above Conformational Analysis | ZA and BC Loops Mobility
section), are reflected on a higher average entropic penalty of the BRD4 BrD1/Olinone
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complex (~ —23 kcal/mol, see Table 2) compared to the BRD4 BrD2/Olinone complex (~
-22 kcal/mol, see Table 2). This entropy penalty is compensated by a higher MM/GBSA
energy binding of Olinone for BRD4 BrD1 compared to BRD4 BrD2. As a result, the
binding of Olinone towards BRD4 BrD1 (=7.55 kcal/mol, Ky= 3.2 pM) is much stronger
than towards BRD4 BrD2 (BRD4 BrD2 -6.27 kcal/mol, Ky= 27.1 uM) hence contributing
to the selectivity of Olinone for BrD1 over BrD2, which is in agreement with experimental
results (see Table 2).15 However, these calculations predict that Olinone binds about 10-fold
stronger to BRD4 BrD1 than to BrD2, whereas experimental results show a factor of 100
(see Tables S5A and S5B in Supporting Information). This could be possible due to the fact
that BRD4 BrD2 has more mobility than BrD1 as showed earlier in Conformational
Analysis | ZA and BZ Loops Mobility section. Thus, it is also possible that the MD
simulations do not sample the configurational space correctly for BrD2. As a result, this
would have lowered the calculated free energy of binding for BrD2.

Altogether, if the MM/GBSA energy and entropy terms of both complexes are compared, it
is revealed that the difference in MM/GBSA energy contribution between the two complexes
is about 10%. However, the difference in entropy contribution between the two complexes is
about 5%. Therefore, this result would make the MM/GBSA energy contribution two fold
more responsible than entropy for the selectivity of Olinone towards BRD4 BrD1 over
BrD2.

Energetics of BRD4 BrD1|2/Olinone Interactions—To further explore the interaction
between BRD4 BrD1 and BRD4 BrD2 acetyl-lysine binding pocket and Olinone aimed at
better explaining the selectivity of Olinone for BrD1 over BrD2, MM/GBSA energy
decomposition was conducted. Selected residue contributions to the interaction energy
between BRD4 BrD1|2 and Olinoneg, including water molecules, are shown in Figure 6, and
Tables S6-S8 in Supporting Information. In case of BRD4 BrD1/Olinone, Trp81, Pro82,
Phe83 (WPF lipophilic shelf residues), Val87, Leu92, Leu94, Tyr97, Cys136, Tyrl139,
Asn140, Aspl44, Aspl145, and 1le146 (gatekeeper residue) contribute favorably to the free
energy of binding within a hydrophobic and aromatic network that traps Olinone. Asn140
(highly conserved asparagine in BrDs), Asp144 and Asp145 of the BC loop, and Ile146 in
helix C are clearly the most favorable residues interacting with Olinone. In case of BRD4
BrD2/Olinone, Trp374, Pro375, Phe376 (WPF lipophilic shelf residues), Val380, Leu387,
Leu390, Tyrd97, Cys429, Tyrd32, Asn433, His437, Glu438, and Val439 (gatekeeper
residue) contribute favorably to the free energy of binding within a hydrophobic and
aromatic network that traps Olinone. Asn433 (highly conserved asparagine in BrDs), His437
and Glu438 of the BC loop, and Val439 in helix C are the most favorable residues
interacting with Olinone. If the BC loop sequences of BRD4 BrD1 and BrD2 are aligned
(see Figure 7A), it is found that Asp144 is one of the few residues that are different between
BRD4 BrD1 and BrD2 in the acetyl-lysine binding site. In BrD2, its corresponding residue
His437 could clash with the indole moiety of Olinone based on their X-ray structures
(Figure 7B) thus preventing its binding. Asp144 in BRD4 BrD1 forms a unique hydrogen
bond interaction between the amide group of the piperidone ring Olinone and the side chain
carbonyl oxygen of Asp144 contributing favorably to the energetics of binding (see Table S7
in Supporting Information). However, its corresponding residue His437 in BRD4 BrD2 also
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contributes favorably to the interaction with Olinone, but not through hydrogen bonding as
Aspl44 in BRD4 BrD1 (see Table S8 in Supporting Information). Hence, from an energetic
point of view, although these two residues are different, Asp144 in BRD4 BrD1 and His437
in BRD4 BrD2, they seem not to directly explain by themselves the origin of the selectivity
of Olinone towards BrD1 over BrD2 as hypothesized previously by Gacias et a/1> However,
if we pay attention to the energetic contribution of the two acetyl-lysine binding pocket
gatekeeper residues, 1le146 in BrD1 and Val439 in BrD2, towards their Olinone binding,
I1e146 contributes about 1.5-fold more favorable than Val439 (see Figure 6 and Tables S6-
S8 in Supporting Information). Thus, the most favorable contribution of 11146 in the
binding of Olinone towards BrD1, compared to Val439 in BrD2, could also contribute in
part to the selectivity of Olinone for BrD1 over BrD2 together with less contributing
residues Asp144 in BrD1 and His437 in BrD2, respectively. The importance of gatekeeper
residues (e.g., 11e146 in BrD1 and Val439 in BrD2) and WPF shelf residues on achieving
selectivity in BET bromodomains has been also previously highlighted.39:40.50.54 |
addition, another residue that could contribute in part to the selectivity of Olinone towards
BRD4 BrD1 over BrD2 is Leu92 in BrD1. Compared to its counterpart Leu385 in BrD2,
Leu92 in BrD1 contributes above 14-fold more favorable towards Olinone binding than
Leu385 in BrD2. Two other residues show slightly stronger interactions in BRD4 BrD1 than
in BrD2: Asn140 and Asp145 in BrD1 and corresponding Asn433 and Glu438 in BrD2,
which could also contribute to the selectivity of Olinone towards BrD1 over BrD2 (see
Tables S6-S8 in Supporting Information). All in all, from the energetic decomposition
analysis, there are five residues involve in the molecular mechanism helping on attaining the
selectivity of Olinone towards BRD4 BrD1 over BrD2: Leu92|385, Asn140]433, Aspl44|
His437, Asp145|Glu438, and lle146|Val49.

On the other hand, regarding the significance of water molecules towards Olinone ligand
binding free energy, and although the watershell calculations provides about 8 waters close
to Olinone for each complex BRD4 BrD1/Olinone and BRD4 BrD2/Olinone, the energetic
decomposition shows that mainly one water molecule strongly contributes favorably to the
free energy of binding for each ligand as mentioned above (see Tables S5-S8 in Supporting
Information). This energetic contribution is similar on average for BRD4 BrD1/Olinone and
BRD4 BrD2/Olinone (see Tables S6-S8 in Supporting Information). Such water molecule is
mediating the interaction between the carbonyl oxygen of the acetyl group of Olinone ligand
and the hydroxy! group of Tyr97 in BRD4 BrD1 and Tyr390 in BRD4 BrD2 (see Tables S6—
S8 in Supporting Information). This kind of water mediating interaction has been largely
found among BET bromodomains inhibitors.40:43.47 |n addition, this stable structured water
molecule has been reported by Huang et a/.38 to be displaced by cosolvent m(ethanol) in 400
structures. However, this is not the case for our BRD4 BrD1|2/Olinone complexes. Based on
Huang et a/. study38, we could take advantage of stable structured waters that can be
displaced by cosolvent m(ethano) during ligand design by incorporating hydroxyl
substituents in the ligand so as to map them. Thus, we could take advantage of the remaining
7 structured waters to design more potent binders. It is also worth mentioning that the
number of waters for gpo-BRD4 BrD1 is similar on average than the BRD4 BrD1/Olinone
complex (7.e., 8). However, in the case of BRD4 BrD2, the number of waters of gpo-BRD4
BrD2 is on average 0.6 larger than in the BRD4 BrD1/Olinone complex (see Tables S5B in

Proteins. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rodriguez et al.

Page 15

Supporting Information). Thus, since overall the binding pocket of the 400-BRD4 BrD2
system has more mobility than the gpo-BRD4 BrD1 system, the binding of Olinone could
contract the binding pocket causing an entropic cost of about 1 kcal/mol in the free energy of
binding. This would help explain why Olinone is better binder towards BRD4 BrD1 (-7.55
kcal/mol) than to BRD4 BrD2 (-5.27 kcal/mol) taking into consideration such 1 kcal/mol
correction (see Table 2).

Overall, it is also worth mentioning that our calculations reproduce quite well many crystal
structures of potent BET inhibitors bound to BRD4 BrD1, such as 3MXF, (+)-JQ1 |
ICs50.8rD4 BrD1 = 77 NME; 3P50, I-BET762 | IC50-8rD4 BrD1 = 631 NM3455 and; and 3ZYU,
I-BET151 | ICs0.8rD4 BrD1 = 790 NM®6 in terms of the formation of 1) a direct hydrogen
bond between the triazole ring (e.g., (+)-JQ1 or I-BET762, currently under clinical
development) or the isoxazole moiety (e.g., I-BET151), which both chemotypes occupy the
same position as the acetyl group in histone tail peptides or our Olinone inhibitor, and the
amide side chain of the highly conserved Asn140 in BRD4 BrD1, and 2) a water-mediated
hydrogen bond to the hydroxyl side chain of Y97 in BRD4 BrD1 through the triazole ring
and isoxazole oxygen and nitrogen atoms, respectively. Additionally, in I-BET151 the
quinolone nitrogen atom forms a water-mediated bridging hydrogen bond to the backbone
carbonyl group of Pro82 in BRD4 BrD1 as it is also present in our Olinone inhibitor. These
latter compounds (Z.e., (+)-JQ1, I-BET762, and I-BET151) use triazole ring and isoxazole
moiety respectively to mimic the acetyl-lysine moiety present in histone tail peptides and in
our Olinone inhibitor. Other BET inhibitors with different chemotypes that reproduce our
results include the X-ray crystal structures of BRD4 BrD1 bound to PFI-1, a
dihydroquinazoline-based compound, (PDB ID: 4E96, ICsq.grp4 BrD1 = 220 NM®7), MS436,
a diazobenzene-based compound, (PDB ID: 4NUD, K;= 30-50 nM13), MS402,
cyclopentene-based compound (PDB ID: SULA, K;= 77 nM14), RVX-208, quinazoline-
based compound, (PDB ID: 4MR4, K= 1.1 uM>8), 8302, sulfonamide-based compound
(PDB ID: 4LR6, IC50.8rp4 BrD1 = 11 uM*8).

Furtheremore, the overlapping of the X-ray crystal structures of our Olinone inhibitor, and
the potent inhibitors (+)-JQ1 and MS402 all bound to BRD4 BrD1 (see Figure 8) reveals a
conserved binding mechanism of BET inhibitors which include three key area of interaction:
the AcK binding pocket, the WPF shelf, and the structurally conserved ZA channel.#
Besides the presence of the critical hydrogen bond with the side chain amide group of the
highly conserved Asn140, and the ZA channel water-mediated hydrogen bond with the side
chain hydroxyl group of Tyr97 as decribed in this study, (+)-JQ1 and MS402 display
extensive hydrophobic interactions. Among them are sz stacking and van der Waals
interactions between the dimethyl-substituted thieno ring and Pro82 and Leu92 in the ZA
loop in case of (+)-JQ1, and between the chlorobenzene and Pro82 and Leu92 in the ZA
loop in the case of MS402. Although Olinone inhibitor also has a benzene ring that occupies
a similar position to the 4-chlorobennzene substituent of (+)-JQ1, it lacks several of these
stabilizing hydrophobic interactions presented in (+)-JQ1 and MS402. Additionally, opposite
to our Olinone, MS402 exhibits two additional electrostatic interactions: a direct hydrogen
bond with backbone carbony! group of Pro82 of the WPF shelf and a water-mediated
hydrogen bond to the side chain carbonyl oxygen of GIn85. Olinone also forms an
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intermittently water-mediated hydrogen bond with the backbone carbonyl group of Pro82 of
the WPF shelf, but does not engage with GIn85. (+)-JQ1 and MS402 also participate in van
der Waals interactions with the gatekeeper reside 1146614 like Olinone. The lack of the
mentioned above hydrophobic interactions of Olinone when bound to the AcK binding
pocket in BRD4 BrD1 could explain its weaker binding affinity compared to (+)-JQ1
(ICs0:BrRD4 BrD1 = 77 NM) and MS402 (K= 77 nM), which in turn provides room to
improve potency while maintatining its selectivty for BRD4 BrD1 over BrD2.

CONCLUSIONS

As a follow-up of our previous work,1® we first provided a detailed characterization study of
the /n silico rational design of a series of five tetrahydro-pyrido indole-based compounds
(MS1-MS5, MSi) as BRD4 BrD1 inhibitors!® using as a starting point compound MS7972,
a CBP bromodomain inhibitor previously identified in our laboratory, and second the
molecular basis for the selectivity of the most potent ligand of such series, MS3 (Olinone),
towards BRD4 BrD1 over BrD2.1° Based on the computational analysis of the MD
simulations as well as on the energetic calculations using the MM/GBSA approach, the
Olinone compound was predicted to be the ligand with the highest affinity towards BRD4
BrD1 among the family of compounds designed in this study.1> Olinone, once its rational
designed was completed, experimentally showed not only the highest affinity of the series
but to have high selectivity for BRD4 BrD1 over BrD2.1° Our /n silico study through the
analysis of the MD simulations of 4p0-BRD4 BrD1|2 and BRD4 BrD1|2/Olinone complexes
together with the MM/GBSA calculations also shed some light on the origin of this
selectivity. First, the binding free energy calculations showed that Olinone binds stronger to
BRD4 BrD1 than to BrD2, where five residues play key roles on that: Leu92|385 of ZA
loop, Asn140}433 (highly conserved BrDs asparagine), Asp144|His437 (unique to
respectively BrD1|2) and Asp145|Glu438 of BC loop, and 1le146|Val49 (gatekeeper residue)
of helix C in BrD1|BrD2. Second, the difference in electrostatic potential surface between
the AcK binding site of BRD4 BrD and BrD2 due to the slightly larger extent of negative
electrostatic potential on the Olinone surface. Third, the difference in number of direct
hydrogen bonds (HBonds) between BRD4 BrD1/Olinone (/.e., 5 HBonds) and BRD4 BrD2/
Olinone (/.e., 4 HBonds) complexes. Fourth, the difference in mobility of the ZA and BC
loops upon ligand binding to the AcK binding pocket between BRD4 BrD1|2/Olinone
complexes due to changes in configurational entropy contribution, the coupling of proteins
and Olinone motions, the correlation between the motions of residues within the AcK
binding pocket such as the correlated motion of Leu92 and 1le146, key residues for the
energetics of binding of Olinone towards BrD1 over BrD2, and the more pronounced anti-
correlated motion between Met132 and residues spanning Asn140 to Alal50 in BRD4 BrD1
than the corresponding ones in BRD4 BrD2, which could result in an enhanced plasticity of
the binding pocket. And fifth, the contribution to ligand affinity of a structured water
molecule found to be tightly bound to Olinone, which mediates their interaction with side
chain hydroxyl group of Tyr97 in BRD4 BrD1 (or Tyr390 in BRD4 BrD2), together with the
remaining seven structured waters included in our analysis, but not directly to Olinone’s
selectivity towards BRD4 BrD1 over BrD2.
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This study also found that none of the 8 structured water molecules located deep inside in
the acetyl-lysine binding cavity were displaced by Olinone or any of the MSi compounds.
Based on our second design principle “getting insight into the properties inside of the ligand
acetyl-lysine binding pocket,” this latter result also leaves room to continue exploring new
ways to improve Olinone potency and selectivity by displacing weakly bound water
molecules with Olinone derivative groups that could interact better with BRD4 BrD1. As
stated by Huang et a/38, the position of weakly bound structured water molecules in the ZA
channel could be used to design hydroxyl substituents of Olinone. For example, the water
mediating hydrogen bond between Pro82|Pro375 in BRD4 BrD1|BrD2 and Olinone with
both low ~20% effective occupancy could be a good candidate for such design, but not the
more stable bound water mediating the hydrogen bond interaction between Tyr97|Tyr390 in
BRD4 BrD1|2 and Olinone with both high ~90% effective occupancy. This kind of
modification in lead optimization could improve potency by up to two orders of magnitude
as reported previously.37-41.59-61 The understanding of all these physical forces and the
molecular mechanisms of ligand-protein interactions provide a good starting point for a
successful structure-based rational design of Olinone analogs with enhanced affinity-
selectivity profiles. For instance, by modifying the Olinone’s amide group of the piperidone
ring and the amide group of the N-acetamidoalkyl chain its affinity towards BRD4 BrD1
could be enhanced, while keeping its selectivity over BrD2. As mentioned above, there is an
intermittent hydrogen bond interaction between the amide group of the piperidone ring
Olinone and the side chain carbonyl oxygen of Asp144 (32% effective occupancy). This
could provide more room for enhancing Olinone potency and selectivity. Olinone analogs
of BRD4 BrD1 could be of invaluable aid to keep unraveling the mechanistic insights
underlying BRD4 functions in human biology and disease and evaluate their potential as
therapeutic targets. A valuable example of the potential of such selective BRD4 BrD1
inhibitors is the finding in which Olinone was shown to accelerate the progression of mouse
primary oligodendrocyte progenitors towards differentiation, whereas chemical inhibition of
both bromodomains of BET proteins hindered differentiation.1®
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BRDT bromodomain testis-specific protein
BrD1 and BrD2 tandem bromodomains
HDAC histone deacetylases
HAT histone acetyltranferases
HDAC histone deacetylases
ITC isothermal titration microcalorimetry
AcK acetylated lysine
MD Molecular dynamics
MM/GBSA molecular mechanics Generalized—Born surface area
PTM post-translational modification
RMSD root—mean-square deviation
RMSF root-mean-square fluctuations
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Figure 1. Structure-guided design of BET-BrD inhibitors.
(A) 2D ligand structures: MS436 (top), MS402 (middle), MS7972 (bottom) and newly

designed small-molecule inhibitors MS1 to MS5 of BRD4 BrD1 (bottom). The substituent
R1 represents a methylene unit increment for each of the MSi compound. (B) 2D-RMSD
map for the 20 ns MD simulation including all atoms of the CBP BrD/MS7972 complex.
(C) All atoms RMSD for the AcK binding site (blue) and the ligand (red) of the CBP BrD/
MS7972 complex as function of time, both calculated with respect to the NMR structure.
(D) K-means cluster analysis. (E) Representative structures of CBP BrD/MS7972 complex
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for the 20 ns of the MD simulation: Cluster 1 (orange, ~40% and ~1.5 A backbone RMSD
with respect to the minimized NMR structure of MS7972, PDB 1D 2D8216, bound to CBP
bromodomain), Cluster 2 (green, ~60%, ~2.2 A backbone RMSD), minimized NMR
structure of MS7972 (yellow). The water molecules are depicted as red sphere. (F)
Superimposition of the NMR structure of MS7972 (yellow, PDB 1D 2D8218: orange, Cluster
1 from MD simulation depicted in E) bound to CBP bromodomain and the X-ray crystal
structure of the histone H4K5ac/K8ac peptide (green) bound to BRD4 BrD1 (gray, PDB ID
3UVW19), The pictures in (E) and (F) were rendered using PyMOL program.34
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Figure 2. Backbone atoms RMSD for protein, AcK binding site and ligand of the BRD4 BrD1|2

as function of time.

(A) BRD4 BrD1 without ligand, (B) BRD4 BrD1/Olinone complex, (C) BRD4 BrD2

without ligand, and (D) BRD4 BrD2/Olinone.
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Figure 3. Main interactions for the AcK binding site of BRD4 BrD1|2.
Three—dimensional representation of representative structures of the BRD4 BrD1|2/

Olinone complexes: (A) BRD4 BrD1/Olinone and (C) BRD4 BrD2/Olinone (rendered
using PyMOL program34). Each representative structure was obtained using the average-
linkage algorithm within the cluster command in cpptraj in AMBER. The whole MD
simulation for each ligand was grouped together to produce one cluster using the pairwise
RMSD between frames as a metric comparing the all acetyl-lysine binding site and MSi
ligand atoms. The water molecule for each complex is depicted as red sphere. Schematic
diagram of main ligand interactions: BRD4 BrD1|2/Olinone complexes: (B) BRD4
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BrD1/Olinone and (D) BRD4 BrD2/Olinone (rendered using Ligand Interaction Diagram in
Maestro 2016-122). In case of BRD4 BrD1 (B), to align the residues numbering depicted in
the figure to the ones in BRD4 BrD1/H4K5ac/K8ac X-ray crystal structure (PDB ID
3UVW19), 59 units should be added to the figure residues numbering. In case of BRD4
BrD2 (D), to align the residues numbering depicted in the figure to the ones in BRD4 BrD2
X-ray crystal structure (PDB ID 20U0%9), 348 units should be added to the figure residues
numbering.
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Figure 4. RMSF values and average correlations between motions of residues collected from the
starting structures during the MD simulations.

RMSF: (A) apo-BRD4 BrD1|2, (B) avo-BRD4 BrD1 and with Olinone, (C) auo-BRD4
BrD2 and with Olinone, and (D) BRD4 BrD1/Olinone and BRD4 BrD2/Olinone.
Correlation between the motions of residues: (E) BRD4 BrD1/Olinone, (F) BRD4 BrD2/
Olinone and (G) correlation difference: BRD4 BrD1/Olinone — BRD4 BrD2/Olinone.
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90°

Figure 5. Electrostatic potential surface visualization.
(A) BRD4 BrD1/Olinone, (B) BRD4 BrD2/Olinone, and (C) Olinone (calculated using the

Adaptive Poisson-Boltzmann Solver (APBS) and the associated software package
PDB2PQR®2-%4 and rendered using PyMOL program34). The electrostatic potential of the
molecules are shown from -3 to +3 kT/e highlighting the charged nature of the surface
comprising the AcK binding site.
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Figure 6.

Total energetic contributions of selected residues of the BRD4 BrD1|2/Olinone complexes.
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Figure 7. Selectivity binding of Olinone to BRD4 BrD1 versus BRD4 BrD2.
(A) Sequence alignment between the two BRD4 BrDs, BrD1 and BrD2 (Some amino acids

that are different in both BrDs, including the Asp144 (BrD1) and His437 (BrD2) are
highlighted in yellow). To align the residues numbering of both X-ray crystal structures, 59
units should be added to the figure residue numbering for BrD1 and 348 units for BrD2.
The top two rows in the table represent the similarity and RMSD between the two structures,
respectively. The alignment was made using MOE18, (B) Structural comparison of BRD4
BrD1 (gray, PDB ID 3UVW?19) and BRD4 BrD2 (pink, PDB ID 20U09:50) X-ray crystal
structures, showing steric clash between MS3 (yellow) and His437 in BRD4 BrD2 (orange)
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rendered using PyMOL program.34 Side chains of key amino acid residues at the ligand-
binding site in the protein are color-coded by atom type. Water molecules in the ligand-
binding site are shown as red spheres.
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iuhu (+)-JQ1

Figure 8. Superimposition of two potent BET inhibitors and Olinone in complex with BRD4
BrD1.

Left Panel: Olinone (yellow), and the potent inhibitors (+)-JQ1 (green) and MS402
(orange). Right Panel: Olinone (yellow), and the potent inhibitors (+)-JQ1 (green). Water
molecules are shown as yellow (Olinone and (+)-JQ1) or orange (MS402) spheres.
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Table 1.

Hydrogen bonds analysis for the BRD4 BrD1|2/Olinone complexes

Complex Acceptor Donor % Occupied  Distance (A) Angle (°)

BRD4 BrD1/Olinone  ps3@0A * Cys136@SH 28.10 3.29+0.13  25.58+12.63
X-ray crystal

100-200 ns MS3@0A Asn140@ND2 91.80 2.98+0.18 34.71+10.95
Aspl44@OD1  Mms3@NR’ 16.40 3.14:021  36.36£12.96
Aspl44@0OD2 MS3@NR 15.80 3.15+0.21 34.98+13.87
MS3@OR/  Aspl45@N 30.10 3.06£0.19  41.03£12.02
MS3@OR llel46@N 37.20 3.19+0.18 29.83£12.67
BRD4 BrD2/Olinone  MS3@0A Cys429@SH 36.47 3.28+0.13 25.45+12.00
20'\4_%%',15 MS3@O0A Asn433@ND2 93.80 298017  34.35£11.12
MS3@OR Glu438@N 18.63 3.02+0.19 43.03+11.01
MS3@OR Val439@N 17.87 3.14+0.20 26.71+13.00

*
OA represents the carbonyl oxygen of the acetyl group of Olinone.

#

Page 33

OR and NR represent the carbonyl oxygen and nitrogen of the amide group of the piperidone ring of Olinone, respectively. Hydrogen bonds were

determined via the distance between the heavy atoms using a cutoff of 3.5 A and the angle between the acceptor and donor atoms using a cutoff of

120°.
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Table 2.

Free energy calculations of BRD4 BrD1|2/Olinone complexes using MM/GBSA approachf

BRD4 BrD1 BRD4 BrD2

100-200 ns 200-400 ns

AE aw -32.07+0.08 -27.94+0.11
AEgject -16.97+0.17 -27.380.22
DGgon, 2350£0.12  31.7620.21
AGy, -4.65+0.01  -4.22+0.01

AE,gwtAGn,  -36.72+0.08  -32.16x0.11

AEgjeet+AGo)y 6.53+0.21 4.38+0.30

AEymicesa . —30.19+0.11  -27.77+0.12

TASym -22.64+0.09 -21.50+0.09

AGcqic -7.55+0.14  -6.27+0.15

*AEMM/GBSA, the MM/GBSA energy of binding, is obtained from molecular mechanics calculations of van der Waals (Eyg/4), electrostatic
(Eelecd, as well as solvation (Gsp/), and nonpolar (Gpp) energy contributions (see Egs. 1 and 2 in MM/GBSA Method in Methods and Models in
Supporting Information). TASMM is obtained as result of the addition of the translational (TAStrans), rotational (TASrot) and vibrational
(TASvib) terms of the configurational entropy of the complex (7.e., TASMM = TAStrans + TASrot + TASvib).

TThe uncertainties were determined by calculating the SD, standard deviation over 1,000 snapshots (N) after equilibration and dividing by the
square root of 1,000 snapshots, o = SDINY2, The uncertainty of AG¢g|c was determined by calculating the square root of the addition of the
uncertainties square of AENMM/GBSA and TASM M for each system. The MM/GBSA calculations were carried out on portions of the MD
simulation where both systems, BRD4 BrD1/Olinone and BRD4 BrD2/Olinone, were equilibrated and stabilized (see Figures 2B and 2D).
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