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y of inhibitors toward the first
over the second bromodomain of BRD4:
theoretical insights from free energy calculations
and multiple short molecular dynamics
simulations†

Yan Wang,a Shiliang Wu,a Lifei Wang, *a Zhiyong Yang, *b Juan Zhaoa

and Lulu Zhanga

Bromodomain-containing protein 4 (BRD4) plays an important role inmediating gene transcription involved

in cancers and non-cancer diseases such as acute heart failure and inflammatory diseases. In this work,

multiple short molecular dynamics (MSMD) simulations are integrated with a molecular mechanics

generalized Born surface area (MM-GBSA) approach to decipher binding selectivity of three inhibitors

8NS, 82Y, and 837 toward two domains BD1 and BD2 of BRD4. The results demonstrate that the

enthalpy effects play critical roles in selectivity identification of inhibitors toward BD1 and BD2,

determining that 8NS has better selectivity toward BD2 than BD1, while 82Y and 837 more favorably bind

to BD1 than BD2. A residue-based free-energy decomposition method was used to calculate an

inhibitor–residue interaction spectrum and unveil contributions of separate residues to binding

selectivity. The results identify six common residues, containing (P82, P375), (V87, V380), (L92, L385),

(L94, L387), (N140, N433), and (I146, V439) individually belonging to (BD1, BD2) of BRD4, and yield

a considerable binding difference of inhibitors to BD1 and BD2, suggesting that these residues play key

roles in binding selectivity of inhibitors toward BD1 and BD2 of BRD4. Therefore, these results provide

useful dynamics information and a structure affinity relationship for the development of highly selective

inhibitors targeting BD1 and BD2 of BRD4.
1. Introduction

Lysine acetylation plays an important role in the control of gene
transcriptional regulation in chromatin with an ordered
fashion.1 Bromodomain-containing proteins (BRDs), being
evolutionarily conserved protein–protein interaction modules
that are selectively recognized by acetylated lysine sequences,
are of essential biological interest in gene expression.2–4 Bro-
modomains contain le-handed four-helix bundles that
specically recognize acetylation of lysine side chains on
histones, and have two hydrophobic loops linking aB and aC,
aZ and aA helices.5,6 To date, a total of 61 human bromodo-
mains have been detected in 46 cytoplasmic or nuclear proteins
in the human proteome, which are divided into eight protein
families,7,8 moreover BRDs have been functionally involved in
iversity, Jinan 250357, China. E-mail:
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the Royal Society of Chemistry
disease processes, including inammation, viral replication
and cancer.9,10 BRD4 is a representative member of the bro-
modomain and extra-terminal domain (BET) family of proteins
and composed of two tandem bromodomains BD1 and BD2
individually performing different functions in regulation of
ordered gene transcription.11–14

Recent experimental studies show promising benet of
selective BRD4 inhibitors in disruptingmyobroblast transition
and epithelial mesenchymal transition in diverse models of
lung injury.15 The Proteolysis Targeting Chimeras (PROTACs)
technology16,17 has been used to investigate binding selectivity
of small-molecule inhibitors toward BRD4 proteins and inhibit
tumor growth.18 And Gacias et al. employed a structure-guided
design strategy to develop selective small molecule inhibitors
on BD1 over BD2 of the BET bromodomains in favor of oligo-
dendrocyte lineage progression.19 Andrews et al. demonstrated
that the dual-activity inhibitor 82Y and 837 blocked PI3K and
BRD4 signaling in vivo and in vitro and were highly potent in
controlling spontaneous lymph node metastasis and tumor
growth.20 Furthermore, many studies suggest that water mole-
cules play a signicant role in binding selectivity of the bro-
modomain inhibitors.21,22
RSC Adv., 2021, 11, 745–759 | 745
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Fig. 1 Molecular structures: (A) the superimposed structures of
BRD4BD1 (green) and BRD4BD2 (cyan) are shown in cartoon mode,
and the three inhibitors (B) 8NS, (C) 82Y, and (D) inhibitor 837, depicted
in stick mode.
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Currently, conventional molecular dynamics (cMD) simula-
tions23–31 and binding free energy prediction32–37 have been
extensively used to investigate inhibitor–protein, protein–
protein interactions and binding selectivity of receptors at
atomic levels.38–44 Moreover, these methods have been wielded
to successfully uncover molecular basis concerning binding
selectivity of different BRD members toward inhibitors. For
instance, Zhou et al. adopted MD simulations and binding free
energy calculations to study binding selectivity of Olinone
toward the rst over the second bromodomain of BRD4.45 Su
et al. applied MD simulations and molecular mechanics Pois-
son Boltzmann surface area (MM/PBSA) calculations to inves-
tigate binding selectivity of inhibitors toward two domains of
BRD4.46 However, the conformations sampled by cMD simula-
tions possibly fall into a local minimum space, resulting in an
insufficient sampling of protein conformations. For this issue,
multiple short molecular dynamics (MSMD) simulations can
implement sufficient conformational sampling and gain
rational results.47–55 Recently, multiple short MD (MSMD)
simulations and free-energy predictions were also employed to
study binding selectivity of inhibitors toward BRD2 and BRD4,
showing 87D canmore favorably bind to BRD2 over BRD4, while
88M prefer bind to BRD4 than BRD2.56 To further unveil
molecular mechanism of binding selectivity, in this work three
inhibitors 8NS, 82Y, and 837 were chosen to investigate binding
selectivity of BD1 and BD2 of BRD4 using MSMD simulations
and binding free energy calculations. The superimposed
structures of BD1 and BD2 are depicted in Fig. 1A, and the
structures of three inhibitors are displayed in stick mode in
Fig. 1B–D. Despite similar structure shared by 82Y and 837,
their structures are quite different from 8NS. In this work,
MSMD simulations, principal component analysis (PCA),57 and
free energy landscapes were integrated to decode molecular
mechanism of binding selectivity of inhibitors towards BD1 and
BD2 of BRD4. Meanwhile, this work is also expected to provide
theoretical contributions for designing highly selective drugs
targeting BD1 and BD2 of BRD4.

2. Materials and methods
2.1 System preparation

The starting coordinates of BD1 of BRD4 coupled with inhibi-
tors 82Y and 837 used in MD simulations, separately corre-
sponding to 5U2F and 5U2E, were obtained from Protein Data
Bank (PDB), while the ones of BD2 of BRD4 complexed with
inhibitors 8NS and 82Y were taken from 5UVV and 5U2C,
respectively.20 However, due to lack of crystal structures of the
8NS-BD1 and 837-BD2 complexes, the crystal structure of 5UVV
(the 8NS-bound BD2) is superimposed together with 5U2F (the
82Y-associated BD1) using the PyMol soware (https://
www.pymol.org) and then the structure of the 8NS-BD1
complex is produced by removing 82Y and BD2. Similarly, the
crystal structures of the 837-BD1 (5U2E) and 82Y-BD2 (5U2C)
complexes are aligned together to generate the structure of the
837-BD2 complex by deleting BD1 and 82Y. Due to the differ-
ence in the number of residues between BD1 and BD2, the
residues 58-164 in BD1 and the residues 349-457 in BD2 were
746 | RSC Adv., 2021, 11, 745–759
used to construct the starting models of MD simulations. All
crystal water molecules were kept in the starting model, while
the missing hydrogen atoms were added by means of the LEAP
module in Amber 18.0. The TIP3P water model58 and the force
eld ff14SB59,60 were employed to produce the force eld
parameters of BRD4, water molecules, and counterions. The
protonation states of residues in BD1 and BD2 were assigned at
PH 7.0 by applying the available online website of the program
PROPKA (https://nbcr-222.ucsd.edu/pdb2pqr_2.0.0).61,62 The
structures of the three inhibitors 8NS, 82Y, and 837 were opti-
mized using the AM1 method, and subsequently, the bond
charge correction (BCC) charges were assigned to atoms of
inhibitors using the Antechamber module in Amber.63,64 The
general amber force eld (GAFF)65 was utilized to produce the
force eld parameters of the three inhibitors for MSMD simu-
lations. Two Cl� counterions were added to neutralize the BD1
and BD2 systems.
2.2 Multiple short molecular dynamics simulations

To eliminate bad contacts between atoms and highly repulsive
orientations of protein-solvent systems caused by the initiali-
zation of systems, all systems endure two stage minimizations,
including 2500 steps of steepest descent minimization and 2500
steps of conjugate gradient minimization. Each system was
soly heated from 0 to 300 K in 2 ns. Subsequently, 2 ns equi-
librium simulations were accomplished at 300 K level. To fully
relax the complexes generated by structural superimpositions,
MSMD simulations of ten replicas were carried out as below.
Finally, 100 ns cMD simulation was employed at constant
pressure (1 bar) and temperature (300 K) with periodic
boundary conditions and the smooth particle mesh Ewald
(PME) method.66,67 Nine different conformations randomly
taken from the previous 100 ns cMD simulation were adopted as
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the initial coordinates for running nine new cMD simulations,
in which the initial atomic velocity of each conformation was
generated with Maxwell distribution. The initial structures of
ten replicas for MSMD simulations are aligned together (ESI
Fig. S1†) and the results suggest that inhibitors are well kept in
binding pocket of BD1 and BD2, which shows that the initial
conformations used for MSMD simulations are rational. The
equilibrated trajectories of ten replicas were integrated into
a single joined trajectory for the post-processing analysis.
Through MSMD simulations, the chemical bonds linking
hydrogen atoms to heavy atoms were restricted using the
SHAKE algorithm68 so that a time step of 2 fs is utilized. The
Langevin thermostat with a collision frequency of 2.0 ps�1 was
put use to control the temperature of each simulated system.69

The particle mesh Ewald (PME) approach with an appropriate
cut-off value of 10 Å was wielded to calculate the long-range
electrostatic interactions. Furthermore, this cutoff value was
also applied to compute van der Waals interactions. In the
current work, all MSMD simulations were executed by making
use of the program pmemd.cuda implemented in Amber.70,71
2.3 Calculations of MM-GBSA

Molecular mechanics combined with the generalized Born or
Poisson–Boltzmann and surface area continuum solvation
(MM-GBSA and MM-PBSA) methods are recognized as two effi-
cient approaches to estimate binding free energies.72–76 The
Hou's group evaluates the performance of MM-GBSA and MM-
PBSA methods77–81 by calculating ligand-binding affinities
based on different molecular systems, MM-GBSA method can
generate attractive results. Therefore, in this current work, MM-
GBSA method was utilized to estimate binding free energies of
8NS, 82Y, and 837 to BD1 and BD2 of BRD4 using the eqn (1):

DGbind ¼ Gcomp � Gpro � Ginh

¼ DEele + DEvdW + DGgb + DGnonpol � TDS (1)

in which Gcomp, Gpro, and Ginh are free energies of the complex,
BD1/BD2, and inhibitors, independently. The two components
DEele and DEvdW represent electrostatic and van der Waals
interactions of inhibitors with BD1 and BD2, and these two
terms can be computed with molecular mechanics and ff14SB
force eld. The terms DGgb and DGnonpol represent polar and
nonpolar solvation free energies, respectively. The former term
is derived by employing the GB model developed by Onufriev
et al.,82 while the latter one is calculated through the eqn (2):

DGnonpol ¼ g � DSASA + b (2)

in which the parameters g and b are individually assigned to
0.0072 kcal (mol�1 Å�2) and 0.0 kcal mol�1 by following the
work of Gohlke et al.83 The last component �TDS represents the
contributions of the entropy to inhibitor binding free energies,
which is computed by using the mmpbsa_py_nabnmode
program in Amber.84
© 2021 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 Dynamics equilibrium and structural properties of
BRD4BD1 and BRD4BD2

To evaluate rational and reliable conformational samplings of
BD1 and BD2 of BRD4, MSMD simulations, consisting of 100 ns
MD simulations of 10 replicas with the total simulated time of 1
ms, were implemented on six complexes of BD1 and BD2 of
BRD4 with three inhibitors 8NS, 82Y, and 837. The evolution of
root-mean-square-deviations (RMSDs) of backbone atoms in
BD1 and BD2 of BRD4 with respect to the crystal structures as
the simulated time was calculated to evaluate the stability of
MSMD simulations (ESI Fig. S2†). The results indicate that
RMSDs of ten replicas for six simulated systems are convergent
aer 40 ns of MSMD simulations. Therefore, the equilibrium
portions (40–100 ns) from simulations of 10 replicas were con-
nected together to obtain a single joined trajectory of 600 ns,
which is used to perform the post-process analyses.

To probe inuences of inhibitor bindings on structural
exibility of BD1 and BD2 of BRD4, root-mean-square uctua-
tions (RMSFs) of Ca atoms in BD1 and BD2 were computed by
using the single joined trajectories. The results of RMSFs and
the domains corresponding to the obvious changes of RMSFs
are displayed in Fig. 2. One can nd that BD1 and BD2 produce
similar RMSF uctuations on the whole during MSMD simula-
tions, demonstrating that BD1 and BD2 should share the same
exible regions. The most obvious differences in the structural ex-
ibility of BD1 and BD2mainly take place in the three regions (Fig. 2),
including L2 (residues 85-96 for BD1 and 381-396 for BD2), L3
(residues 114-125 for BD1 and 407-417 for BD2), and L4 (residues
140-146 for BD1 and 433-439 for BD2). TheRMSF values of 8NS-, 82Y-
, and 837-BD1 complexes in the two regions L2 and L4 are highly
bigger than the corresponding regions of 8NS-, 82Y-, and 837-BD2,
which implies that some residues in these regionsmay appear in the
hot interaction spots of inhibitors with BD1 and BD2. Moreover, the
RMSF values of the region L3 in the 8NS-BD1 compound are bigger
than the corresponding region in the 8NS-BD2 compound, which
demonstrates that the region L3 is also involved in the hot interac-
tion spots of inhibitors with BD1 andBD2. By comparing Fig. 2Awith
Fig. 2C, the RMSF values of the most parts in BD1 are bigger than
that of BD2, indicating that the total structural exibility of the most
parts in BD1 is stronger than that in BD2.
3.2 Internal dynamics of BD1 and BD2

Insight into the changes in internal dynamics of targeting
proteins due to inhibitor bindings can play key roles in drug devel-
opment.85 In order to better reveal the difference in internal dynamics
of BD1 and BD2 caused by inhibitor bindings, the cross-correlation
maps86 between residues were calculated based on the single joined
trajectories of MSMD simulations and the results were shown in
Fig. 3. The diagonal regions embody the movement of a certain
residue with respect to itself, while the off-diagonal regions charac-
terize the correlated motions between different residues. In this
gure, color-codedmodes are applied to display the correlated extents
of relativemotions between residues of targeting proteins. The yellow
and red signify strongly positively correlated motions between
RSC Adv., 2021, 11, 745–759 | 747
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Fig. 2 Root mean square fluctuations (RMSF) of Ca atoms in two domains BD1 and BD2 of BRD4: (A) BD1 complexed with three inhibitors 8NS,
82Y, and 837, (B) the structure of BD1, (C) BD2 complexed with three inhibitors 8NS, 82Y, and 837, (D) the structure of BD2.
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residues,while blue anddarkblue indicate the strongly anticorrelated
motions between residues. As shown in Fig. 3, inhibitor bindings
exert momentous effect on motion modes of BD1 and BD2.

Fig. 3A, C and E respectively show the correlated movements
between residues of the 8NS-, 82Y- and 837-BD1 complexes,
while Fig. 3B, D and F individually display the correlated
motions between residues of the 8NS-, 82Y- and 837-BD2
compounds. Compared with the 8NS-BD1 complex (Fig. 3A), the
presence of 8NS in the binding pocket of BD2 weakens not only
the positive correlated motions in the regions R3 and R4 but
also the anticorrelated motion in the regions R1 and R6.
Differently, the binding of 8NS to BD2 strengthens the anti-
correlated movements of the regions R2 and R5 (Fig. 3B). By
comparison with the 82Y-BD1 complex (Fig. 3C), the binding of
82Y to BD2 strengthens the negative correlated movements of
the regions R5 and R6 (Fig. 3D). By referencing with the 837-BD1
compound (Fig. 3E), the binding of 837 to BD2 weakens the
anticorrelated motions of the region R2, but strengthens the
anticorrelated movements of the regions R5 and R6 in the BD2
(Fig. 3F). On the basis of the above discussions, the bindings of
the same inhibitors induce various dynamics behavior between
BD1 and BRD4BD2, which demonstrates that some certain
residues located at the regions R1–R6 of BD1 and BD2 can lead
to different interaction intensity with three inhibitors,
748 | RSC Adv., 2021, 11, 745–759
producing signicant impact on binding selectivity of inhibi-
tors toward BD1 and BD2.

3.3 Conformational changes of BD1 and BD2 detected by
principal component analysis

It is well known that principal component analysis (PCA) is an
effective approach to reveal conformational changes of recep-
tors induced by inhibitor bindings and mutations. For our
aims, PCA is executed to obtain eigenvalues and eigenvectors by
implementing a diagonalization on a covariance matrix con-
structed with atom coordinate recorded in the single joined
trajectories of MSMD simulations. Fig. S3† depicts the eigen-
values versus the corresponding eigenvector indices, which is
utilized to describe internal motion strength of BD1 and BD2.
The eigenvalues of the rst six principal components respec-
tively account for 82.96%, 54.68%, and 56.42% of the total
motions observed in the last 600 ns of the joined trajectories for
the 8NS-, 82Y-, and 837-BD1. While that of the rst six principal
components of the three inhibitors binding to the 8NS-, 82Y-,
and 837-BD2 occupy 61.05%, 55.14%, and 59.59% of the total
movements, separately. The results demonstrate that the pres-
ence of the identical inhibitors in the binding pocket of BD1
and BD2 makes different effects on motion strength of two
domains of BRD4. The binding of 8NS distinctly strengthens the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cross-correlation maps calculated by using the coordinates of Ca atoms around their mean positions recorded in MSMD simulation
trajectories: (A), (C), and (E) respectively corresponding to BD1 complexed with 8NS, 82Y, and 837; and (B), (D), and (F) separately corresponding
to BD2 complexed with 8NS, 82Y, and 837.
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motion of BD1 compared to that of BD2, but the other two
inhibitors 82Y and 837 slightly strengthen the internal move-
ment of BD2 relative to BD1.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. 4 exhibits motion directions of two domains BD1 and
BD2 along the rst eigenvector derived from PCA, in which
Fig. 4A, C and E display the concerted movements of the 8NS-,
RSC Adv., 2021, 11, 745–759 | 749
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Fig. 4 Collective motions corresponding to the first component PC1 obtained by performing principal component analysis (PCA) based on the
single joined trajectories: (A) the 8NS-BD1 complex, (B) the 8NS-BD2 complex, (C) the 82Y-BD1 complex, (D) the 82Y-BD2 complex, (E) the 837-
BD1 complex and (F) the 837-BD2 complex.
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82Y- and 837-BD1, individually, while Fig. 4B, D and F show the
concerted motions of the 8NS-, 82Y- and 837-BD2, indepen-
dently. As shown in Fig. 4, the bindings of inhibitors 8NS, 82Y,
and 837 not only distinctly strengthen the motion of the
ZA_loop and BC_loop in BD1 relative to BD2, but also change
the movement direction of the two loops in BD1 by referencing
with BD2. Furthermore, the helix aC of the 8NS-BD1 complex
moves toward le (Fig. 4A), while Fig. 4B shows that the motion
direction of BC_loop and aC in 8NS-BRD4BD2 complex are
changed toward right and moves outward. According to the
aforementioned analyses, despite the same inhibitor bindings,
there are still distinct differences in motion direction and
750 | RSC Adv., 2021, 11, 745–759
intensity of the ZA_loop and BC_loop between BD1 and BD2.
This result demonstrates that the differences in the conforma-
tional changes between BD1 and BD2 during the MSMD simu-
lations may induce different binding selectivity of inhibitors
toward BD1 and BD2.

To further understand effect of structural changes on
binding selectivity of inhibitors toward BD1 and BD2, the
distances between the two Ca atoms of Val90 and Gly143 located
at the ZA_loop and BC_loop of BD1 and that between the Ca

atoms of Val382 and Asp436 in two loops of BD2 are computed
by the aid of the CPPTRAJ module in Amber and the results are
displayed in Fig. 5. According to the frequency distribution in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5, the peak values are located at 23.7 and 20.2 Å for the 8NS-
BD1 and 8NS-BD2 (Fig. 5A), the peak values are 23.5 and 20.7 Å
for the 82Y-4BD1 and 82Y-BD2 (Fig. 5B) and the peak values of
the 837-BD1 and 837-BD2 complexes are sited in 23.5 and 20.8 Å
(Fig. 5C), respectively. These results imply that the distances
between the Ca atoms of Val90 and Gly143 in BD1 are larger
than that of Val382 and Asp436 in BD2, which indicates that
there is an open movement of the ZA_loop and BC_loop in BD1
compared to that in BD2 and probably produces a bigger
binding pocket of BD1 than that of BD2.

Free energy landscape is also an effective approach for
insight into conformational changes of proteins induced by
inhibitor bindings.87 In the current work, free energy landscape
was constructed by using projections of the single joined
trajectories on the rst two eigenvectors as reaction coordinates
to reveal the distributions of conformational samplings for BD1
and BD2 in Fig. 6. It is found that inhibitor bindings induce
different energy basins. In the case of the 8NS-BD1 complex,
three free energy basins are detected, while the binding of 8NS
to BD2 leads to two energy basins (Fig. 6A and B). Although
bindings of 82Y and 837 to BD1 and BD2 result in a main free
energy basin, the shape of free energy landscapes of BD1 is
different from that of BD2 (Fig. 6C–F). The above analyses imply
that bindings of three inhibitors produce different conforma-
tional changes between BD1 and BD2 of BRD4.
Fig. 5 Histogram distribution of Ca atoms of Val90 and Gly143
distance of BD1, histogram distribution of Ca atoms of Val382 and
Asp436 distance of BD2: (A) the inhibitor 8NS, (B) the inhibitor 82Y, and
(C) the inhibitor 837.
3.4 Binding abilities of inhibitors to BD1 and BD2 of BRD4

To reveal energetic basis with regard to binding selectivity of
inhibitors to BD1 and BD2, MM-GBSA approach was used to
calculate binding free energies of three inhibitors 8NS, 82Y, and
837 to BD1 and BD2 of BRD4. A total of 300 snapshots were
extracted from 600 ns single joined trajectory with a time
interval of 2 ns. Binding free energies and separate free energy
components are listed in Table 1. It is observed that binding
ability of three inhibitors to BD1 is different from that of
inhibitors to BD2. The energies with negative values contribute
favorable factors to inhibitor associations, while the positive
terms supply unfavorable forces for inhibitor bindings.

According to Table 1, favorable electrostatic interaction
energies (DEele) in the gas phase are completely screened by
unfavorable polar solvation energies (DGgb) to induce the
balance of these two contributions (DGele+gb), an unfavorable
force for inhibitor bindings. The entropy changes (�TDS) also
weaken bindings of inhibitors to BD1 and BD2. van der Waals
interactions (DEvdW) and nonpolar solvation energies (DGnonpol)
make favorable force (DEvdW+nonpol) for inhibitor-BD1/BD2
bindings. According to Table 1, the strengths of DGele+gb and
DEvdW+nonpol for the 8NS-BD1 are strengthened by 1.32 and
2.40 kcal mol�1 compared with the 8NS-BD2, which produces to
a decrease of 1.08 kcal mol�1 in the binding enthalpy (DH) of
the 8NS-BD1 relative to BD2. Furthermore, compared with the
8NS-BD2, the values of �TDS for the 8NS-BD1 are reduced by
0.48 kcal mol�1. As a whole, the binding ability of 8NS-BD2 is
strengthened by 0.6 kcal mol�1, indicating that 8NS has better
selectivity toward BD2 than BD1. For the inhibitor 82Y, an
increase of 1.44 kcal mol�1 in the DEvdW+nonpol of the 82Y-BD1
© 2021 The Author(s). Published by the Royal Society of Chemistry
relative to the 82Y-BD2 are totally responsible for the
enhancement the binding enthalpy of the 82Y-BD1 compared to
that of the 82Y-BD2. Moreover, the �TDS of the 82Y-BD1 is
reduced by 0.44 kcal mol�1 relative to that of the 82Y-BD2.
Based on these two causes, binding ability of 82Y to BD1 is
RSC Adv., 2021, 11, 745–759 | 751
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Fig. 6 Free energy landscapes constructed by using projections of the single joined MSMD trajectories corresponding to the first two principal
components PC1 and PC2 from the diagonalization of covariance matrix: (A) the 8NS-BD1 complex, (B) the 8NS-BD2 complex, (C) the 82Y-BD1
complex, (D) the 82Y-BD2 complex, (E) the 837-BD1 complex and (F) the 837-BD2 complex.
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enhanced by 1.93 kcal mol�1 relative to BD2, demonstrating
that 82Y prefers binding to BD1 to associating with BD2. In the
case of 837, the value of DGele+gb for the 837-BD1 is reduced by
752 | RSC Adv., 2021, 11, 745–759
0.32 kcal mol�1 compared with the 837-BD2, and the favorable
factor DEvdW+nonpol of the 837-BD1 is strengthened by
0.35 kcal mol�1 relative to the 837-BD2, which result in an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Binding free energies of three inhibitors to BD1 and BD2 calculated by using MM-GBSA methoda

Terms

8NS-BD1 8NS-BD2 82Y-BD1 82Y-BD2 837-BD1 837-BD2

Mean SEMb Mean SEMb Mean SEMb Mean SEMb Mean SEMb Mean SEMb

DEele �30.02 0.37 �20.37 0.25 �24.67 0.44 �26.61 0.54 �15.89 0.22 �18.64 0.25
DEvdW �40.74 0.19 �42.89 0.17 �36.32 0.17 �34.82 0.17 �36.44 0.18 �35.95 0.18
DGgb 42.11 0.30 33.78 0.21 35.21 0.38 37.20 0.47 26.92 0.21 29.99 0.23
DGnonpol �3.75 0.01 �4.00 0.01 �3.30 0.01 �3.36 0.02 �3.29 0.01 �3.43 0.01
DGele+gb

c 12.09 0.33 13.41 0.23 10.54 0.41 10.59 0.50 11.03 0.21 11.35 0.24
DGvdW+nonpol

d �44.49 0.10 �46.89 0.09 �39.62 0.09 �38.18 0.09 �39.73 0.10 �39.38 0.10
DH �32.40 0.20 �33.48 0.17 �29.08 0.18 �27.59 0.20 �28.70 0.17 �28.03 0.17
�TDS 20.04 0.31 20.52 0.30 17.70 0.29 18.14 0.30 16.69 0.31 17.47 0.33
DGbind �12.36 — �12.96 — �11.38 — �9.45 — �12.01 — �10.56 —
DGexp

e —f — —f — �9.18 — �9.06 — �8.97 — �8.48 —

a All components of free energies are in kcal mol�1. b Standard errors of means. c DGele+gb ¼ DEele + DGgb.
d DGvdW+nonpol ¼ DEvdW + DGnonpol.

e The
experimental values were generated from the experimental IC50 values in ref. 20 using the equationDGexp¼�RTlnIC50. f The experimental binding
data is not available.
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overall increase of 0.67 kcal mol�1 in the binding enthalpy of
the 837-BD1 relative to the 837-BD2. The�TDS of the 837-BD1 is
reduced by 0.78 kcal mol�1 relative to that of the 837-BD2,
which nally leads to an increase of 1.45 kcal mol�1 in binding
free energy of the 837-BD1 compared to that of the 837-BD2.
Therefore, binding ability of 837 to BD1 is higher than BD2.
3.5 Selectivity revealed by inhibitor–residue interaction
analysis

To probe binding selectivity of inhibitors to BD1 and BD2,
inhibitor–residue interaction spectrum is calculated by using
residue-based free-energy decomposition method. The impor-
tant residues involved in bindings of inhibitors to these two
BD1 and BD2 are shown in Fig. 7. Meanwhile, hydrogen-
bonding interactions of inhibitors with BD1 and BD2 are
revealed through the CPPTRAJ program in Amber, and the
corresponding results are listed in Table 2. The geometric
positions of ligands relative to key residues in binding pockets
of BD1 and BD2 are shown in Fig. 8 and 9 by using the lowest-
energy structure extracted from the single joined trajectories of
MSMD trajectory.

Binding of 8NS to BD1 versus BD2. As shown in Fig. 7A, 8NS
makes favorable interactions stronger than 1.0 kcal mol�1 with
six residues in BD1, including W81, P82, V87, L92, N140 and
I146. The interaction energies of W81, P82, V87, L92, N140 and
I146 with BD1 are �1.03, �2.02, �3.24, �2.10, �3.00, and
�2.93 kcal mol�1, respectively, which structurally agrees well
with the p–p interactions of the hydrophobic rings of W81 and
P82 with that of 8NS and the CH–p interactions of the alkyls of
V87, L92, N140 and I146 with the hydrophobic ring of 8NS
(Fig. 8A). Moreover, 8NS forms three hydrogen bonding inter-
actions with BD1, including Asn140-ND2-HD21/8NS-O2,
Asn140-OD1/8NS-N1-H, and Asp88-N-H/8NS-O1 with the
occupancies are 99.85%, 99.68%, and 83.07%, respectively
(Table 2, and Fig. 9A). By referencing with the 8NS-BD1, the
binding modes and hydrogen-bonding interactions of 8NS with
BD2 are similar to BD1 (Fig. 7B, 8B, and 9B). It is observed that
the difference in the interactions of 8NS with residues (W81,
© 2021 The Author(s). Published by the Royal Society of Chemistry
W374), (L92, L385) and (N140, N433) corresponding to (BD1,
BD2) is less than 0.08 kcal mol�1, implying that these residues
do not play pivotal roles in the binding selectivity of 8NS toward
BD1 and BD2. The interaction energies of 8NS with P375 and
V439 in BD2 are respectively weakened by 0.29, and
0.35 kcal mol�1 relative to that of 8NS with the corresponding
residues in BD1, but that of 8NS with V380 in BD2 is strength-
ened by 0.31 kcal mol�1 compared to the corresponding residue
in BD1, which suggests that these three residues are responsible
for the main selectivity of 8NS toward BD1 over BD2.

Binding of 82Y to BD1 over BD2. As seen in Fig. 7C, 82Y
produces favorable interactions stronger than �1.0 kcal mol�1

with eight residues in BD1, containing W81, P82, V87, L92, L94,
C136, N140 and I146. The interaction energies of W81 and P82
in BD1 are�1.05 and�1.25 kcal mol�1, respectively, which is in
structural consistence with the p–p interactions of their
hydrophobic rings with that of 82Y. It is noted that the CH
groups of V87, L92, L94, C136, N140 and I146 in BD1 are located
near the ring of 82Y and incline to produce the CH–p interac-
tions between them, and their interaction energies are �1.79,
�2.27, �1.52, �1.04, �1.50, and �2.62 kcal mol�1, respectively.
By comparison with the 82Y-BD1, the binding mode of 82Y to
BD2 is similar to that of 82Y to BD1 (Fig. 7D, 8D and 9D and
Table 2). The interaction energies of L387, N433, and V439 in
BD2 are respectively weakened by 0.20, 0.33 and 0.48 kcal mol�1

relative to the corresponding residues in BD1, demonstrating
that these three residues are mainly responsible for binding
selectivity of 82Y toward BD1 and BD2.

Binding of the inhibitor 837 to BD1 over BD2. As shown in
Fig. 7E and 8E, six residues P82, V87, L92, L94, N140, and I146
in BD1 produce the interaction energies of�1.34,�1.77,�2.19,
�1.55, �1.45, and �2.61 kcal mol�1 with the inhibitor 837.
Compared to the 837-BD1, 837 produces similar binding modes
and hydrogen-bonding interactions with BD2 (Fig. 7F, 8F and
9F and Table 2). The difference in the interactions of 837 with
the residues (P82, P375), (L92, L385), (L94, L387), (N140, N433),
and (I146, V439) is large, indicating that these residues play
important roles in binding selectivity of 837 on BD1 versus BD2
RSC Adv., 2021, 11, 745–759 | 753
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Fig. 7 Ligand-residue interactions computed by using residue-based free energy decomposition method, only residues stronger than
1.0 kcal mol�1 were marked: (A) the 8NS-BD1 complex, (B) the 8NS-BD2 complex, (C) the 82Y-BD1 complex, (D) the 82Y-BD2 complex, (E) the
837-BD1 complex and (F) the 837-BD2 complex.
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(Fig. 7E and F). In the 837-BD1 complex, the oxygen atoms O21
of the inhibitor 837 form a hydrogen bond with the ND2 of
Asn140 in Fig. 9E. For the 837-BD2 complex, the oxygen atom
O21 of the inhibitor 837 form two hydrogen bonds with the ND2
754 | RSC Adv., 2021, 11, 745–759
of Asn433 and SG of Cys429 in Fig. 9F, respectively. Combined
with binding free energy in Table 1, these two hydrogen bonds
may play critical roles in binding selectivity of 837 on BD1 and
BD2.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Hydrogen-bonding interactions of inhibitors with BD1 and BD2

Inhibitor Hydrogen bonds Distancea/Å Anglea/� Occupancyb/%

8NS-BD1, DBRD Asn140-ND2-HD21/8NS-O2 2.93 � 0.0022 160.42 � 0.41 99.85 � 0.05
Asn140-OD1/8NS-N1-H 2.90 � 0.0025 154.83 � 0.66 99.68 � 0.11
Asp88-N-H/8NS-O1 2.95 � 0.0029 164.17 � 1.67 83.07 � 11.7

8NS-BD2 Asn433-ND2-HD21/8NS-O2 2.92 � 0.0042 160.31 � 0.21 99.96 � 0.01
Asn433-OD1/8NS-N1-H 2.86 � 0.0022 155.72 � 0.28 99.95 � 0.01
Asp381-N-H/8NS-O1 2.97 � 0.0029 161.86 � 0.12 98.12 � 1.19

82Y-BD1 Asn140-ND2-HD21/82Y-O20 2.92 � 0.0055 154.16 � 0.65 99.70 � 0.04
Trp81-NE1-HE1/82Y-O01 3.11 � 0.019 150.06 � 0.71 24.33 � 18.5

82Y-BD2 Asn433-ND2-HD21/82Y-O20 2.97 � 0.0044 153.10 � 0.71 98.38 � 0.22
837-BD1 Asn140-ND2-HD21/837-O21 2.92 � 0.0029 153.74 � 0.09 99.56 � 0.23
837-BD2 Asn433-ND2-HD21/837-O21 2.99 � 0.0032 151.34 � 0.25 97.99 � 0.16

Cys429-SG-HG/837-O21 3.36 � 0.0012 152.55 � 0.16 23.30 � 0.35

a The hydrogen bonds are determined by the acceptor–donor atom distance of <3.5 Å and acceptor-H-donor angle of >120�. b Occupancy is used to
evaluate the stability and strength of the hydrogen bond.

Fig. 8 Geometric positions of ligands relative to key residues involving significant hydrophobic interactions: (A) the 8NS-BD1 complex, (B) the
8NS-BD2 complex, (C) the 82Y-BD1 complex, (D) the 82Y-BD2 complex, (E) the 837-BD1 complex and (F) the 837-BD2 complex. The red dash
lines indicate the p–p interactions and the yellow ones represent the CH–p interactions.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 745–759 | 755
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Fig. 9 Hydrogen bonds formed between key residues of BD1 or BD2 and three inhibitors: (A) the 8NS-BD1 complex, (B) the 8NS-BD2 complex,
(C) the 82Y-BD1 complex, (D) the 82Y-BD2 complex, (E) the 837-BD1 complex and (F) the 837-BD2 complex.
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It is well known that water molecules play signicant roles in
bindings of inhibitors to BRD proteins. To shed light on this
issue, the water molecules in the binding pockets of BD1 and
BD2 are examined by using the snapshots extracted from 200,
300 and 500 ns of MSMD simulations (Fig. 10, S4 and S5†). In
general, the water molecules in the binding pocket of two
proteins are instable during molecular dynamics simulations
and they frequently exchange with the solvent water molecules.
As for the inhibitor 8NS, in the snapshot 200 ns (Fig. 10A), it is
clear that ve water molecules form six hydrogen bonds with
the inhibitor 8NS, and important residues W81, P86, and Y97.
756 | RSC Adv., 2021, 11, 745–759
In particular, the water molecule W5 builds a bridge of the
hydrogen bonding interactions between Y97 and 8NS, which is
favorable for the binding of 8NS to BD1. With the time evolu-
tion, there are some changes in the conformation of the 8NS-
BD1 complex, which is shown in the snapshot of 300 ns
(Fig. 10B). At this stage, the residues P82 and Q85 form two new
hydrogen bonds with water molecules, while the hydrogen bond
of residue P86 and water molecular disappear. However, in the
snapshot of 500 ns (Fig. 10C), ve water molecules generate
eight hydrogen bonding interactions with 8NS and four resi-
dues W81, P82, Q85, and Y97. As shown in the aforementioned
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Hydrogen bonding interactions involved waters at different snapshots: (A) the 8NS-BD1 complex at 200 ns, (B) the 8NS-BD1 complex at
300 ns, (C) the 8NS-BD1 complex at 500 ns, (D) the 8NS-BD2 complex at 200 ns, (E) the 8NS-BD2 complex at 300 ns, and (F) the 8NS-BD2
complex at 500 ns. Inhibitor 8NS and residues are shown in stick modes, and waters are displayed with ball styles.
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analysis, although the water molecules in the binding pocket of
8NS to BD1 are changeable, a bridging water molecule and
different water molecules always appear in the binding pocket of
8NS to BD1, which veries that water molecules are indispensable
for the binding of 8NS. Similar to the 8NS-BD2, watermolecules also
form different hydrogen bonds with 8NS and BD2 and the water
molecules change distinctly as time evolution as shown in Fig. 10D–
F. However, in the three snapshots of the 8NS-BD2, a bridging water
molecule and different water molecules also present at the binding
pocket of 8NS to BD2, indicating that water molecules are required
for the binding to BD2. The similar roles of water molecules in
bindings of 82Y and 837 to BD1 andBD2 are also observed in Fig. S4
and S4.† The above analysis suggest that t water molecules play an
important role in the bindings of inhibitors to BD1 and BD2, which
is further supported by the previous works.88,89 Therefore, water
molecules, in particular for the bridging water molecules, should be
paid special attentions in future drug design targeting BRDproteins.
4. Conclusions

In this work, MSMD simulations and binding free energy
predictions were combined to reveal binding selectivity of
inhibitors toward BD1 and BD2. MSMD simulations of 1 ms,
containing ten separate replicas of 100 ns, were performed on
six systems of BD1 and BD2 associated with three inhibitors
8NS, 82Y, and 837 to obtain effectively conformational sampling
on BD1 and BD2. The results indicate that the structural exi-
bility of BD1 is higher than that of BD2 in L2 and L4 loop and
© 2021 The Author(s). Published by the Royal Society of Chemistry
two domains display different internal dynamics behavior.
Binding free energies of three inhibitors to BD1 and BD2
computed by MM-GBSA method demonstrate that although the
binding entropy of 8NS, 82Y, and 837 to BRD4BD2 is obviously
enhanced compare to that of three inhibitors to BRD4BD1, the
enthalpy changes are the pivotal factor driving binding selec-
tivity of inhibitors toward BRD4BD1 and BRD4BD2. Accord-
ingly, 8NS shows better selectivity toward BD2 over BD1, while
82Y and 837 can more favorably bind to BD1 than BD2.
Furthermore, residue-based free energy decomposition
computations also signify that 6 common residues (P82, P375),
(V87, V380), (L92, L385), (L94, L387), (N140, N433), and (I146,
V439) belonging to (BD1, BD2), make considerable binding
difference of inhibitors to BD1 and BD2, implying that these
residues are responsible for the main binding selectivity of
inhibitors towards BD1 and BD2. This study is also expected to
provide useful dynamics information and structure affinity
relationship for designing highly selective inhibitors targeting
BD1 and BD2.
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70 A. W. Götz, M. J. Williamson, D. Xu, D. Poole, S. Le Grand
and R. C. Walker, J. Chem. Theory Comput., 2012, 8, 1542–
1555.
© 2021 The Author(s). Published by the Royal Society of Chemistry
71 R. Salomon-Ferrer, A. W. Götz, D. Poole, S. Le Grand and
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