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ration of the binding selectivity of
inhibitors to BRD7 and BRD9 with multiple short
molecular dynamics simulations†

Lifei Wang, *a Yan Wang,a Juan Zhao,a Yingxia Yu,a Nianqian Kangb

and Zhiyong Yang *b

Bromodomain-containing proteins 7 and 9 (BRD7 and BRD9) have been considered as potential targets of

clinical drug design toward treatment of human cancers and other diseases. Multiple short molecular

dynamics simulations and binding free energy predictions were carried out to decipher the binding

selectivity of three inhibitors 4L2, 5U6, and 6KT toward BRD7 and BRD9. The results show that 4L2 has

more favorable binding ability to BRD7 over BRD9 compared to 5U6 and 6KT, while 5U6 and 6KT

possess more favorable associations with BRD9 than BRD7. Furthermore, estimations of residue-based

free energy decompositions further identify that four common residue pairs, including (F155, F44), (V160,

V49), (Y168, Y57) and (Y217, Y106) in (BRD7, BRD9) generate obvious binding differences with 4L2, 5U6,

and 6KT, which mostly drives the binding selectivity of 4L2, 5U6, and 6KT to BRD7 and BRD9. Dynamic

information arising from trajectory analysis also suggests that inhibitor bindings affect structural flexibility

and motion modes, which is responsible for the partial selectivity of 4L2, 5U6, and 6KT toward BRD7 and

BRD9. As per our expectation, this study theoretically provides useful hints for design of dual inhibitors

with high selectivity on BRD7 and BRD9.
1. Introduction

Bromodomains (BRDs) are structurally conserved epigenetic
reader modules observed in numerous chromatin- and
transcription-associated proteins that have a capability to
identify acetylated lysine residues.1 The human genome
encodes 61 diverse BRDs that can be clustered into 8 families
according to structure or sequence similarity.2,3 Functionally,
BRD-containing proteins are relating to different disease
processes, containing inammation, oncology and viral repli-
cation, hence they are promising targets of drug design.4

Furthermore, in recent years several small-molecule inhibitors
of BRDs have been employed in clinical tests for multiple
disease such as cancers.5,6

BRD7 and BRD9 are two members of BRD subfamily IV and
have an important role in treatment of multiple types of human
diseases.7,8 Although BRD7 and BRD9 have differences in
residue sequence, they share a highly similar topology structure
shaped by four representative a helices, namely aZ, aA, aB and
aC. The aZ and aA are linked by the ZA_loop while the aB and
iversity, Jinan 250357, China. E-mail:

l University, Nanchang 330045, China.
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aC are connected by the BC_loop, and these secondary struc-
tures form a hydrophobic binding pocket of acetylated lysine.
BRD7 was rst identied as a drug targets to design tumor
inhibitor in nasopharyngeal carcinoma (NPC) by Zhou group in
2010.9 Then extensive researches demonstrated that BRD7 is
involved in development and progression of different types of
cancer.10,11 Meanwhile, several researches suggested that BRD9
function12 as a key regulator of androgen receptor signaling and
prostate cancer,13 ovarian cancer,14 hepatocellular carcinoma,15

and squamous cell lung cancer.16 Therefore, inhibiting activity
of BRD9 through small molecules has been a novel and reliable
pathway of tumor treatment.17 BRD7 and BRD9 play a critical
role in controlling gene expression and regulating cell cycle,18,19

apart from an empirical correlation with multiple human
cancers.20,21 Despite appearance of considerable differences in
the ZA loop of BRD7 and BRD9, several potential hydrogen
bonding interactions in their binding site seem to affect bio-
logical functions and therapeutic potential,22 which enhances
selective capability of inhibitors toward these two bromodo-
mains23 Notably, Karim et al. applied a multifaceted method to
characterize feature of different small-molecule inhibitors with
devious degrees of potency and selectivity for BRD7 and BRD9.24

The group of Brennan develop chemical probes to investigate
binding preference of inhibitors to BRD7 and BRD9.23 Despite
extensive experimental researches on interaction mechanism of
inhibitors with BRD7 and BRD9 in different works, decoding
RSC Adv., 2022, 12, 16663–16676 | 16663
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the conformational changes of these two proteins at atom levels
because of inhibitor associations are still highly essential.25,26

With fast development of calculation approach and simula-
tion technology,27–34 various molecular dynamics (MD)
methods, including conventional MD,35–39 multiple molecular
dynamics (multiple short molecular dynamics),40–42 accelerated
MD (aMD) simulations,34,43–51 have been widely utilized to
perform conformational evolution of targets. Different methods
of binding free energy prediction, involved molecular
mechanics-Poisson Boltzmann surface area (MM-PBSA),52–57

thermodynamics integration (TI),58,59 free energy perturbation
(FEP)60,61 and solvated interaction energy (SIE)62–64 methods, are
extensively applied to evaluate binding ability of ligands to
targets. Machine learning and deep learning methods are also
introduced to successfully investigate ligand–target binding
mechanism and unveil molecular basis of ligand–target asso-
ciations.65,66 Furthermore, these simulation methods have been
involved in successful insights into inhibitor–BRD binding
mechanism. Xing et al. adopted machine-learning-assisted
approach to nd new inhibitors that efficiently inhibit the
activity of BRD4.67 Su et al. employed MD simulations and MM-
PBSA calculation to clarify interaction mechanisms of inhibi-
tors with BRD2 and reveal binding selectivity of small molecules
on different BRDs.68,69

Currently, many works on design of small molecules
impeding the activity of BRDs are still on going. Recently,
a small molecule 5U6 (5MQ1) is designed to inhibit the activity
of BRD7, while two inhibitors 4L2(5JI8)70 and 6KT(4Z6H)71 are
developed to suppress the activity of BRD9. Three small mole-
cules also inhibit the activity of partial BRDs and they possess
different levels of binding affinity to BRDs. Further exploring
binding difference of 4L2, 5U6 and 6KT to BRD7 and BRD9 can
provide vital molecular mechanism for development of small
molecules targeting BRDs. Based on this aim 4L2, 5U6 and 6KT
are picked for the current study. The conformation and binding
pocket inhibitor–BRD compounds are exhibited in Fig. 1A and
B, respectively, while the structures of 4L2, 5U6 and 6KT are
depicted in Fig. 1C–E, individually. In this research, multiple
short molecular dynamics simulations are utilized to enhance
conformational sampling of inhibitor–BRD complexes, molec-
ular mechanics-generalized Born surface area (MM-GBSA)
approach is wielded to access binding ability of 4L2, 5U6 and
6KT to BRDs, calculations of cross-correlation map (CCM)72,73 is
employed to clarify internal dynamics of inhibitor-bound BRDs
and calculations of residue-based free energy decomposition
are applied to identify interaction networks of 4L2, 5U6 and 6KT
with BRD7 and BRD9. This research is anticipated to provide
vital molecular mechanisms on associating difference of
inhibitors with BRD7 over BRD9 for development of highly
selective inhibitors holding back the activity of BRD7 and BRD9.

2. Theory and methods
2.1 Simulated system setup

The initial congurations of BRD7 complexed with 5U6 and
BRD9 complexed with 4L2 and 6KT are withdrew from the
protein data bank (https://www.rcsb.org): the entry ID 5MQ1 for
16664 | RSC Adv., 2022, 12, 16663–16676
the 5U6–BRD7 complex and 5JI8 and 4Z6H for the 4L2– and
6KT–BRD9 ones, respectively.71 Since the crystal structures of
the 4L2–BRD7 and 6KT–BRD7 compounds are unavailable,
the crystal structures 4Z6H and 5JI8 are superimposed with
5MQ1 to separately produce the structures of the 4L2– and
6KT–BRD7 complexes by removing 5U6 and BRD9 by means
of the PyMol soware (https://www.pymol.org). Similar
treatment to the above description is adopted to obtain the
5U6–BRD9 structure missed in the PDB. Both crystal water
and non-inhibitor molecules are removed from the initialized
systems, while all missing hydrogen atoms are added to their
heavy atoms by using the Leap tool in Amber 20. The ff14SB
force eld74,75 and TIP3P model76 are employed to assign the
simulated parameters to two proteins BRD7 and BRD9 as well
as water molecules, separately. The conguration of inhibitors
4L2, 5U6, and 6KT are optimized with the semiempirical AM1
method, and aerwards, atomic BCC charges are given to 4L2,
5U6, and 6KT by using the Antechamber tool in Amber 20.77,78

The force eld parameters of L2, 5U6, and 6KT are yielded
with the general amber force eld (GAFF).79 Five and seven
chloridion ions (Cl�) are respectively placed around the
inhibitor-bound BRD7 and BRD9 to generate six neutral
simulation systems. In addition, octahedral periodic boxes
with 12.0 Å buffer along each dimension, composed of TIP3P
water model, are utilized to solve the inhibitor–BRD7 or BRD9
complexes. The initial conformation and nine replica taken
from the later 100 ns MD are randomly assign initial
velocities to run ten separate replica MD simulation of 100 ns,
which is described in multiple short molecular dynamics
simulation.
2.2 Multiple short molecular dynamics simulations

Before implementing multiple short molecular dynamics
simulations, the initial system is subject to an optimized
progress, consisting of steepest descent minimization of 2500
steps and conjugate gradient one of another 2500 steps, to
relieve unfavorable atomic contacts and bond orientations.
Then, a moderate process of 2 ns is wielded to elevate the
temperature of the system from 0 to 300 K and then the system
is further optimized for another 2 ns at the level of 300 K. A cMD
simulation without restriction is executed for 100 ns at the
levels of 300 K temperature and 1 bar pressure by taking
advantage of periodic boundary conditions (PBCs) together with
particle mesh Ewald (PME) approach.80 Nine new replicas are
randomly taken from the above mentioned 100 ns cMD trajec-
tory and initial velocities of each atom are assigned to these
nine structures by means of Maxwell distribution to restart nine
new cMD simulations. Finally, the balanced parts extract from
the aforementioned 10 independent trajectories are linked into
a single trajectory (ST) to run the post-processing analysis. The
hydrogen-heavy atoms' chemical bonds are constrained
through the SHAKE approach so that 2 fs time step is adopted
during the system evolution.81 A rational cutoff value of 10 Å is
utilized to compute electrostatic interactions and van der Waals
ones, from which the long range electrostatic interactions is
estimated with the particle mesh Ewald (PME) method.80,82 In
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Molecular structures: (A) structural superimposition of inhibitor–BRD7 complex with inhibitor–BRD9 one, in which BRD7 is displayed in
green and BRD9 in blue; (B) binding pocket of two different inhibitors in BRD7 and BRD9, among which inhibitors are shown in stick modes and
BRD7 and BRD9 in surfacemodes; (C), (D) and (E) corresponding to structures of 4L2, 5U6 and 6KT, respectively. The blue and red letters suggest
the polar atoms possibly forming hydrogen bonding interactions and electrostatic interactions with BRD7 and BRD9. BRD7 and BRD9 are
displayed in cartoon modes, while inhibitors displayed in stick or line modes. In this figure, the crystal structures, ID code 5MQ1 and 4Z6H, are
used to respectively display the structures of the inhibitor–BRD7 and inhibitor–BRD9 complexes.
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the present study, the multiple short molecular dynamics
simulations are carried out with the CUDA enabled NVIDIA
graphics processing units (GPUs) inlayed at the Amber 20.83,84
2.3 MM-GBSA calculations

Empirical equation-based MM-PBSA and MM-GBSA methods
are more popular approaches for calculations of binding free
energies since they are more accurate than numerous scoring
functions of molecular docking and less computationally
requirement than alchemical free energy approaches.38,52,85,86

The Hou's team access the performance of MM-GBSA and MM-
PBSA approaches by computing protein–ligand binding affini-
ties with various simulation protocols and their information
indicates that MM-GBSAmethod can produce rational results in
drug design and related research elds.87–89 Hence, in the
present work, the MM-GBSA approach, as listed in the formula
(1), was implemented to calculate binding free energies of 4L2,
5U6, and 6KT to BRD7 and BRD9.

DGbind¼Gcomp�Gpro�Ginh¼DEele +DEvdW +DGgb +DGnonpol

� TDS (1)

in which Gcomp, Gpro, and Ginh represent free energies of the
inhibitor–BRD complex, BRD7/BRD9 and inhibitors, individu-
ally. In addition, the terms DEele and DEvdW indicate electro-
static interactions (EIs) and van der Waals interactions (vDWIs)
of 4L2, 5U6, and 6KT with BRD7 and BRD9, which can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
calculated based on molecular mechanics theory. The compo-
nents DGgb and DGnonpol represent polar solvation free energies
(PSFEs) and nonpolar solvation free energies (NPSFEs), inde-
pendently. Polar solvation free energies are solved through the
Generalized Born (GB) model from Onufriev et al.90 Nonpolar
solvation free energies are computed with an empirical formula
DGnonpol ¼ g � DSASA + b, where the parameters g and ß
(0.0072 kcal mol�1 Å�2 and 0.0 kcal mol�1) are withdrew from
the work of Gohlke et al.,91 and DSASA arises from the alter-
ations in solvent accessible surface area (SASA) due to inhibitor
bindings. The last term �TDS indicates the entropy differences
caused by the presence of inhibitors, which is evaluated by
means of the mmpbsa_py_nabnmode program stemming from
Amber 20.92,93
2.4. Principal components analysis methodology

Principal component analysis (PCA) is a signicant tool for
screening large concerted movements from an ensemble of
conformational structures emerging form the molecular simu-
lations or experiments. This methodology has been extensively
employed to investigate conformational changes of receptors
with regard to its function.94,95 PCA can be calculated by
implementing the diagonalization on a covariance matrix con-
structed with the atomic coordinates recorded in multiple short
molecular dynamics simulations, which will yield a set of
eigenvectors and eigenvalues. The eigenvectors reect the
RSC Adv., 2022, 12, 16663–16676 | 16665
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motional directions in conformational space of protein
domains, while the eigenvalues represent mean square uctu-
ations of the movement along the corresponding eigenvectors.
The rst several eigenvectors with large eigenvalues are notable
for demonstrating the whole motions of proteins. In the present
work, the CPPTARJ module96 embodied in Amber was employed
to implement PCA on the joined multiple short molecular
dynamics trajectory. The soware Pymol and VMDwere wielded
to draw pictures.
3. Results and discussion
3.1. Structural features

In order to get reasonable conformation samplings of BRD7 and
BRD9, multiple short molecular dynamics simulations,
composed of 100 ns cMD simulations of 10 replicas, are
implemented on the BRD7 and BRD9 systems bound by 4L2,
5U6 and 6KT, respectively. Root-mean-square-deviations
(RMSDs) of backbone atoms from BRD7 and BRD9 relative to
their initial optimized conguration are computed to check the
structure uctuation through multiple short molecular
dynamics simulations (Fig. S1†). The information of RMSDs
reveal that all replicas are tending towards the stability aer 40
ns of simulations, indicating that the equilibrium of all simu-
lated systems are fundamentally reached. Hence, the equili-
brated sections (40–60 ns) from 10-replica simulations are
Fig. 2 Root-mean-square fluctuations (RMSFs) of the Ca atoms in BRD7
6KT, (B) the structure of BD7, (C) RMSFs for BRD9 complexed with inhib

16666 | RSC Adv., 2022, 12, 16663–16676
integrated to form a single combined trajectory (SCT) of 600 ns
for each complex. This SCT is used to execute all calculations
and extract the useful conformational information.

To check local structural uctuations of BRD7 and BRD9
induced by the presence of 4L2, 5U6 and 6KT, the Ca atomic
coordinates saved at the SCT are employed to estimate root-
mean-square uctuations (RMSFs) of BRD7 and BRD9 (Fig. 2).
The RMSF distribution of BRD7 is similar to the one of BRD9,
demonstrating that both BRD7 and BRD9 possess similar rigid
and exible domains. Apparent structural differences primarily
take place in four regions, consisting of L1 (residues 149–157 for
BRD7 and 37–45 for BRD9), L2 (residues 161–172 for BRD7 and
49–60 for BRD9), L3 (residues 187–196 for BRD7 and 75–84 for
BRD9) and L4 (residues 212–223 for BRD7 and 100–111 for
BRD9). These results imply that some residues stemming from
the above four regions are certainly situate at hot spots of
inhibitor–BRD associations. The RMSF values of BRD7 and
BRD9 in the bound state of 6KT are bigger than that in binding
of 4K2 and 5U6, especially for the regions L1 and L2, indicating
that binding of 4K2 and 5U6 yields stronger restriction on the
regions L1 and L2 of BRD7 and BRD9 than binding of 6KT.
Structurally, the regions L1 and L2 are located near binding
sites of BRD7 and BRD9, which signies that certain residues in
L1 and L2 mainly drive binding selectivity of 4L2, 5U6 and 6KT
toward BRD9 and BRD7. Although two secondary structures L3
and L4 are not in the vicinity of binding sites from BRD7 and
and BRD9: (A) RMSFs for BRD7 complexed with inhibitors 4L2, 5U6 and
itors 4L2, 5U6 and 6KT, (D) the structure of BRD9.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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BRD9, the varieties in structural exibility of L3 and L4 can exert
vital impacts on binding of 4L2, 5U6 and 6KT to BRD7 and
BRD9.
3.2 Dynamics behavior changes of BRD7 and BRD9

To uncover differences in dynamics behavior of BRD7 and
BRD9, CCMs are computed by utilizing the Ca atomic coordi-
nates kept at the SCT (Fig. 3), in which the dark blue and blue
describe sturdily anticorrelated (AC) motions while the yellow
and red are the indicators of sturdily positive correlated (PC)
movements. A correlated motion of a certain domain relative to
itself is embodied by the diagonal parts while that between
different domains are reected by the off-diagonal regions. As
exhibited in Fig. 3, binding of 4L2, 5U6 and 6KT exerts evident
inuences on dynamics behavior of BRD7 and BRD9.
Fig. 3 Cross-correlation maps computed by utilizing the coordinates o
multiple short molecular dynamics trajectory: (A), (C), and (E) correspond
(F) corresponding to BRD9 complexed with 4L2, 5U6 and 6KT, respectiv

© 2022 The Author(s). Published by the Royal Society of Chemistry
For BRD7 bound by 4L2, 5U6 and 6KT (Fig. 3A, C and E), a PC
movement (yellow and red) is observed, while obvious AC
motions (blue and dark blue) appear at three regions R2, R4,
and R5. By referencing the 4L2-bound BRD7, the presence of
4L2 in BRD9 not only slightly weaken the PC motion in the R1
but also weakens the AC movement in the R3 (Fig. 3B). In
addition, binding of 4L2 to BRD9 also strengthens the AC
motions in R2 and R5 relative to the 4L2-bound BRD7 (Fig. 3B).
Binding of 5U6 to BRD9 hardly affects the AC movements
occurred at R2 and R5 relative to the 5U6-bound BRD7, but
slightly weakens the AC motions in R3 from BRD9 (Fig. 3D). By
comparison with the 6KT-bound BRD7, although association of
6KT with BRD9 hardly alters motion modes in R1 and R4 from
BRD9, it evidently strengthens the ACmovements in R2, R3, and
R5 from BRD9. Based on the above discussion, associations of
identical inhibitors lead to motion mode difference between
f Ca atoms around their mean positions recorded at the single joined
ing to BRD7 complexed with 4L2, 5U6 and 6KT, separately; (B), (D), and
ely.

RSC Adv., 2022, 12, 16663–16676 | 16667
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BRD7 and BRD9, which demonstrates that some residues situ-
ated in R1–R5 of BRD7 and BRD9 may be involved in hot
binding spots of 4L2, 5U6 and 6KT to BRD7 and BRD9.
3.3 Conformational changes of BRD7 and BRD9 caused by
inhibitor bindings

Principal component analysis (PCA) is extensively employed to
investigate concerted motions of structural domains from
proteins.97 This approach can lter signicantly concerted
movements from structural ensembles arising from experi-
mental or simulation works. In the present work, PCA is
employed to decode molecular mechanism of binding selec-
tivity of 4L2, 5U6 and 6KT to BRD7 and BRD9. PCA can be
realized through a diagonalization on a covariance matrix built
with the Ca atomics coordinates extracted from the SCT. As
displayed in Fig. 4, the rst six principal components of BRD7
bound by 4L2, 5U6 and 6KT, describing signicantly collected
movements, occupy 59.90%, 48.95% and 64.49% of the
observed movements in multiple short molecular dynamics
simulations, separately, while that of BRD9 bound by 4L2, 5U6
and 6KT account for 52.24%, 55.15%, and 60.93% of the total
Fig. 4 The function of eigenvalues versus eigenvector index stem-
ming from PCA based on the single joined multiple short molecular
dynamics trajectory: (A) BRD7 and (B) BRD9 complexed with three
inhibitors 4L2, 5U6, and 6KT, respectively.

16668 | RSC Adv., 2022, 12, 16663–16676
motions from the multiple short molecular dynamics simula-
tions, independently. Compared with the 4L2- and 6KT-bound
BRD7, the rst few eigenvalues of the 4L2- and 6KT-bound
BRD9 are extremely abated by inhibitor associations, while
the eigenvalues of the 5U6–BRD9 are evidently increased
because of inhibitor associations, indicating that the presence
of 4L2, 5U6 and 6KT in the binding pocket of BRD7 and BRD9
produce signicant inuences on the total motion strength of
these two BRDs.

Motion directions of BRD7 along the rst eigenvector
stemming from PCA are depicted in Fig. S2.† Fig. S2A, C and E†
displays the concerted motions of the 4L2-, 5U6- and 6KT-
associated BRD7, separately, while Fig. S2B, D and F† shows
that of the 4L2-, 5U6- and 6KT-bound BRD9, individually. In
contrast with the 4L2-, 5U6- and 6KT-bound BRD7, associations
of these inhibitors not only alter movement direction of the ZA
and BC loops in BRD9, but also change motion strengthen of
these two loops. In addition, the aZ helix in the 4L2-bound
BRD7 moves toward the right (Fig. S2A†), while that in the
4L2-associated BRD9 is changed upwards and inwards
(Fig. S2B†). The aZ helix in the 5U6-bound BRD7 moves toward
the le and up (Fig. S2C†), but that in the 5U6-associate BRD9 is
transformed toward the right and up (Fig. S2D†). The aA helix in
the 6KT-bound BRD7 moves toward the right and up, on the
contrary that of the 6KT-associated BRD9 is changed toward the
right and down (Fig. S2F†). These results indicate that the
changes in essential dynamics behavior detected by multiple
short molecular dynamics simulations may be responsible for
binding selectivity of 4L2, 5U6 and 6KT on BRD7 and BRD9.
3.4 Binding affinity of inhibitors to BRD7 and BRD9

To decipher binding preference of 4L2, 5U6 and 6KT to BRD7
and BRD9, MM-GBSA approach is employed to calculate
binding free energies of three inhibitors to BRD7 and BRD9 by
using 300 structural frames withdrawn from the 600 ns SCTs
with a time interval of 2 ns. Since the computing time of entropy
is highly expensive, only 100 snapshots taken from the above
300 structural frames are applied to compute entropy contri-
butions to binding of 4L2, 5U6 and 6KT. All energetic data
arising from MM-GBSA calculation are exhibited in Table 1.

For BRD7 and BRD9 bound by 4L2, 5U6 and 6KT, favorable
EIs (DEele) in the gas phase are entirely screened by unfavorable
PSFEs (DGgb) to provide unfavorable contributions (DGele+gb) for
bindings of 4L2, 5U6 and 6KT to BRD7 and BRD9. The varia-
tions of entropies (�TDS) also impair associations of 4L2, 5U6
and 6KT with BRD7 and BRD9. Conversely, vdWIs (DEvdW) and
NPSFEs (DGnonpol) contribute favorable forces (DGvdW+nonpol) to
associations of 4L2, 5U6 and 6KT with BRD7 and BRD9.
According to Table 1, although the values ofDGele+gb for the 4L2-
bound BRD9 are increased by 0.13 kcal mol�1 relative to the
4L2-bound BRD7, the favorable forces (DGvdW+nonpol) of the 4L2-
bound BRD9 are decreased by 0.1 kcal mol�1 compared with the
4L2-bound BRD7, which results in a decrease of 0.23 kcal mol�1

in the binding enthalpy (DH) of 4L2 to BRD9 relative to the 4L2-
bound BRD7. On the contrary, the �TDS of the 4L2-bound
BRD9 is increased by 0.33 kcal mol�1 by referencing the 4L2-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Binding affinities of inhibitors to BRD7 and BRD9 computed with MM-GBSA approacha

Terms

4L2–BRD7 4L2–BRD9 5U6–BRD7 5U6–BRD9 6KT–BRD7 6KT–BRD9

Mean Semb Mean Semb Mean Semb Mean Semb Mean Semb Mean Semb

DEele �26.38 0.17 �28.66 0.21 �19.03 0.17 �19.65 0.19 �15.71 0.52 �18.66 0.39
DEvdW �34.71 0.15 �34.61 0.16 �40.35 0.15 �41.93 0.15 �19.60 0.44 �23.5 0.28
DGgb 36.08 0.15 38.49 0.01 32.78 0.14 33.93 0.16 22.38 0.57 26.0 0.35
DGnonpol �2.89 0.01 �2.89 0.01 �3.33 0.01 �3.43 0.01 �1.92 0.04 �2.25 0.02
DGele+gb

c 9.7 0.16 9.83 0.11 13.75 0.16 14.28 0.17 6.67 0.55 7.34 0.37
DGvdW+nonpol

d �37.6 0.08 �37.5 0.18 �43.68 0.08 �45.36 0.08 �21.52 0.24 �25.75 0.15
DH �27.9 0.18 �27.67 0.44 �29.93 0.14 �31.08 0.15 �14.85 0.39 �18.41 0.32
TDS 16.41 0.65 16.74 0.64 18.28 0.74 18.78 0.77 13.19 0.69 15.42 0.70
DGbind �11.49 �10.93 �11.65 �12.30 �1.66 �2.99

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.
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associated BRD7. As a whole, binding affinity of 4L2 to BRD9 is
reduced by 0.56 kcal mol�1 relative to that of 4L2 to BRD7,
demonstrating that 4L2 has better selectivity toward BRD7 than
BRD9. As displayed in Table 1, the DGele+gb of the 5U6-bound
BRD9 is increased by 0.53 kcal mol�1 compared to that of the
5U6-associated BRD9, and the DGvdW+nonpol of the 5U6-bound
BRD9 is improved by 1.68 kcal mol�1 relative to that of the
5U6-associated BRD7, causing an enhancement of
1.15 kcal mol�1 in binding enthalpy of the 5U6-associated BRD9
compared to that of the 5U6-bound BRD7. Meanwhile, the
�TDS of the 5U6-bound BRD9 is increased by 0.5 kcal mol�1

relative to that of the 5U6-associated BRD7. Thus, binding free
energy of 5U6 to BRD9 is strengthened by 0.65 kcal mol�1 by
referencing the 5U6–BRD7 complex, suggesting that 5U6 has
Table 2 Interactions between key residues of BRD7/BRD9 and three inh

BRDs Key residues

Inhibitors

4L2 5U6

Sidechain Backbone Total Sidec

BRD7 A154 �0.25 �0.17 �0.42 �0.3
F155 �1.40 �0.23 �1.63 �2.0
F156 �0.46 �0.15 �0.61 �0.6
F158 �0.51 0.03 �0.48 �0.4
V160 �1.89 �0.24 �2.13 �1.8
I164 �1.18 �0.10 �1.28 �2.1
Y168 �0.31 �0.01 �0.33 �0.2
N211 �1.86 0.02 �1.84 �1.8
Y217 �2.41 �0.14 �2.55 �2.6

BRD9 G43 �0.11 �0.07 �0.18 �0.1
F44 �1.51 �0.30 �1.81 �2.0
F45 �0.40 �0.13 �0.53 �0.5
F47 �0.57 0.06 �0.51 �0.5
V49 �1.93 �0.25 �2.19 �2.0
I53 �1.24 �0.09 �1.33 �2.2
A54 �0.47 �0.08 �0.54 �0.6
Y57 �0.28 �0.01 �0.30 �0.2
A96 �0.33 �0.31 �0.64 �0.3
Y99 �0.48 �0.02 �0.50 �0.5
N100 �1.80 0.01 �1.79 �1.8
Y106 �2.37 �0.14 �2.51 �2.6

© 2022 The Author(s). Published by the Royal Society of Chemistry
a binding preference to BRD9 over BRD7. On the basis of Table
1, the interactions DGele+gb and DGvdW+nonpol of 6KT with BRD9
are elevated by 0.67 and 4.23 kcal mol�1 compared to that of
6KT with BRD7, separately, causing an enhancement of
3.56 kcal mol�1 in binding enthalpy of the 6KT–BRD9
compound relative to the 6KT–BRD7 one. Meanwhile, the�TDS
of the 6KT-bound BRD9 is 2.23 kcal mol�1 stronger than that of
the 6KT-associated BRD7, which totally leads to an increase of
1.33 kcal mol�1 in binding strength of 6KT to BRD9 by likening
to that of 6KT to BRD7. Therefore, 6KT has a binding preference
toward BRD9 over BRD7.

Based on the above analyses, although the entropy contri-
bution of 4L2, 5U6, and 6KT to BRD9 is apparently enhanced
relative to that of three inhibitors to BRD7, enthalpy alterations
ibitors (all values are in kcal mol�1)

6KT

hain Backbone Total Sidechain Backbone Total

3 �0.29 �0.62 �0.02 �0.02 �0.04
7 �0.01 �2.08 �0.62 �0.12 �0.74
4 �0.16 �0.81 �0.48 �0.10 �0.58
4 0.15 �0.29 �0.03 0.03 �0.01
8 �0.42 �2.30 �0.78 �0.04 �0.82
8 �0.23 �2.41 �0.61 �0.14 �0.75
9 �0.02 �0.31 �0.34 �0.01 �0.35
6 0.02 �1.84 �1.34 0.01 �1.33
3 �0.15 �2.78 �1.33 �0.09 �1.42
5 �0.37 �0.52 �0.01 �0.05 �0.06
9 �0.21 �2.31 �1.17 �0.19 �1.37
8 �0.16 �0.74 �0.64 �0.11 �0.74
7 0.24 �0.34 �0.04 0.04 0.00
2 �0.46 �2.48 �1.04 �0.05 �1.09
4 �0.20 �2.44 �0.67 �0.14 �0.81
0 �0.20 �0.81 �0.43 �0.06 �0.49
9 �0.01 �0.31 �0.94 �0.01 �0.96
5 �0.22 �0.57 �0.45 �0.35 �0.80
1 �0.02 �0.52 �0.49 �0.05 �0.54
2 0.01 �1.81 �1.32 �0.00 �1.32
2 �0.13 �2.76 �1.46 �0.11 �1.57
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compensate this unfavorable effect. It is found that 4L2 has
better selectivity toward BRD7 over BRD9, while 5U6 and 6KT
can more favorably bind to BRD9 than BRD7. Finally, a conclu-
sion is drawn that enthalpy effects play pivotal roles in selective
recognition of 4L2, 5U6, and 6KT on BRD7 and BRD9.
Fig. 5 Inhibitor–residue interactions calculated by using residue-base
0.8 kcal mol�1 are listed: (A) the 4L2–BRD7 complex, (B) the 4L2–BRD9
the 6KT–BRD7 complex and (F) the 6KT–BRD9 complex.

16670 | RSC Adv., 2022, 12, 16663–16676
3.5 Bing selectivity uncovered by inhibitor–residue
interactions

To clarify binding selectivity of 4L2, 5U6, and 6KT to BRD7
versus BRD9, the details concerning interactions of inhibitors
with separate residues are provided throughMM-GBSAmethod.
Table 2 displayed the decomposition of DGligand–residue values
d free energy decomposition approach, only residues stronger than
complex, (C) the 5U6–BRD7 complex, (D) the 5U6–BRD9 complex, (E)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Hydrogen bonding interactions between inhibitors and BRD7/9 calculated by the program of CPPTRAJ

Complexes Hydrogen bonds Distancea (Å) Anglea (�) Occupancyb (%)

4L2–BRD7 Asn211–ND2–HD21/4L2–OAD 2.90 159.66 99.91
4L2–BRD9 Asn100–ND2–HD21/4L2–OAD 2.91 159.38 99.83
5U6–BRD7 Asn211–ND2–HD21/5U6–O11 2.93 161.64 99.74
5U6–BRD9 Asn100–ND2–HD21/5U6–O11 2.92 161.56 99.80
6KT–BRD7 Asn211–ND2–HD21/6KT-O11 2.95 154.41 47.97

Phe155–O/6KT–N13–H7 3.11 149.26 35.17
6KT–BRD9 Asn100–ND2–HD21/6KT–O11 2.93 152.86 53.52

Phe44–O/6KT–N13–H19 3.13 146.01 44.82
Tyr57–OH–HH/6KT–O11 2.76 160.57 31.48

a Hydrogen bonds are determined by the acceptor–donor atom distance of <3.5 Å and acceptor–H–donor angle of >120�. b Occupancy (%) is dened
as the percentage of simulation time that a specic hydrogen bond exists. c The full lines represent chemical bonds, and the dotted lines indicate
hydrogen bonding interactions.

Fig. 6 Geometric position of three inhibitors relative to key residues involved in important hydrophobic interaction stronger than 0.8 kcal mol�1:
(A) the 4L2–BRD7 complex, (B) the 4L2–BRD9 complex, (C) the 5U6–BRD7 complex, (D) the 5U6–BRD9 complex, (E) the 6KT–BRD7 complex
and (F) the 6KT–BRD9 complex. The yellow lines indicate the CH–p interactions and the red dash ones mean the p–p interactions.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 16663–16676 | 16671

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
4:

49
:0

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02637f


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
4:

49
:0

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
into contributions from sidechain and backbone of key residues
in BRD7 and BRD9 bound by 4L2, 5U6, and 6KT. It is found that
energy contributions from sidechain of residues play major
roles in inhibitor–residue interactions. Key residues of BRD7
and BRD9 that form important inhibitor–residue interactions
Fig. 7 Hydrogen bonds and the corresponding radial distribution functio
BRD7: (A) the 4L2–BRD7 complex, (B) RDF of H–Odistance between 4L2–
H–O distance between 5U6–O11 and Asn211–ND2–HD21, (E) the 6KT–
Asn211–ND2–HD21, and 6KT–N13–H7 and Phe155–O.

16672 | RSC Adv., 2022, 12, 16663–16676
with energies stronger than 0.8 kcal mol�1 are depicted in Fig. 4
and 5. Moreover, a CPPTRAJ tool in Amber 20 is applied to
discern hydrogen bonding interactions (HBIs) of 4L2, 5U6, and
6KT with BRD7 and BRD9 (Table 3). Hydrogen bonds (HBs) and
the corresponding radial distribution function (RDF) of H–O
n (RDF) of H–O distance between three inhibitors and key residues of
OAD and Asn211–ND2–HD21, (C) the 5U6–BRD7 complex, (D) RDF of
BRD7 complex and (F) RDF of H–O distances between 6KT–O11 and

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02637f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
4:

49
:0

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
distance of 4L2, 5U6, and 6KT away from key residues in BRD7
and BRD9 are exhibited in Fig. 5 and S6.†

For the 4L2-bound BRD7 and BRD9, 4L2 produces favorable
interactions with F155, V160, I164, N211 and Y217 in BRD7 and
all of them are stronger than 0.8 kcal mol�1 (Fig. 5A). The
interaction strengths of 4L2 with F155, V160, I164, N211 and
Y217 are respectively scaled by �1.63, �2.13, �1.28, �1.84, and
�2.55 kcal mol�1 and they are in structural consistence with the
p–p interactions of the hydrophobic rings from F155 and Y217
with that from 4L2 and the CH–p interactions of the alkyls in
V160, I164 and N211 with the hydrophobic ring from 4L2
(Fig. 5A). In addition, a HBI (Asn211–ND2–HD21/4L2–OAD)
with the 99.91% occupancy is detected between 4L2 and BRD7
(Table 3). In the 4L2–BRD7 complex, the nitrogen atom ND2 of
Asn211 provide a hydrogen atom HD21 to form a HB with an
oxygen atom OAD donated by 4L2. Fig. 7A depicts the geomet-
rical positions of the HBs, and the HB distances and their
frequency distributions are plotted in Fig. 7B. In comparison
with the 4L2-bound BRD7, interaction modes of 4L2 with BRD9
are extremely similar to that of 4L2 with BRD7 (Fig. 5B, 6B and
S3A and B†). It is discovered that interactions difference of 4L2
with residues (V160, V49), (I164, I53), (N211, N100), and (Y217,
Y106) corresponding to (BRD7, BRD9) is less than
0.06 kcal mol�1, suggesting that these residues do not play
critical roles in the binding selectivity of 4L2 toward BRD7 and
BRD9. The interaction energy of 4L2 with F44 in BRD9 is
strengthened by 0.18 kcal mol�1 relative to that of 4L2 with the
corresponding residue F155 in BRD7, which indicates that
residues (F155, F44) provide main contributions for the selec-
tivity of 4L2 on BRD7 over BRD9.

As for the 5U6-bound BRD7 over BRD9, favorable interac-
tions stronger than �0.8 kcal mol�1 are detected between 5U6
and ve residues F155, V160, I164, N211 and Y217 in BRD7
(Fig. 5C). The interaction energies of F155 and Y217 in BRD7
with 5U6 are �2.08 and �2.78 kcal mol�1, which respectively
agree with the p–p interactions between hydrophobic ring of
5U6 and the ones of F155 and Y127 (Fig. 5C and 6C). As
exhibited in geometric positions (Fig. 6C), the CH groups of
V160, I164, and N211 from BRD7 are situated near the ring of
5U8, thus these three residues in BRD7 prefer to yield the CH–p

interactions with 5U6, and the 5U6–V160, I164 and N211
interaction energies are respectively scaled by�2.30,�2.41, and
�1.84 kcal mol�1. According to Fig. 5D, 6D, S3C† and Table 3,
binding mode of 5U6 to BRD9, including hydrophobic inter-
actions and HBIs, is similar to that of 5U6 to BRD7. The inter-
action energies of F44 and V49 in BRD9 are respectively
strengthened by 0.23 and 0.18 kcal mol�1 relative to residues
F155 and V160 in BRD7, indicating that these two residues
contribute key forces to binding selectivity of 5U6 on BRD7 and
BRD9.

With regard to the 6KT-bound BRD7 and BRD9, three resi-
dues V160, N211, and Y217 in BRD7 are involved interactions
stronger �0.82, �1.33, and �1.42 kcal mol�1 with 6KT (Fig. 6E
and 7E). Moreover, 6KT forms two HBIs with BRD7 (Asn211–
ND2–HD21/6KT–O11 and Phe155–O/6KT–N13–H7) with the
occupancies are 47.97% and 35.17%, respectively (Table 3 and
Fig. 7E). According to Fig. 5F, interactions of 6K6 with F44, V49,
© 2022 The Author(s). Published by the Royal Society of Chemistry
I53, Y57, N100 and Y106 in BRD9 are �1.37, �1.09, �0.81,
�0.96, �1.32, and �1.57 kcal mol�1, respectively, and they
structurally arise from the p–p interactions of the hydrophobic
rings from Y57 and Y106 with that from 6KT and the CH–p

interactions of the alkyls in F44, V49, I53, and N100 with the
hydrophobic ring in 6KT (Fig. 6F). In addition, 6KT forms three
HBs with BRD9, including Asn100–ND2–HD21/6KT–O11,
Phe44–O/6KT–N13–H19, and Tyr57–OH–HH/6KT–O11 with
the occupancies are 53.52%, 44.82%, and 31.48%, respectively
(Table 3, and Fig. S3E†). The interactions of 6KT with residues
(I164, I53) and (N211, N100) in (BRD7, BRD9) are almost same,
demonstrating that these residues hardly contribute forces to
binding selectivity of 6KT on BRD7 and BRD9. The interactions
of 6KT with F44, V49, Y57, and Y106 in BRD9 are strengthened
by 0.63, 0.27, 0.61, and 0.15 kcal mol�1 compared with that of
6KT with F155, V160, Y168 and Y217 in BRD7, which indicates
that residues (F155, F44), (V160, V49), (Y168, Y57), and (Y217,
Y106) in (BRD7, BRD9) are mainly responsible for binding
selectivity of 6KT om BRD7 and BRD9.

4. Conclusions

Based on the key roles of insights into binding selectivity of 4L2,
5U6, and 6KT on BRD7 and BRD9 in anti-cancer drug design,
multiple short molecular dynamics simulations, composed of
ten independent 100 ns MD ones, are carried out on six systems
consisting of BRD7 and BRD9 bound by 4L2, 5U6, and 6KT so as
to acquire reasonably conformational sampling on BRD7 and
BRD9. Our studies demonstrate that the structural exibility of
two loops L1 and L3 in BRD7 is higher than that of BRD9,
furthermore these two domains display various internal
dynamics behavior. On the basis of MM-GBSA calculations,
binding affinities of 4L2, 5U6, and 6KT to BRD9 is evidently
enhanced compare to that of three inhibitors to BRD7, more
interestingly, it is uncovered that the entropy changes play key
roles in binding selectivity of 4L2, 5U6, and 6KT toward BRD7
and BRD9. In summary, 4L2 shows better selectivity toward
BRD7 than BRD9, while 5U6 and 6KT possess a more favorable
bind ability to BRD9 than BRD7. Besides, residue-based free
energy decomposition calculations also identify that four
common residues (F155, F44), (V160, V49), (Y168, Y57), and
(Y217, Y106) pertaining to (BRD7, BRD9), produce signicant
binding difference of inhibitors to BRD7 and BRD9, suggesting
that these residues are mainly responsible for the binding
selectivity of inhibitors towards BRD7 and BRD9. This study is
also expected to provide molecular mechanism and structure
affinity relationship for design of highly selective inhibitors
targeting BRD7 and BRD9.
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