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ABSTRACT: Two Bromodomain-Containing proteins BAZ2A and BAZ2B are responsible for remodeling chromatin and
regulating noncoding RNAs. As for our current studies, integration of multiple short molecular dynamics simulations (MSMDSs)
with molecular mechanics generalized Born surface area (MM-GBSA) method is adopted for insights into binding selectivity of three
small molecules D8Q, D9T and UO1 to BAZ2A against BAZ2B. The calculations of MM-GBSA unveil that selectivity of inhibitors
toward BAZ2A and BAZ2B highly depends on the enthalpy changes and the details uncover that D8Q has better selectivity toward
BAZ2A than BAZ2B, D9T more favorably bind to BAZ2B than BAZ2A, and UO1 does not show obvious selectivity toward these
two proteins. The analysis of interaction network between residues and inhibitors indicates that seven residues are mainly
responsible for the selectivity of D8Q, six residues for D9T and four residues provide significant contributions to associations of
UO1 with two proteins. Moreover the analysis of interaction network not only reveals warm spots of inhibitor bindings to BAZ2A
and BAZ2B but also unveils that common residue pairs, including (W1816, W1887), (P1817, P1888), (F1818, F1889), (V1822,
V1893), (N1823, N1894),(L1826, L1897), (V1827, V1898), (F1872, F1943), (N1873, N1944) and (V1879, I1950) belonging to
(BAZ2A, BAZ2B), induce mainly binding differences of inhibitors to BAZ2A and BAZ2B. Hence, insights from our current studies
offer useful dynamics information relating with conformational alterations and structure-affinity relationship at atomistic levels for
novel therapeutic strategies toward BAZ2A and BAZ2B.

1. INTRODUCTION

Bromodomains (BRDs), regarded as evolutionarily conserved
protein interaction modules, can specifically identify acetylated
lysine (Kac)1,2 residues in histone tails and other substrates,
which promotes the roles in regulating gene transcription. By
now, the most of different bromodomain-containing proteins
encoded by human genome have been potential targets used as
treatments of cancer, inflammation, and neurological disease.3,4

The bromodomains (BDs) located at the bromo- and extra-
terminal domain (BET)5,6 have been intensively researched in
recent years. According to structural topology, four members
BRD2, BRD3, BRD4 and BRDT of human BET family share a
wider pocket identify diacetylated peptides.7−9 Inhibition of
BET BDs’ activity through potent and selective inhibitors, such
as IBET and JQ1, has been thought to be an effective

therapeutic strategy on inflammatory, cardiovascular disease
and cancers.10−12 However, the physiological role of some
bromodomains remains rarely understood and a large portion
of them lack any selective inhibitors that can reveal their
individual functions. Amongst these, the two homologous
bromodomains (BAZ2A and BAZ2B) situated near the zinc
finger domain protein 2A and 2B share sequence identity of
57%8 and these two proteins also have an unusual binding
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pocket that rationally accommodates Kac. Consequently,
BAZ2A and BAZ2B are regarded as drugable bromodo-
mains13,14 and have been significant targets of drug design
toward treatment of various diseases.
Based on structural information, 110 amino acids of BAZ2A

and BAZ2B (BAZ2A/B) form four α-helices αA, αB, αC and
αZ, moreover a distinct binding cranny appears between two
featured loops ZA loop and BC loop in Figure 1A. The work of

Gu et al. suggested that epigenetic mutations of BAZ2A is
involved in prostate cancers, furthermore overexpression of
BAZ2A is detected in patients of various diseases.15

Spiliotopoulos et al. recognized an inhibitor that efficiently
suppresses the activity of BAZ2A though theoretical and
experimental methods and seven molecules used as potential
Kac-competitive binders were also determined with the NMR
spectroscopy.16 Arking et al. also revealed that the BAZ2B
locus is related with the mortality worldwide in the light of
their meta-analysis of genome-wide associations on 1283
Sudden cardiac death reports.17 Ferguson et al. investigated
interactions of the BAZ2B with H3K14ac acetylated peptides
through NMR spectroscopy method and their studies
indicated that both the Kac binding sites and BC loop are
recognized as the hot spots of this interaction.18 Moreover, the
structural information on fragment binders to BAZ2B obtained
by Marchand et al. suggested that the derivatives of 3-Amino-
2methylpyridine can be utilized to design inhibitors of the
BAZ2B through silico discovery and crystal validation.19

Furthermore, several small molecules such as BAZ2-ICR20

and GSK280121 are currently used as potent and selective
inhibitors toward the BAZ2A/B. Unfortunately, insufficiency
of molecular mechanisms determining binding differences of
inhibitors to BAZ2A/B potentially hinders developing process
of effective inhibitors keeping down the activity of BAZ2A/B.
Therefore, atomistic-level clarification of molecular mechanism
and conformational changes related to binding diversity of
inhibitors to BAZ2A/B can play vital roles in design of highly
selective inhibitors toward BAZ2A over BAZ2B.

With rapid development of calculational technology and
computer hardware, classical molecular dynamics (cMD)
simulations22−35 and binding affinity computations36−45

increasingly play significant roles in unveiling molecular
mechanism and conformational transformations of receptors.
In calculations of binding affinity, the entropic computation is
highly changing, Duan et al. proposed a more efficient method
of entropic calculations, namely interaction entropy, which not
only obtains rational results but also saves computational
time.33,46 Moreover, various works have been involved in
successful insights into binding selectivity of small compounds
toward homologous receptors with very similar sequence.47−52

However, the conformations of receptors sampled by cMD
simulations are possibly trapped at a local minimum energy
well,53 which will generate an insufficient structural ensemble
and affect statistical rationality. To relieve this sampling issue
in cMD simulations, multiple short molecular dynamics
simulations (MSMDSs) with various initial conformations
are proposed so as to obtain better sampling efficiency than a
single long trajectory.54,55 Recently, different works verify that
MSMDSs can indeed obtain rational conformational samplings
of receptors, moreover MSMDSs have been extensively applied
to uncover conformational transformations of receptors,
binding selectivity, drug resistance, etc.56−67 In the present
work, three inhibitors, namely D8Q, D9T, and UO1 were
chosen to study their binding selectivity toward BAZ2A/B and
decipher selectivity-dependent molecular mechanism. The
structures of D8Q, D9T, and UO1 were displayed in Figure
1B−D. As shown in Figure 1B−D, three inhibitors D8Q, D9T
and UO1 have obvious structural difference and different
binding ability, thus it is requisite for design of clinically
available inhibitors toward BAZ2A/B to explore atomic-level
molecular mechanism depending on binding selectivity. To
realize our aims, MSMDSs, principal component (PC)
analysis,68−71 binding free energy prediction and free energy
landscapes were coupled together to realize this current aim.
Furthermore, this study is also expected to supply valuable
dynamics information at the atomistic levels for design of
powerfully selective inhibitors toward BAZ2A/B.

2. MATERIALS AND METHODS
2.1. Construction of Simulated Systems. The starting

structures of six simulated systems were obtained from the
Protein Data Bank (PDB): 6FG6, 6FGV, and 6FGL
respectively related to the D8Q-, D9T-, and UO1-BAZ2A
complexes, while 6FH6, 6FGT, and 5E73 are separately
connected to the D8Q-, D9T-, and UO1-BAZ2B com-
pounds.72 Due to the variance in the length of residues from
N-terminals of BAZ2A and BAZ2B, the residues 1798−1894 in
BAZ2A and the residues 1869−1965 in BAZ2B were adopted
for the constructions of six simulated systems. The program
PROPKA73,74 was wielded to examine and allocate the rational
protonated states to residues in BAZ2A and BAZ2B. The force
field parameters of BAZ2A and BAZ2B and water molecules
were yielded by employing the ff14SB75,76 and TIP3P model,77

separately. The structural optimization of three inhibitors
D8Q, D9T, and UO1 was implemented at a semiempirical
AM1 level, and then the BCC charges were allocated to every
atom of inhibitors through the Antechamber module in Amber
18.78,79 The force field parameters of three ligands were
yielded by utilizing the general amber force field (GAFF).80

Each complex was solvated in a truncated octahedral periodic
box of TIP3P water molecules (buffer: 12.0 Å) consisting of

Figure 1. Structures of molecules: (A) Structural alignment between
inhibitor-BAZ2A and inhibitor-BAZ2B, in which BAZ2A is exhibited
in orange and BAZ2B in cyan; (B), (C) and(D) respectively
corresponding to structures of D8Q, D9T and UO1. The blue and red
letters suggest the polar atoms. BAZ2A and BAZ2B are depicted in
cartoon modes and inhibitors in stick or line modes. The crystal
structures of ID code 6FG6 and 6FGT in PDB are utilized to
respectively display the structural topology of inhibitor-BAZ2A and
inhibitor-BAZ2B.
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∼11,000 water molecules, which reflects the solvent environ-
ment. Eight sodium ions (Na+) were added around the
protein-ligand system to neutralize the charges of the
inhibitors-BAZ2A/B complexes.
2.2. Multiple Short Molecular Dynamics Simulations.

Removing bad interatomic contacts and highly repulsive
orientations between protein and solvent caused by system
initialization plays an important role in stability of systems
through MSMDSs. Based on this importance, all systems must
endure energetic minimizations composed of 2500-steepest
descent minimization and 2500-step conjugate gradient
minimization. Subsequently, each system was heated from 0
to 300 K within 2 ns at constant volume by using a softly
procedure. And then, further 2 ns equilibrium simulations were
executed on each system at 300 K level. Finally, 100 ns of cMD
simulations was carried out on these six systems at 300 K and a
constant pressure of 1 bar through periodic boundary terms
and the particle mesh Ewald (PME) approach.81,82 Nine new
conformations randomly selected from the previous 100 ns
MD simulations were utilized as the start coordinates for
subsequent MSMDSs by randomly assigning initial atomic
velocities of each protein conformations with Maxwell
distribution. Therefore MSMDSs of 10 replicas (Figure S1)
were realized to improve protein conformational samplings of
the inhibitor-BA2ZA/B complexes. The equilibrated parts of
10 cMD simulations were integrated into a single connected
MSMD trajectory convenient for the post-processing computa-
tional analysis. During all MSMDSs, the SHAKE algorithm was
adopted to restrain the hydrogen-heavy atomic chemical
bonds83 with a time interval of 2 fs. The temperature of the
current six systems is regulated through the Langevin
thermostat84 with a collision frequency of 2.0 ps−1. MSMDSs
were run by using the tool pememd.cuda in Amber 18.85−87

The software VMD88 and PyMOL (www.pymol.org.) were
employed to analyze the single joined trajectory and draw
pictures.

2.3. Principal Component Analysis. In general, the
conformational alterations of receptors are investigated with
principal component (PC) analysis on the basis of the
structural ensembles stemming from the experiments and
molecular simulations. For our current work, PC analysis is
implemented on the single joined MSMD trajectory of six
simulated systems to investigate the difference in conforma-
tional changes of BAZ2A and BAZ2B, which relates to the
diagonalization of a covariance matrix formed by utilizing the
Cα atomic coordinates kept at the MSMD trajectory. The
concerted motion direction and strength of the domains in
BAZ2A/B are individually characterized by means of the
eigenvectors and eigenvalues, stemming from PC analysis.
Functional concerted motions of the domains in BAZ2A/B are
efficiently unveiled by the first few eigenvectors with bigger
eigenvalues arising from PC analysis. Meanwhile, cross-
correlation analysis89−92 is also employed to understand the
alterations in motion characters of BAZ2A and BAZ2B and the
details concerning cross-correlation analysis (CCA) has been
introduced in our previous work.28 In this study, two current
analyses can be achieved by an efficient tool CPPTRAJ93

inlayed in Amber 18 and the obtained data can be visualized by
the software VMD.

2.4. Calculations of MM-GBSA. Among different
approaches of binding free energy predictions, molecular
mechanics Poisson-Boltzmann surface area (MM-PBSA) and
MM-GBSA are two efficient methods to fast measure binding
strength of ligands to receptors.46,94−96 From the assessing on
the performance of these two methods from Hou’s group,
MM-GBSA approach,97,98 indicated in the eq 1, can obtain

Figure 2. Root-mean-square fluctuations (RMSFs) of the Cα atoms in two proteins BAZ2A and BAZ2B: (A) for BAZ2A complexed with three
inhibitors D8Q, D9T and UO1, (B) the structure of BAZ2A,(C) for BAZ2B complexed with three inhibitors D8Q, D9T and UO1, (D) the
structure of BAZ2B.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00687
ACS Omega 2021, 6, 12036−12049

12038

http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c00687/suppl_file/ao1c00687_si_001.pdf
http://www.pymol.org
https://pubs.acs.org/doi/10.1021/acsomega.1c00687?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00687?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00687?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00687?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00687?rel=cite-as&ref=PDF&jav=VoR


more rational results than MM-PBSA. Therefore, MM-GBSA
method was utilized to evaluate binding strength of three
inhibitors D8Q, D9T, and UO1 to BAZ2A/B and determine
binding selectivity of these inhibitors to BAZ2A VS BAZ2B.

Δ = − −

= Δ + Δ + Δ + Δ − Δ

G G G G

E E G G T S

bind comp pro inh

ele vdW gb nonpol

(1)

where ΔGcomp,ΔGpro, and ΔGinh indicate the free energies of
the complex, BAZ2A/BAZ2B, as well as inhibitors D8Q, D9T,
and UO1, respectively. Moreover, ΔEele and ΔEvdW represent
the electrostatic and van der Waals interactions of D8Q, D9T
and UO1 with BAZ2A/B in the gas phase, independently,
which in general come from estimation of molecular
mechanics. The terms ΔGgb and ΔGnonpol denote the polar
and nonpolar solvation free energies of the inhibitor-BAZ2A/B
complexes, independently. ΔGgb is estimated with the GB

model proposed by Onufriev et al.99 and ΔGnonpol is computed
with an empirical equation as below

γ βΔ = × Δ +G SASAnonpol (2)

in which the parameter γ and ΔSASA respectively characterize
the surface tension and the difference in the solvent accessible
surface areas because of inhibitor bindings. As for our current
study, the values of 0.0072 kcal · mol · Å−2 and 0 kcal · mol−1

are assigned to two empirical parameters γ and β,
individually.100,101 And hence, the sum of ΔEele,ΔEvdW, ΔGgb,
and ΔGnonpol forms the enthalpy changes (ΔH) of the binding
complexes. The term −TΔS represents the contribution of the
entropy changes to inhibitor bindings and this component is
derived through the mmpbsa_py_nabnmode program.102

3. RESULTS AND DISCUSSION

3.1. Structural Fluctuation and Flexibilities of BAZ2A
and BAZ2B. In order to obtain reasonable and sufficient

Figure 3. Cross-correlation metric computed with the Cα atomic coordinates saved the MSMDTs: (A), (C), and (E) respectively indicating
BAZ2A with D8Q, D9T, and UO1; (B), (D), and (F) separately representing to BAZ2B with D8Q, D9T, and UO1.
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Figure 4. Free energy landscapes yielded with projections of the MSMDTs on PC1 and PC2: (A) D8Q-BAZ2A, (B) D8Q-BAZ2B, (C) D9T-
BAZ2A, (D) D9T-BAZ2B, (E) UO1-BAZ2A and (F) UO1-BAZ2B.

Table 1. Binding Affinities of Inhibitors to BAZ2A and BAZ2B Calculated with MM-GBSA Methoda

D8Q-BAZ2A D8Q-BAZ2B D9T-BAZ2A D9T-BAZ2B UO1-BAZ2A UO1-BAZ2B

terms mean bsem mean bsem mean bsem mean bsem mean bsem mean bsem

ΔEele −28.11 0.35 −8.74 0.36 −10.03 0.20 −20.10 0.29 −23.76 0.17 −24.40 0.29
ΔEvdW −24.07 0.14 −16.69 0.56 −24.23 0.13 −28.64 0.22 −33.09 0.16 −32.53 0.14
ΔGgb 35.44 0.32 14.32 0.50 18.12 0.19 28.61 0.25 34.46 0.15 34.32 0.26
ΔGnonpol −2.50 0.01 −1.74 0.06 −2.43 0.01 −2.77 0.02 −3.02 0.01 −2.98 0.01
cΔGele + gb 7.33 0.33 5.58 0.43 8.09 0.19 8.51 0.27 10.70 0.16 9.92 0.28
dΔGvdW + nonpol −26.57 0.08 −18.43 0.31 −26.66 0.07 −31.41 0.12 −36.11 0.09 −35.51 0.07
ΔH −19.24 0.18 −12.85 0.44 −18.57 0.13 −22.90 0.21 −25.41 0.13 −25.59 0.14
-TΔS 14.99 0.63 11.56 0.97 15.38 0.68 17.37 0.77 17.41 0.77 17.50 0.68
ΔGbind −4.25 −1.29 −3.19 −5.53 −8.00 −8.09
IC50(μM) >820 >1000 e e 24 8
fΔGexp −4.22 −4.10 −6.32 −6.97

aAll components of free energies are in kcal/mol. bStandard errors of means. cΔGele + gb = ΔEele + ΔGgb.
dΔGvdW + nonpol = ΔEvdW + ΔGnonpol.

eThe
experimental binding data is not available, fThe experimental values were generated from the experimental IC50 values in reference using the
equation ΔGexp = − RT ln IC50.
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conformational sampling of BAZ2A and BAZ2B, MSMDSs
with a total simulated time of 1 microsecond (μs), consisting
of 100-ns cMD simulations of 10 replicas, were implemented
on six inhibitor-BAZ2A compounds and inhibitor-BAZ2B
ones. The evolution of root-mean-square-deviations (RMSDs)
of atoms C, CA, O and N in BAZ2A and BAZ2B as the
simulated time were computed to measure the stability of
MSMDSs and the initial optimized structures are used as the
reference frames in this calculation (Supporting Information
Figure S1). The RMSDs of all replicas verify that six simulated
systems display relatively stable structural fluctuations after 40
ns of MSMDSs, implying that all current systems fundamen-
tally situate at the equilibrium phases. Hence, the 40−100 ns
parts from MSMD trajectories (MSMDTs) of 10 replicas were
joined into a single trajectory of 600 ns to execute all post-
process analyses.
To estimate and uncover the changes in local structures of

BAZ2A and BAZ2B, root-mean-square fluctuations (RMSFs)
of the Cα atoms in BAZ2A and BAZ2B were calculated by
using the single joined MSMDTs (Figure 2). On the whole,
BAZ2A and BAZ2B yield similar tendencies of local structural
fluctuations, demonstrating that BAZ2A and BAZ2B should
share similar flexible or rigid regions. The high flexible
structures of the inhibitor-BAZ2A and inhibitor-BAZ2B
compounds are mainly located at four regions, including L1

(residues 1808−1818 for BAZ2A and 1878−1888 for BAZ2B),
L2 (residues 1822−1836 for BAZ2A and 1892−1906 for
BAZ2B), L3 (residues 1847−1859 for BAZ2A and 1917−1929
for BAZ2B) and L4 (residues 1872−1881 for BAZ2A and
1942−1951 for BAZ2B), which signify that some residues
arising from the aforementioned regions should be situated in
warm spots of inhibitor bindings. In the case of BAZ2A,
inhibitor associations induce apparent changes in the RMSF
values in the regions L2 and L3, while inhibitor binding to
BAZ2B exert significant influences on three regions L1, L2, and
L3. The results indicate that the structural flexibilities of the L4
loop in BAZ2B are higher than that in BAZ2A. The D8Q-
BAZ2A binding produces smaller flexibility of the L2 and L3
loops compared to the D8Q-BAZ2B complex, the presence of
the two inhibitors D9T and UO1 in BAZ2B makes the bigger
flexibility of the L2 and L3 loops than BAZ2A. The
aforementioned domains not only display different internal
dynamics behavior but also imply hot spots of the inhibitor-
BAZ2A/B bindings.

3.2. Internal Dynamics of BAZ2A and BAZ2B.
Exploring the alterations in internal dynamics of BAZ2A and
BAZ2B due to inhibitor associations is requisite for drug
design toward BAZ2A/B.103,104 To further probe the internal
dynamic-dependent differences of BAZ2A and BAZ2B caused
by inhibitor bindings, CCA is run by means of the Cα atomic
coordinates extracted from the single joined MSMDTs, and
the results are depicted in Figure 3. The correlated movement
of a certain region relative to itself is characterized by the
diagonal regions of Figure 3, while the relative motion between
different regions is indicated by the off-diagonal regions. The
color-coded styles are adopted to reflect the extent of
correlated motions between structural regions. Two different
motion pattern (strongly positive correlated motions and
anticorrelated ones) are represented by the red or yellow parts
and the blue or dark blue ones, separately. In the light of
Figure 3, inhibitor associations produce a vital impact on
structural dynamics of BA2ZA and BAZ2B.
For BAZ2A complexed with D8Q, D9T, and UO1 (Figure

3A,C,E), the structural domains R1 and R4 yield slightly
positive correlated movements, while the structural regions R2,
and R5 generate apparently anticorrelated motions (dark blue)
ant the region R3 produces slightly anticorrelated movement.
Compared with the D8Q-BAZ2A compound (Figure 3A), the
binding of D8Q to BAZ2B extremely strengthens the positive
correlated motions of the structural domains R1, R3, and R4
and slightly weakens the anticorrelated motions in the
structural region R2. Meanwhile, the presence of D8Q in
BAZ2B weakens the anticorrelated motion in the region R5
but strengthens the positively correlated movement of this
structural domain (Figure 3B). By comparison with the D9T-
BAZ2A complex (Figure 3C), the binding of D9T to BAZ2B
slightly enhances the positively correlated motions of the
structural domains R1, R3 and R4 from BAZ2B, but slightly
weakens the anticorrelated motions of the structural domains
R2 and R5 in BAZ2B (Figure 3D). By referencing the UO1-
bound BAZ2A (Figure 3E), the binding of UO1 to BAZ2B
strengthens the correlated motion in the structural domain R1,
but weakens the anticorrelated motion of R2, R3, and R5
(Figure 3F). Hence, it is concluded that associations of the
same inhibitors lead to apparent alterations in dynamics
behavior of BAZ2A relative to BAZ2B and residues situated at
the structural domains R1-R5 of BAZ2A and BAZ2B may
generate different interaction intensity with D8Q, D9T, and

Figure 5. Comparisons between ΔGligand − residue of BAZ2A and
BAZ2B, (A) D8Q, (B) D9T and (C) UO1.
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UO1. The changes in inhibitor-residues interactions are
responsible for binding selectivity of D8Q, D9T, and UO1
to BAZ2A/B.
3.3. Conformational Transformations of BAZ2A and

BAZ2B Probed by Principal Component Analysis. PC
analysis is a vital method to study conformational alterations of
proteins.105,106 As for our current study, PC analysis is
implemented on the single joined MSMDTs to investigate
binding selectivity of D8Q, D9T, and UO1 to BAZ2A and
BAZ2B and the details are as following: (1) a covariance
matrix is yielded based on the Cα atomic coordinates extracted
from the single joined MSMDTs, (2) the diagonalization of
this covariance matrix is carried out to derive the eigenvalues
and eigenvectors that independently describe motions strength
and direction of the structural domains in BAZ2A and BAZ2B
(Figure S2), (3) the eigenvectors are depicted with the aid of
molecular graphics program VMD and the molecular structure
of BAZ2A and BAZ2B (Figure S3), (4) free energy landscapes
are generated through the reaction coordinates stemming from
the projections of the MSMDTs on the eigenvectors PC1 and
PC2 (Figure 4).
In accordance with Figure S2, significant concerted motions

of BAZ2A and BAZ2B represented by the first eigenvalues fast
abated in amplitude into a number of constrained and more
localized motions. The first six PCs account for 61.42, 73.42,
and 54.88% of the observed motions in MSMDSs of the D8Q-,
D9T-, and UO1-BAZ2A, respectively, while that account for
59.85, 81.00, and 68.91% of the total movements from the
MSMDSs of the D8Q-, D9T-, and UO1-BAZ2B, individually.
Compared to the BAZ2A with inhibitors, the first few
eigenvalues of BAZ2B with inhibitors are extremely enhanced
by inhibitor bindings, demonstrating that the same inhibitors

in BAZ2A and BAZ2B produce distinct impacts on the total
motion strength of BAZ2A and BAZ2B.
Figure S3 depicts motion directions of structural domains in

BAZ2A along the first eigenvector. Figure S3A, C and E display
the concerted motions of different structural domains of
BAZ2A with D8Q, D9T, and UO1, independently, while
Figure S3B, D and F indicate the concerted motions of
different structural domains with D8Q-, D9T-, and UO1-
BAZ2B, separately. By comparison to BAZ2B, bindings of
D8Q, D9T, and UO1 not only alter the motion direction of
two significant featured loops ZA and BC loops in BAZ2A, but
also affect the strengthen the motion of these two loops in
BAZ2A. Furthermore, the helix αA in the D8Q-BAZ2A
complex moves toward right (Figure S3A), while the motion
direction of αA in the D8Q-BAZ2B complex is changed
toward the left and moves outward (Figure 3B). The helix αZ
in the D8Q-BAZ2B complex moves toward the right and down
(Figure S3B). Figure S3E exhibits that the ZA_loop of the
UO1-BAZ2A complex moves toward left, while the motion
direction of ZA_loop of the UO1-BAZ2B complex is changed
toward up and right (Figure S3F). These results demonstrate
that the differences in dynamics behavior between BAZ2A and
BAZ2B revealed by MSMDSs may be a possibility for inducing
binding selectivity of D8Q, D9T, and UO1 toward BAZ2A and
BAZ2B.
To deeply reveal molecular basis affecting conformational

variation of proteins caused by inhibitor bindings, the
conformational spaces of BAZ2A and BAZ2B were reflected
by free energy landscapes to dedicate significant information
(Figure 4). An interesting redistribution of conformations in
BAZ2A and BAZ2B is observed, which indicates conforma-
tional alterations of BAZ2A/B because of inhibitor bindings. In

Table 2. Energy Contributions of BAZ2A and BAZ2B Residues to the Binding of Ligandsa

BAZ2s residue D8Q D9T UO1

SvdW BvdW Tele Tsolv SvdW BvdW Tele Tsolv SvdW BvdW Tele Tsolv

BAZ2A W1816 −0.64 −0.28 −0.72 1.14 −0.83 −0.12 0.33 0.01 −0.55 −0.38 −0.13 0.67
BAZ2B W1887 −0.27 −0.05 0.17 −0.05 −0.82 −0.35 −0.49 1.15 −0.76 −0.33 −0.82 1.47
BAZ2A P1817 −1.17 −0.65 −2.89 3.11 −0.95 −0.45 −1.29 1.69 −1.21 −0.75 −1.50 2.37
BAZ2B P1888 −0.59 −0.32 −0.81 1.11 −1.07 −0.74 −2.08 2.58 −1.05 −1.00 −1.13 2.03
BAZ2A F1818 −0.57 −0.23 −0.23 0.21 −0.51 −0.12 −0.08 0.14 −0.57 −0.23 −0.18 0.16
BAZ2B F1889 −0.40 −0.09 −0.10 0.13 −0.56 −0.21 −0.24 0.26 −0.54 −0.24 −0.02 0.12
BAZ2A V1822 −1.45 −0.24 −0.20 0.11 −1.17 −0.13 −0.20 0.14 −2.26 −0.43 −1.10 0.69
BAZ2B V1893 −0.95 −0.11 −0.22 0.11 −1.57 −0.34 −0.29 0.22 −2.14 −0.60 −1.96 1.21
BAZ2A N1823 −0.12 −0.10 −0.07 0.07 −0.13 −0.11 −0.30 0.44 −0.45 −0.46 −0.83 0.82
BAZ2B N1894 −0.11 −0.09 −0.44 0.49 −0.39 −0.25 −0.22 0.33 −0.62 −0.15 −1.13 0.55
BAZ2A L1826 −0.31 −0.05 −0.06 0.06 −0.91 −0.31 −0.54 0.75 −0.41 −0.11 −0.30 0.31
BAZ2B L1897 −0.44 −0.11 −0.16 0.23 −0.40 −0.05 −0.03 0.04 −0.51 −0.07 −0.41 0.33
BAZ2A V1827 −0.69 −0.05 −0.01 −0.02 −1.16 −0.14 0.09 −0.15 −1.29 −0.12 −0.11 −0.02
BAZ2B V1898 −0.78 −0.07 0.12 −0.18 −0.76 −0.06 −0.02 −0.00 −0.88 −0.08 −0.11 0.06
BAZ2A Y1830 −0.86 −0.02 −0.73 1.01 −0.77 −0.02 −0.88 1.03 −0.73 −0.02 −0.34 0.66
BAZ2B Y1901 −0.56 −0.01 −0.54 0.65 −0.70 −0.02 −0.88 1.03 −0.63 −0.02 −0.59 0.85
BAZ2A C1869 −0.33 −0.15 0.47 −0.47 −0.31 −0.14 0.20 −0.24 −0.34 −0.14 0.32 −0.33
BAZ2B C1940 −0.26 −0.12 0.12 −0.17 −0.35 −0.15 0.30 −0.36 −0.35 −0.13 0.32 −0.34
BAZ2A F1872 −0.66 −0.06 −0.55 0.61 −0.68 −0.06 −0.51 0.66 −0.77 −0.07 −0.33 0.58
BAZ2B F1943 −0.48 −0.05 −0.38 0.49 −0.66 −0.06 −0.53 0.63 −0.64 −0.06 −0.28 0.54
BAZ2A N1873 −0.14 −0.04 −3.52 1.61 −0.32 −0.05 −3.84 2.30 −0.50 −0.05 −2.59 1.76
BAZ2B N1944 −0.25 −0.04 −2.88 1.70 −0.26 −0.05 −3.54 1.83 −0.48 −0.05 −2.55 1.62
BAZ2A V1879 −1.04 −0.08 −0.20 0.17 −1.30 −0.10 0.07 −0.11 −1.56 −0.11 −0.25 0.13
BAZ2B I1950 −1.24 −0.06 0.04 −0.14 −1.49 −0.08 −0.19 0.10 −1.90 −0.09 −0.28 0.16

aAll components of free energies are in kcal/mol. SvdW: van der Walls energy of side chain atoms, BvdW: van der Waals energy of backbone atoms,
Tele: electrostatic energy of residue, Tsolv: solvation energy of residue.
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the case of the D8Q-BAZ2A complex, two energetic basins are
detected, while the D8Q binding makes the conformation of
BAZ2B focus on four subspaces (Figure 4A,B). The presence
of inhibitor D9T in BAZ2A produces four energy basins
(Figure 4C), but the D9T-BAZ2B binding only induces two
conformational spaces (Figure 4D). The presence of inhibitor
UO1 in BAZ2A only generates an energy basin (Figure 4E),

which leads to a conformational convergence of BAZ2A
however the UO1-BAZ2B binding induces two different
conformational subspaces (Figure 4F). The above analyses
show that inhibitor bindings can result in the conformational
rearrangements of two proteins BAZ2A and BAZ2B.

3.4. Binding Variation of Inhibitors to BAZ2A and
BAZ2B. To better evaluate free energy-dependent selectivity of

Figure 6. Relative positions of D8T, D9Q, and UO1 to vital residues:
(A) D8Q-BAZ2A, (B) D8Q-BAZ2B, (C) D9T-BAZ2A, (D) D9T-
BAZ2B, (E) UO1-BAZ2A and (F) UO1-BAZ2B. The red dash lines
indicate the π-π interactions and the yellow ones represent the CH-π
interactions. The green balls indicate the pseudoatoms located at the
mass center of atoms forming the interactions between residues and
inhibitors.

Table 3. Hydrogen Bonds Yielded between D8T, D9Q, and UO1 and BAZ2A/B

complexes hydrogen bonds distance/( Å)a angle/(°)a occupancy/(%)b

D8Q-BAZ2A DBRD Asn1873-ND2-HD21···D8Q-O08 2.91 162.53 99.01
Pro1817-O···D8Q-N11-H11 3.22 148.23 46.91
Glu1820-O···D8Q-N14-H12 3.03 143.50 20.46

D8Q-BAZ2B Asn1944-ND2-HD21···D8Q-O08 2.93 161.33 74.20
D9T-BAZ2A Asn1873-ND2-HD21···D9T-O08 2.94 161.97 99.39
D9T-BAZ2B Asn1944-ND2-HD21···D9T-O08 2.92 161.52 99.43

Asn1894-N-H···D9T-N14 3.17 154.23 19.86
Pro1888-O···D9T-N11-H19 3.30 153.73 24.48

UO1-BAZ2A Asn1873-ND2-HD21···UO1-O03 2.98 161.02 99.14
Asn1823-N-H···UO1-O18 3.25 155.77 70.53

UO1-BAZ2B Asn1944-ND2-HD21···UO1-O03 2.97 160.02 99.09
Asn1894-N-H···UO1-O10 2.98 164.16 94.04

aStandard of Hydrogen bonds: the acceptor-donor atom distance of <3.5 Å and acceptor-H-donor angle of >120°. bOccupancy (%) is determined
as the percentage of the time a specific hydrogen bond existing accounting for the total simulation time. cThe full lines represent chemical bonds,
and the dotted lines indicate hydrogen bonding interactions.

Figure 7. Hydrogen bonds between residues of BAZ2A or BAZ2B
and three inhibitors: (A) D8Q-BAZ2A, (B) D8Q-BAZ2B, (C) D9T-
BAZ2A, (D) D9T-BAZ2B, (E) UO1-BAZ2A and (F) UO1-BAZ2B.
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inhibitors on BAZ2A against BAZ2B, MM-GBSA method was
used to compute binding affinity of D8Q, D9T, and UO1 to
BAZ2A and BAZ2B by using 300 structural frames extracted
from the 600-ns MSMDT with a time interval of 2 ns and the
results are listed in Table 1. Due to the expensive time in
entropy calculations, only 100 ones coming from the above
300 frames were used to estimate the entropy changes. Because
of the differences in the number of snapshots used to calculate
binding enthalpy and entropy, we do not provide the standard
errors of binding free energy in Table 1. The energetic
components with negative values provide favorable forces for
inhibitor bindings, and yet the positive energetic components
contribute unfavorable factors to inhibitor associations.
Despite lack of the experimental IC50 values of the D9T-
BAZ2A and D9T-BAZ2B, the rank of our predicated binding
free energies agree well with that of the available experimental
IC50 data, which implies the rationality of our current study.
According to Table 1 and Figure S4, for the present six

systems, electrostatic interaction energies (ΔEele) in the gas
space generate profitable contributions for associations of
D8Q, D9T, and UO1, but adverse solvation free energies
(ΔGgb) produce complete offset on this beneficial term to
induce the balance between ΔEele and ΔGgb and further result
in a disadvantageous polar interactions (ΔGele + gb) for bindings
of D8Q, D9T, and UO1 to BAZ2A/B. The entropy
components (−TΔS) are also detrimental factors weakening
binding strength of D8Q, D9T, and UO1 to BAZ2A and
BAZ2B. ΔEvdW and ΔGnonpol, separately representing van der
Waals interactions and nonpolar solvation energies, provide
beneficial contributions for inhibitor bindings and leads to
hydrophobic interactions (ΔGvdW + nonpol) of D8Q, D9T, and
UO1 with BAZ2A/BAZ2B. According to Table 1, two
components ΔGele + gb and ΔGvdW + nonpol of the D8Q-BAZ2A
complex are improved by 1.75 and 8.14 kcal/mol relative to
the D8Q-BAZ2B, which brings a total enhancement of 6.39
kcal/mol in the binding enthalpy (ΔH) of the D8Q-BAZ2A
complex in contrast to the D8Q-BAZ2B one. Moreover the
binding entropy ( − TΔS) of D8Q to BAZ2A is improved by
3.43 kcal/mol in comparison to that of D8Q to BAZ2B. On
the whole, the binding free energy of D8Q to BAZ2A is raised
by 2.96 kcal/mol, demonstrating that D8Q possesses more
favorable selectivity on BAZ2A than BAZ2B. With regard to
D9T, an improvement of 4.75 kcal/mol in hydrophobic
interactions of D9T with BAZ2B in contrast to that of D9T
with BAZ2A are mainly responsible for the enhancement of the
binding enthalpy of D9T to BAZ2B in comparison to that of
D9T to BAZ2A. Furthermore, the binding entropy of D9T to
BAZ2B is enhanced by 1.99 kcal/mol compared with that of
D9T to BAZ2A. Based on the above two reasons, binding
affinity of D9T to BAZ2B is improved by 2.34 kcal/mol by
contrast to that of D9T to BAZ2A, signifying that D9T prefers
associating with BAZ2B to binding to BAZ2A. With respect to
UO1, the unfavorable component ΔGele + gb for the UO1-
BAZ2A complex is elevated by 0.78 kcal/mol in comparison to
the UO1-BAZ2B one, while the favorable component
ΔGvdW + nonpol of the UO1-BAZ2A complex is strengthened
by 0.60 kcal/mol compared to the UO1-BAZ2B one. These
two changes result in a reduction of 0.18 kcal/mol in the
binding enthalpy of UO1 to BAZ2A relative to that of UO1 to
BAZ2B, and the binding entropy of UO1 to BAZ2A is reduced
by 0.09 kcal/mol relative to that of UO1 to BAZ2B, which
finally leads to a reduced of 0.09 kcal/mol in binding affinity of
UO1 to BAZ2A relative to that of UO1 to BAZ2B. Therefore,

UO1 does not show obvious selectivity toward BAZ2A and
BAZ2B.

3.5. Selectivity Uncovered by Inhibitor-Residue
Interaction Analyses. To investigate binding selectivity of
D8Q, D9T, and UO1 toward BAZ2A and BAZ2B, interactions
of inhibitors with single residue in BAZ2A/B were computed
by using the MM-GBSA tool inlayed in Amber 18 (Figure 5).
Table 2 shows the contributions of van der Waals energy,
electrostatic energy and solvation energy to interactions of
inhibitors with important residues in BAZ2A and BAZ2B.
Meanwhile van der Waals interactions of per residue with
D8Q, D9T, and UO1 were further decomposed into
contributions from backbone and sidechain of residues. Key
residues of BAZ2A and BAZ2B that form important
interactions with three inhibitors were depicted in Figure 6.
In addition, the CPPTRAJ tool in Amber 18 was yielded to
identify hydrogen bonding interactions (HBIs) of D8Q, D9T,
and UO1 with BAZ2A and BAZ2B (Table 3). The lowest
energy structure obtained from MSMDSs is utilized to depict
geometric positions of D8Q, D9T, and UO1 relative to
significant residues around the active sites of BAZ2A and
BAZ2B in Figures 6 and 7.
Binding of D8Q to BAZ2A against BAZ2B. Binding

selectivity of D8Q to BAZ2A and BAZ2B are mainly from
seven residues (W1816, W1887), (P1817, P1888), (F1818,
F1889), (V1822, V1893), (F1872, F1943), (N1873, N1944)
and (V1879, I1950) in (BAZ2A, BAZ2B) due to the difference
greater than 0.2 kcal/mol in interactions of D8Q with key
residues in BAZ2A and BAZ2B (Figure 5A). The hydrophobic
interactions of D8Q with four residues P1817, V1822, N1873,
and V1879 in BAZ2A are stronger than −1.0 kcal/mol (Figure
S5A and Table 2) and these interactions are mainly devoted by
the π − π interactions of the rings of P1817 with that of D8Q
and the CH−π interactions of the alkyls of V1822, N1873, and
V1879 with the ring of D8Q (Figure 6A). The interaction
energies of D8Q with four residues V1893, V1898, N1944, and
I1950 in BAZ2B are also higher than −1.0 kcal/mol (Figure
5B), which is mostly dedicated by the CH−π interactions
between the hydrophobic ring of D8Q and the CH groups of
these four residues in BAZ2B (Figure 6B). In the meantime,
D8Q forms three HBIs with BAZ2A, including Asn1873-ND2-
HD21···D8Q-O08, Pro1817-O···D8Q-N11-H11, and
Glu1820-O···D8Q-N14-H12 with the occupancies 99.01,
46.91, and 20.46%, respectively (Table 3 and Figure 7A).
However, for the D8Q-BAZ2B complex, there is only one HBI
formed between the atom O08 of D8Q and the ND2-HD21 of
Asn1944 (Table 3 and Figure 7B). The binding energies of
D8Q to P1817, V1822 and N1873 in BAZ2A are much
stronger than that of D8Q with the corresponding residues
V1893, V1822 and N1944 in BAZ2B (Figure 5A, Figures S5A,
S5B and Table 2). Therefore, residues P1817, V1822, N1873
in BAZ2A and residues V1893, V1822 and N1944 in BAZ2B
devote key forces to selectivity of D8Q to BAZ2A over BAZ2B.
Binding of D9T to BAZ2A over BAZ2B. According to

Figure 5B, the binding difference of D9T to six residue pairs
(P1817, P1888), (V1822, V1893), (N1823, N1894),(L1826,
L1897),(V1827, V1898), and(V1879, I1950) in (BAZ2A,
BAZ2B) is greater than 0.2 kcal/mol, signifying that these
residues dedicate special forces to binding selectivity of D9T to
BAZ2A over BAZ2B. Among these residues, (V822, V1893),
(L1286, L1897) and (V1827, V1898) in (BAZ2A, BAZ2B)
show extremely obvious difference. Furthermore, the hydro-
phobic interactions of D9T with the six aforementioned
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residues in BAZ2A are stronger than −1.0 kcal/mol, including
P1817, V1822, L1826, V1827, N1873, and V1879 (Figure S5C
and Table 2) and these interactions are in good agreement
with the π − π interactions and the CH−π interactions of the
hydrophobic ring of D9T with that of P1817 and the alkyls of
V1822, L1826, V1827, N1873, and V1879 (Figure 6C). With
regard to the D9T-BAZ2B complex, four residues P1888,
V1893, N1944 and I1950 are involved in the interactions
higher than 1.0 kcal/mol with D9T (Figure S5D and Table 2),
which is mostly dedicated by from the π-π interactions and the
CH-π interactions of the hydrophobic ring of D9T with that of
P1888 and the CH groups of V1893, N1944 and I1950 (Figure
6D). For the D9T-BAZ2A complex, the atoms O08 of the
D9T form a HBI with the ND2-HD21 of Asn1873 (Asn1873-
ND2-HD21···D9T-O08) with an occupancy of 99.39% (Table
3 and Figure 7C). However D9T forms three HBIs with
BAZ2B, including Asn1944-ND2-HD21···D9T-O08, Asn1894-
N-H···D9T-N14, and Pro1888-O···D9T-N11-H19 (Table 3
and Figure 7D). Based on the current analyses, residues (V822,
V1893), (L1286, L1897) and (V1827, V1898) in (BAZ2A,
BAZ2B) as well as Pro1888 and Asn1894 are mostly devote
key factors for binding selectivity of D9T to BAZ2A VS
BAZ2B.
Binding of UO1 to BAZ2A VS BAZ2B. Although four

residues (V1822, V1893), (N1823, N1894), (V1827, V1898),
and (V1879, I1950) corresponding to (BAZ2A, BAZ2B)
produce the energy differences greater than 0.2 kcal/mol, these
differences reach compensation each other and do not provide
obvious binding selectivity of UO1 to BAZ2A and BAZ2B.
Moreover, six residues P1817, V1822, N1823, V1827, N1873,
and V1879 in BAZ2A produce the interactions stronger than
−1.0 kcal/mol (Figure S5E and Table 2) with UO1, which is
primarily devoted by the π − π and CH-π interactions of the
hydrophobic ring of UO1 with that of P1817 and the alkyls of
V1822, N1823, V1827, N1873, and V1879 (Figure 6E).
According to Table 2, Figures 5C and 6F, the corresponding
residues in BAZ2B also produce similar interactions to the
UO1-BAZ2A complex. In addition, UO1 forms two HBIs with
BAZ2A, including Asn1873-ND2-HD21···UO1-O03 and
Asn1823-N-H···UO1-O18 with the occupancies 99.14 and
70.53% (Table 3 and Figure 7E), respectively. Similar to the
UO1-BAZ2A complex, UO1 also produces two HBIs
Asn1944-ND2-HD21···UO1-O03 and Asn1894-N-H···UO1-
O10 with BAZ2B and their occupancies are 99.09 and 94.04%
(Table 3 and Figure 7F). Therefore, although the above
mentioned residues hardly lead to the selectivity of UO1
toward BAZ2A and BAZ2B, these residues can be employed as
target sites of drug design toward two proteins.
In the light of analysis on interaction networks of D8Q,

D9T, and UO1 with BAZ2A/B, three conclusions are draw as
below: (1) the CH-π and π-π interactions play special parts in
binding selectivity of D8Q and D9T to BAZ2A and BAZ2B,
(2) HBIs of D8Q, D9T, and UO1 with residues (Asn1873,
Asn1944) in (BAZ2A, BAZ2B) contribute significant force to
the stabilization of the inhibitor-BAZ2A/BAZ2B complexes
and (3) for this work, D8Q shows better selectivity toward
BAZ2A than BAZ2B, D9T has stronger binding ability to
BAZ2B than BAZ2A and UO1 does not displays obvious
selectivity toward these two proteins. How to optimize the
CH-π, π-π and HBIs will key factors for successful design of
efficient inhibitors targeting BAZ2A and BAZ2B.

4. CONCLUSIONS
Unveiling molecular mechanisms concerning binding differ-
ences of three D8Q, D9T, and UO1 to BAZ2A and BAZ2B
bromodomains will be requisite for design of highly selective
inhibitors targeting BAZ2A against BAZ2B. As for our current
study, MSMDSs of ten 100-ns replicas with the time evolution
of 1 μs and the MM-GBSA estimations were carried out for
exploring selectivity of D8T, D9Q, and UO1 toward BAZ2A
and BAZ2B. The RMSF analysis and CCA were executed with
the Cα atomic coordinates of BAZ2A/B kept in the MSMDTs
and the results verify that the presence of D8Q, D9T, and UO1
evidently affects structural flexibility and motion modes of
BAZ2A/B. Binding affinities of D8Q, D9T, and UO1 to
BAZ2A and BAZ2B calculated by MM-GBSA approach hint
that D8Q shows better selectivity toward BAZ2A than BAZ2B,
D9T has stronger binding ability to BAZ2B than BAZ2A and
UO1 does not display obvious selectivity toward these two
proteins. Moreover, residue-based free energy decomposition
calculations also denote that residues (W1816, W1887),
(P1817, P1888), (F1818, F1889), (V1822, V1893), (N1823,
N1894), (L1826, L1897), (V1827, V1898), (F1872, F1943),
(N1873, N1944) and (V1879, I1950) in (BAZ2A, BAZ2B)
induce certain binding variances of inhibitors to BAZ2A and
BAZ2B, demonstrating that these residues play different roles
in binding selectivity of inhibitors towards BAZ2A and BAZ2B.
With our expectation, this current study are able to devote
useful dynamics data as well as structure-affinity relationship
for development of effective inhibitors targeting BAZ2A and
BAZ2B.
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