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Bromodomain-containing protein 4
(BRD4) is critical in cell cycle regu-
lation and has emerged as a poten-

Inhibitor

tial target for treatment of various

cancers. BRD4 contains two bro- n y
modomains, namely BD1 and BD2. 7> /‘A Iiliibiior-4P1
Research suggests that selectively ‘3\

inhibiting BD1 or BD2 may provide
more effective treatment options.

Therefore, understanding the selec- (

tive mechanism of inhibitor binding \ L%
to BD1 and BD2 is essential for de- [nhlbltor BD2

velopment of high selective inhibitors to BD1 and BD2. Multiple replica molecular dynamics
(MRMD) simulations are utilized to investigate the binding selectivity of inhibitors SG3-179,
GSK778, and GSK620 for BD1 and BD2. The results show that BD1 has stronger structural
flexibility than BD2, moreover BD1 and BD2 exhibit different internal dynamics. The analy-

ses of free energy landscapes reveal significant differences in the conformational distribution
of BD1 and BD2. Binding free energy predictions suggest that entropy changes, electrostatic
interactions, and van der Waals interactions are key factors in the selective binding of BD1
and BD2 by SG3-179, GSK778, and GSK620. The calculations of the energy contributions of
individual residues demonstrate that residues (W81, W374), (P82, P375), (Q85, K378), (V87,
V380), (192, L385), (N93, G386), (194, L387), (C136, C429), (N140, N433), (K141, P434),
(D144, H437) and (1146, V439) corresponding to (BD1, BD2) generate significant energy dif-
ference in binding of SG3-179, GSK778, and GSK620 to BD1 and BD2, and they can serve as
effective targets for development of high selective inhibitors against BD1 or BD2. The related
information may provide significant theoretical guidance for improving the selectivity of in-
hibitors for BD1 and BD2.
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Bromodomain proteins (BDs) are important epige-
netic “readers” that recognize acetylated lysine in his-
tones [1, 2]. BDs play essential roles in regulation of
gene transcription, cell cycle control, and chromatin re-
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modeling by recruiting transcription factors and chro-
matin remodeling factors [3—5]. The human proteome
encodes 61 BDs from 46 bromodomain-containing pro-
teins (BCPs). All BDs share a common conserved fold-
ing structure consisting of four a-helices (aZ, aA, aB,
aC), two loops (ZA and BC), and a hydrophobic cavity
that recognizes specific sequences of histone &-N-acety-
lated lysine residues. BDs are classified into eight sub-
families, and the bromodomain and extra-terminal
(BET) family is one of these subfamilies [6]. Bromod-
omain-containing protein 4 (BRD4) belongs to the BET
family, and like other members, contains two sequence-
similar BDs (BD1, BD2) and an extra-terminal (ET)
structure domain [7]. Related studies have shown that
dysfunction of BRD4 may be associated with the emer-
gence of several malignant diseases, like NUT midline
cancer, Burkitt's lymphoma, acute myeloid leukemia,
and inflammatory diseases [8—11]. Furthermore, several
studies have shown that inhibition of the interaction of
acetylated lysine residues with BDs can effectively
block the transcription of genes that promote cancer
cell proliferation [12-14]. Thus, BRD4 has become a
possible target for the treatment of various malignan-
cies.

Currently, several inhibitors have been developed for
BRD4, and inhibitors have entered clinical trials, for ex-
ample, JQ1, OTX-015, and I-BET762 [15—18]. Most of
the previously reported inhibitors have similar affinity
to BD1 and BD2 of BRD4. They have shown good anti-
tumor effects in basic studies and preliminary clinical
trials in tumors, but there are still some issues and chal-
lenges to overcome. Related studies have shown that
pan-BRD4 inhibitors may lead to off-targets and create
serious safety concerns due to their masking of the ef-
fects of individual BD [19, 20]. Although both BD1 and
BD2 recognize acetylated lysine residues, BD1 and BD2
exhibit different functions in biological processes [21].
Among them, BD1 is mainly responsible for chromatin-
binding module, while BD2 is utilized to recruit various
factors [22, 23]. Studies have shown that inhibitors se-
lectively targeting BD1 or BD2 may provide more effec-
tive treatment options. It is reported that selective inhi-
bition of BD1 promotes differentiation of oligodendro-
cyte progenitors, whereas selective inhibition of BD2 is
ineffective, and simultaneous inhibition of both hinders
differentiation [24-26]. In addition, residue differences
in the structural sequences of BD1 and BD2 offer a
structural foundation to the design of selective in-
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hibitors against BD1 and BD2 [27]. Several inhibitors
selective for BD1 and BD2 have been reported, with
BD2-selective inhibitors showing better toleration in
clinical trials [21, 28—30]. Therefore, studying the selec-
tive mechanism of inhibitor binding to BD1 and BD2 is
essential to design effective drugs for the treatment of
cancer.

Molecular dynamics (MD) simulations can well ex-
plain ligand-receptor interactions [31-45], and binding
free energy calculation is an efficient method to evalu-
ate binding affinity [46—57]. Therefore, these two meth-
ods are widely utilized to investigate molecular mecha-
nism of selective binding of inhibitors to receptors
[68—63]. Nevertheless, conventional MD (¢cMD) simula-
tions may trap the conformation in the local minimum
space, leading to inadequate conformational samplings.
Related literature shows that sufficient conformational
samplings can be obtained using multiple replicas MD
(MRMD) simulations compared to single lengthy MD
simulation [64—72]. Therefore, we use MRMD simula-
tions to investigate the binding selectivity of inhibitors
for BD1 and BD2. In this work, we select three in-
hibitors, SG3-179, GSK778, and GSK620 to achieve the
goal. FIG. 1(A—E) shows the structures of the complex-
es, the binding pockets of BD1 and BD2, and the struc-
tures of SG3-179, GSK778, and GSK620. Inhibitors
GSK778 and GSK620 have different inhibiting activi-
ties against BD1 and BD2. Inhibiting ability of GSK778
and GSK620 on BD1 are scaled in IC5q values of 40 and
15800 nmol/L, respectively, while the IC5¢ values of
these two inhibitors on BD2 are 6300 and 79 nmol/L,
respectively [28, 73]. The ICsg value of SG3-179 for BD1
is 21 nmol/L [74], but the IC5 value of SG3-179 to BD2
is not available. Thus, to explore the selective mecha-
nism of inhibitors to BD1 and BD2 remains crucial to
the design of efficient and selective inhibitors for BD1
and BD2. This study integrates MRMD simulations,
dynamics cross-correlation matrix (DCCM) [75], calcu-
lations of binding free energies and principal compo-
nent analysis (PCA) [76—78] to investigate the selective
mechanism of inhibitor binding to BD1 and BD2. This
research may provide helpful theoretical information for
designing inhibitors with high selectivity for BD1 and
BD2.

Il. METHODS

A. Construction of the system

The initial structures of the SG3-179/BD1,
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FIG. 1 Molecular structures of inhibitors and proteins:
(A) the superimposed structures of BD1 (cyan) with BD2
(orange); (B) the superimposed structures of inhibitor in
the binding pocket; (C), (D), and (E) the molecular struc-
tures of the inhibitors SG3-179, GSK778, and GSK620
with their potencies (IC50) to BD1 and BD2 of BRD4, re-
spectively.

BN 105 = 40 nmol/L
WBD2 1C, = 6300 nmolL.

E

BD1 1Cs = 15800 nmol/L
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GSK778/BD1, GSK620/BD1, and SG3-179/BD2 com-
plexes are obtained from the Protein Data Bank (PDB
ID: 5F63 [74], 6SWN [28], 6ZB3 [73], and 7TKOO0 [79]),
but the initial structures of the GSK778/BD2 and
GSK620/BD2 complexes are not available. Given that
the crystal structures of BD1 and BD2 are highly simi-
lar, the initial structures of the GSK778/BD2 and
GSK620/BD2 complexes are generated by superimpos-
ing 6SWN and 6ZB3 with 7KOO, respectively, and then
deleting SG3-179 and BD1 using PyMol software
(https://www.pymol.org). Considering the different
numbers of N-terminal residues in BD1 and BD2,
residues 56—166 of BD1 and 349—459 of BD2 are used to
construct the initial systems. Non-inhibitor molecules
and water molecules outside 5 A of the inhibitor are re-
moved from the starting systems. All missing hydrogen
atoms are added via the Leap module. Reasonable pro-
tonation states are assigned to residues using the H++
web server [80]. The structures of SG3-179, GSK620,
and GSKT778 are optimized using the AM1 method, fol-
lowed by the assignment of BCC charges to each in-
hibitor atom by the Antechamber module [81, 82]. The
TIP3P water model and the protein force field ff14SB
are used to generate parameters for water molecules and
proteins, respectively. The general amber force field
(GAFF) is used to obtain the force field parameters of
SG3-179, GSK620, and GSK778 [83]. All systems are
placed in an octahedral TIP3P water box, with a buffer
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of 12.0 A in each dimension. In 0.15 mol/L NaCl, the
appropriate number of counter ions (Cl7) are added to
maintain the simulated systems electrically neutral.

B. MRMD simulation

The initialization of simulated system may cause un-
reasonable atom-atom contacts, resulting in instability
of MD simulations. To eliminate these negative im-
pacts, two stages of energy minimization are performed
on the six systems. First, steepest descent minimization
and conjugate gradient minimization (2500 steps each)
are performed for the protein and inhibitor in the
system, while wusing a harmonic constraint of
2 keal'mol T-A™2 to restrain the non-hydrogen atom.
Then, 5000 steps energy minimization is performed for
the whole system without any constraints. After that,
the temperature of each system is ramped up from 0 K
to 300 K within 2 ns, followed by a 2 ns equilibration
simulation under the NPT ensemble. Five replicas MD
simulations are executed for each system to obtain full
conformation samplings. First, 100-ns MD simulations
without restriction are run to relax all systems at con-
stant temperature and pressure (300 K and 1 bar), from
which atomic coordinates are recorded every 5 ps. Sub-
sequently, four conformations randomly selected from
the previous simulation are utilized as starting struc-
tures to run four new MD simulations (100 ns each).
The temperature of systems and the chemical bonds be-
tween heavy atoms and hydrogen atoms are con-
strained using the Langevin thermostat (collision fre-
quency of 2.0 psfl) and the shake algorithm (time step
of 2 fs) [84, 85]. The particle mesh Ewald (PME)
method is used to calculate long-range electrostatic in-
teractions (EIs) [86, 87]. In addition, the cut-off dis-
tance for calculating Els and van der Waals interac-
tions (VDWIs) is 10 A. Five replicas MD simulations in
this study are run using the pmemd.cuda module

[88-90].

C. Binding free energy calculation

The binding ability between inhibitors and receptors
is an important basis for evaluating the efficacy of in-
hibitors. Molecular mechanics Poisson-Boltzmann sur-
face area (MM-PBSA) and molecular mechanics gener-
alized born surface area (MM-GBSA) are effective
methods to assess binding free energy [91-96]. There-
fore, the binding free energies of SG3-179, GSK778, and
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GSK620 to BD1 and BD2 are calculated using the MM-
PBSA and MM-GBSA methods with the following
equation:

AGping = AEge + AEVdVV + AGpol + AGnonpol —TAS
(1)

in which the first two terms AFE,, and AE,qw respec-
tively denote EIs and VDWIs of SG3-179, GSK778, and
GSK620 with BD1 and BD2. AG),, represents the po-
lar solvation free energy, while AG) onpo1 represents the
nonpolar solvation free energy. And AG gy, is calcu-
lated from the solvent-accessible surface area (SASA):

AGyonpol = 7 X ASASA + 8 (2)

where the wvalues of v and [ are set to
0.005 keal-mol 1-A™2 and 0.00 keal/mol in MM-PBSA
and MM-GBSA calculations [97, 98], respectively. The
last term —TAS represents the change in entropy con-
tribution to inhibitor binding and is evaluated using
normal model analysis [99, 100].

D. Dynamics cross-correlation matrix

Dynamic cross-correlation matrix (DCCM) provides
important information for studying dynamics proper-
ties of receptors. The matrix element C;; describing the
motion details between residues is estimated with the
following equation [75]:

<A7”Z‘A7‘j>
({Ari?){ar2)12

Cij = (3)
where Ar; denotes the deviation on average position of
the ith Ca atom. In addition, positive values of C;; re-
flect correlated movement between residues, while neg-
ative values characterize anti-correlated movement be-
tween residues. The degree of motion is indicated by the
color-coded pattern.

E. Principal component analysis

Principal component analysis (PCA) is a powerful
tool to study the relationship between the internal mo-
tion of receptors and their functions. The atomic coordi-
nates retained in the MRMD trajectory are used to
build the position covariance matrix C to realize the
PCA [77, 78, 101]. The matrix C describing the posi-

tional deviation is given as follows:

C = (g — (a)aj — (@)T), (i,j =1,2,--3N) (4)
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where g; is the Cartesian coordinate of the Ca atom in
the ith residue. The average value of the trajectory in
the equilibrium phase is calculated by superimposing
the receptors on the reference structure and using a
least-squares fit program to eliminate overall transla-
tions and rotations [102, 103]. The matrix C' can be di-
agonalized into the diagonal matrix A with the eigen-
value \; using the orthogonal transformation matrix 7°:

A=T1TCT (5)

where the eigenvectors describing the motion direction
of the structural domain are represented by columns,
and each eigenvector is associated with an eigenvalue.
The magnitude of motion on eigenvector is represented
by an eigenvalue, which describes the total fluctuation
of the systems along the associated eigenvector.

I1l. RESULTS AND DISCUSSION

A. Dynamic properties and structural stability of BD1 and
BD2

To achieve reasonable conformational sampling of
BD1 and BD2, MRMD simulations are executed for six
complex systems. Root-mean-square deviations (RMS-
Ds) are an effective method to detect the stability of the
simulated system. To assess the convergence of the MR-
MD simulations, the RMSDs of the backbone atoms in
BD1 and BD2 relative to their crystal structure are cal-
culated (FIG. S1 in Supplementary materials, SM). As
can be seen in FIG. S1(SM), the RMSDs of all replicas
show relatively stable fluctuations in the MRMD simu-
lations, with structural fluctuations kept within the
range of 0.5-2.0 A. After initiating MRMD simulations
for 60 ns, all simulated trajectories reach equilibrium
and remain stable (FIG. S1 in SM). Hence, the equilib-
rium portions (60-100 ns) of five replicas are combined
to obtain a single connected trajectory (SCT) of 200 ns
for subsequent calculations and dynamics analysis.

The structural flexibility of the proteins can be de-
scribed by root-mean-square fluctuations (RMSFs). We
calculate the RMSF's of the Ca atoms in BD1 and BD2
to understand impacts of inhibitor binding on struc-
tural flexibility of these two proteins (FIG. 2). The re-
sults show that the fluctuating trends of the RMSFs of
the two proteins are similar, implying the same flexible
regions of BD1 and BD2. The structural domains of the
helices are more rigid than the loop regions through the
entire MRMD simulations. Significant differences in
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FIG. 2 Root-mean-square fluctuations (RMSFs) of the Ca atoms in BD1 and BD2. (A) SG3-179, GSK778, and GSK620
binding to BD1, (B) SG3-179, GSK778, and GSK620 binding to BD2, (C) and (D) are the ZA and BC loops in BD1 and

BD2, respectively.

RMSFs are found in the ZA loop (76-106 for BD1 and
369-399 for BD2) as well as the BC loop (140-145 for
BD1 and 433-438 for BD2), except for the N-terminal
and C-terminal (FIG. 2 and FIG. S2 in SM). The RMS-
F's of the ZA and BC loops in BD2 are lower than those
in BD1, suggesting that these loops in BD1 are more
flexible than those in BD2. Structurally, the ZA and BC
loop regions are located near the binding pockets, and
some residues within the ZA and BC loops may be key
residues for the selective binding of inhibitors to BD1
and BD2 (FIG. 1(A)). To further unveil effects of in-
hibitor bindings on global flexibility of BD1 and BD2,
the molecular surface area (MSA) of six complexes is es-
timated (FIG. 3). The frequency peaks of the SG3-
179/BD1, GSK778/BD1, and GSK620/BD1 complexes
are distributed at 6375, 6475, and 6475 A2, respectively.
While for the SG3-179/BD2, GSK778/BD2, and
GSK620/BD2 complexes, the frequency peaks are at
6275, 6325, and 6325 AQ, respectively, which reveals
that the total structural flexibility of BD2 is weaker
than that of BD1.

The impact of inhibitor binding on dynamic proper-
ties of BD1 and BD2 is explored using DCCM (FIG. 4).
The findings suggest that inhibitor bindings alter the
movement patterns of BD1 and BD2. Compared with
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FIG. 3 Frequency distribution of molecular surface areas
of BD1 and BD2. (A) BDI and (B) BD2.

the SG3-179/BD1 (FIG. 4(A)), binding of SG3-179 at-
tenuates the anti-correlated motion occurring in the R1,
R3, and R4 regions of BD2, and the correlated motion
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FIG. 4 Dynamic cross-correlation matrix reflects the rela-
tive motion between residues in BD1 and BD2. (A), (C),
and (E) SG3-179, GSK778, and GSK620 bound to BDI,
respectively; (B), (D), and (F) SG3-179, GSK778, and
GSK620 bound to BD2, respectively.

in the R5 and R6 regions (FIG. 4(B)). And compared to
the GSK778/BD1 (FIG. 4(C)), the presence of GSK778
in the BD2 also slightly weakens the anti-correlated mo-
tions of R1, R3, and R4, but softly enhances the corre-
lated movement in the R2 region and the anti-correlat-
ed motions in the R5 and R6 regions (FIG. 4(D)). By
referencing the GSK620/BD1 (FIG. 4(E)), the binding
of GSK620 softly diminishes the anti-correlated mo-
tions of R1 and R4, but slightly increases the correlated
motion of R7 region (FIG. 4(F)). The aforementioned
regions with evident changes in movement patterns are
in basic consistence with the regions with obvious
changes in structural flexibility from the previous
RMSF analysis. Therefore, some residues situated in
the regions with significant differences in structural
flexibility and dynamics behavior may lead to marked
differences in inhibitor interactions with BD1 and BD2.

B. Conformational analysis of BD1 and BD2

PCA is performed on the SCT to uncover conforma-
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tional changes in BD1 and BD2 caused by inhibitor
binding. PCA is achieved by the following steps: (1)
constructing the covariance matrix using the Ca atom-
ic coordinates recorded in the SCT, (2) obtaining eigen-
values and eigenvectors by diagonalizing the covari-
ance matrix, (3) visualizing the eigenvectors using
VMD software and the molecular structures of BD1 and
BD2, and (4) constructing the free energy landscape
(FEL) by projecting the SCT onto the first two eigen-
vectors as reaction coordinates.

As shown in FIG. S3 (SM), the first six eigenvalues
of the SG3-179/BD1, GSK778/BD1, and GSK620/BD1
systems account for 64.06%, 55.95%, and 59.83% of the
total motion from the SCT, respectively, while the SG3-
179/BD2, GSK778/BD2, and GSK620/BD2 systems
occupy 55.52%, 51.35%, and 53.95% of the total mo-
tion, respectively. The results indicate that the total
motion intensity of BD1 is stronger than that of BD2
when bound by the same inhibitor.

FIG. 5 shows the motion direction and motion inten-
sity along the first eigenvectors of BD1 and BD2 ob-
tained by PCA, where FIG. 5(A, C, and E) show con-
certed motions of BD1 bound by SG3-179, GSKT778,
and GSK620, respectively, and FIG. 5(B, D, and F) dis-
play collective movements of BD2 complexed with SG3-
179, GSK778, and GSK620, respectively. The results
suggest that inhibitor binding exert different effects on
the collective movement of BD1 and BD2, especially in
the domains ZA and BC loops (FIG. 5). Compared with
the SG3-179/BD1, the binding of SG3-179 to BD2 not
only reduces the movement strength of the ZA loop, but
also shifts the BC loop outward (FIG. 5 (A) and (B)).
Compared to the GSK778/BD1 (FIG. 5(C)), the bind-
ing of GSK778 to BD2 largely affects the movement in-
tensity and movement direction of the ZA loop, also
changes the movement direction of four a-helices
(FIG.5(D)). By referencing the GSK620/BD1
(FIG. 5(E)), the binding of GSK620 to BD2 obviously
alters the concerted motion of BD2. The binding of
GSK620 to BD2 not only shifts the ZA loop downward
and to the right but also inhibits the movement intensi-
ty of this loop relative to the GSK620/BD1. In addi-
tion, the movement directions of the BC loop and N-ter-
minal residues of BD2 are changed by the GSK620
binding compared to the GSK620 binding to BD1
(FIG. 5 (E) and (F)). The above analysis shows that the
inhibitor binding significantly affects the movement
trends of BD1 and BD2, and these results are consis-
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FIG. 5 Collective motions of BD1 and BD2 correspond to
the first eigenvector PC1. (A), (C), and (E) respectively
correspond to SG3-179, GSK778, and GSK620 complexed
with BD1; (B), (D), and (F) respectively correspond to
SG3-179, GSK778, and GSK620 complexed with BD2.

tent with the studies of Wang et al. [68] and Su et al.
[92].

The free energy landscapes of BD1 and BD2 are
shown in FIG. 6. The results reveal that inhibitor bind-
ing induces different free energy profiles for BD1 and
BD2. For the binding of SG3-179, GSK778, and
GSK620 to BD1, BD1 mainly generates two free energy
basins (FIG. 6(A, C, and E)). However, for the binding
of SG3-179, GSK778, and GSK620 to BD2, the confor-
mation of BD2 is mainly concentrated in one subspace
(FIG. 6(B, D and F)). The above analysis indicates that
inhibitor binding leads to conformational rearrange-
ments of BD1 and BD2, and that the conformation of
BD2 is more stable than that of BD1.

C. Binding ability of inhibitors to BD1 and BD2

To understand energetic basis of the selective bind-
ing of inhibitors toward BD1 and BD2, the binding free

energies of six complexes are computed by the MM-PB-
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FIG. 6 Free energy landscapes of BD1 and BD2 con-
structed by projecting the MRMD trajectories onto PC1
and PC2. (A) SG3-179 bound to BD1, (B) SG3-179 bound
to BD2, (C) GSK778 bound to BD1, (D) GSKT778 bound
to BD2, (E) GSK620 bound to BD1, and (F) GSK620
bound to BD2.

SA and MM-GBSA methods based on 500 snapshots se-
lected in the SCT. In addition, 100 snapshots are select-
ed from the 500 snapshots to estimate the entropy con-
tribution. Table I and Table S1 in SM show the results
of the MM-PBSA and MM-GBSA computations, re-
spectively. It can be seen that the predicted values of
binding free energies of SG3-179/BD1, GSK778/BD1,
GSK620/BD1, GSK778/BD2, and GSK620/BD2 com-
plexes are in good agreement with the experimental val-
ues in terms of ranking, which indicates that our free
energy analysis is reasonable.

According to Table I and Table S1 in SM, the calcu-
lated results of MM-PBSA and MM-GBSA are similar.
The polar solvation energy (AGpol) shields the electro-
static interaction (AFEg,), resulting in an unfavorable
force (AGgleqpol) on the binding of inhibitors to BD1
and BD2. Non-polar solvation free energy (AGyonpol)
and van der Waals interactions (AFE,qw) provide favor-
able forces (AGyqw-fnonpol) for inhibitors binding. In
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TABLE I Binding free energies of inhibitors to BD1 and BD2 calculated by MM-PBSA method.

Meng Li et al.

All values are in

kcal/mol.

Complexes AFEe AEqw AGpol AGnonpol AGeleerola AGvdVV—&-nonpol]D
SG3-179/BD1  —25.19£0.35 —41.63+0.17  37.90+0.32 —4.21+0.01 12.71+0.15 —45.84+0.12
SG3-179/BD2  —20.16+£0.23  —43.50+0.15  33.42+0.22 —4.60+0.01 13.26+0.14 -48.10+0.11
GSK778/BD1 —9.22+0.26 —45.53+0.14  26.77+0.25 —4.48+0.01 17.55+0.14 —50.01+0.10
GSK778/BD2 —8.82+0.19 -44.04+0.15  26.96+0.20 —4.53+0.01 18.14+0.12 —48.57+0.11
GSK620/BD1  —18.53+0.18 —31.35+0.12  30.44+0.14 -3.66+£0.01 11.91+0.15 —35.01+0.09
GSK620/BD2  —23.84+£0.19 —36.07+0.12 34.10+0.14 -3.95+0.01 10.26+0.15 —40.02+0.09

Complexes AH —~TAS AGhind IC50/(nmol/L) AGexp®
SG3-179/BD1  —33.13£0.19 21.75+0.64 —11.38 21 —10.57
SG3-179/BD2  —34.84+0.15 24.14+0.73 —10.70 -

GSK778/BD1  —32.46+0.17 21.85+0.85 —10.61 40 —10.19
GSK778/BD2  —30.43+0.14 22.73+0.67 =7.70 6300 =7.16
GSK620/BD1  —23.10£0.13 16.75+0.67 —6.35 15800 —6.61
GSK620/BD2  —29.76+0.15 19.85+0.66 —-9.91 79 —9.78

N AGele—i—pol = AEele + AGpol-
b AG’vdVV—i-n()npol = AEVdW + AGvnonpol-

¢ The experimental values are calculated from the equation: AGex, = —RT In(ICsp).

4 The IC5¢ value is not available.

addition, the change in entropy (—T'AS) exerts an un-
favorable force on the associations of inhibitors with
BD1 and BD2. According to Table I, the favorable fac-
tor AGyqWnonpol of the SG3-179/BD2 complex is in-
creased by 2.26 kcal/mol compared to the SG3-
179/BD1
AG gle4pol also increases by 0.55 kcal /mol relative to the
SG3-179/BD1 complex, resulting in the binding en-
thalpy (AH) of the SG3-179/BD2 complex enhanced
by 1.71 kcal/mol compared with the SG3-179/BD1 one.
However, compared to the SG3-179/BD1 complex, the
value of —TAS for the SG3-179/BD2 one is enhanced
by 2.39 kcal/mol. Thus, the total energy (AGping) of
SG3-179/BD2 complex is reduced by 0.68 kcal/mol by
referencing that of SG3-179 to BD1, indicating that
SG3-179 prefers to bind to BD1. For the inhibitor
GSK778, compared to the GSK778/BD1 complex, the
favorable contribution AGyqw_nonpol is decreased by
1.44 kcal/mol and the unfavorable contribution
AGeqpol is enhanced by 0.59 kcal/mol for the
GSK778/BD2 complex, causing the AH of the
GSK778/BD2 one decreased by 2.03 kcal/mol. Mean-
while, the —T'AS value of the GSK778/BD2 complex is
increased by 0.88 kcal/mol compared to the
GSK778/BD1 complex, resulting in the AGp,q of
GSK778/BD2 decreased by 2.91 kcal/mol, which

complex, while the unfavorable factor
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demonstrates that GSK778 prefers to bind to BD1. In
the case of the inhibitor GSK620, the AGyqwnonpol
of the GSK620/BD2 complex is increased by
5.01 kcal/mol compared with the GSK620/BD1 one,
while the unfavorable AGgeypo is decreased by
1.65 kcal/mol, causing the AH of the GSK620/BD2
complex increased by 6.66 kcal/mol relative to the
GSK620/BD1 one. Although the —TAS of the
GSK620/BD2 complex is increased by 3.10 kcal/mol
compared to the GSK620/BD1 one, the AGynq of the
GSK620/BD2 complex is increased by 3.56 kcal/mol
compared to GSK620/BD1 one, indicating that
GSK620 prefers to bind to BD2. The above analyses
suggest that van der Waals interactions provide the ma-
jor energetic contribution to inhibitor binding. Further-
more, electrostatic interactions and entropy changes are
also key factors for the selective binding of inhibitors to
BD1 and BD2.

D. Interaction mechanism of inhibitor binding to BD1 and
BD2

To comprehend molecular mechanism of inhibitor se-
lection for BD1 and BD2, the total binding free ener-
gies of six complexes are decomposed into the energy
contributions of individual residues using the residue-
based free energy decomposition method (FIG. S4 in

© 2023 Chinese Physical Society
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FIG. 7 Energy contribution of key residues in BD1 and
BD2. (A) SG3-179, (B) GSKT778, and (C) GSK620.

SM). Meanwhile, the differences between residues at
corresponding positions on BD1 and BD2 are calculat-
ed (FIG. S5 in SM). FIG. 7 depicts the residues of sig-
nificant contributions to inhibitor binding. The energy
contribution of hot spot residues is decomposed to fur-
ther analyze the binding mechanism of inhibitors to
BD1 and BD2. In addition, the hydrogen bonding inter-
actions (HBIs) between the inhibitors with BD1 and
BD2 are analyzed (Table II). FIGs. 8—10 show the hy-
drophobic contacts and HBIs between SG3-179,
GSK778, and GSK620 with hot spot residues.

For SG3-179 binding to BD1 and BD2, FIG. 7(A)
and FIG. S5(A) in SM show the seven residues W81,
P82, V87, L.92, .94, N140, and 1146 that produce inter-
action energies greater than 1.0 kcal/mol for SG3-179
bound to BD1. The energy contributions of these seven
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residues are —1.11, —2.42, —2.01, —2.18, —1.53, —2.41, and
—2.95 kcal/mol, respectively. According to FIG. 8(A),
the interaction energies of SG3-179 with V87, 192, 1.94,
and 1146 are mainly from van der Waals interactions,
which are structurally consistent with the CH—n inter-
actions between the hydrophobic ring of SG3-179 with
the alkyls of V87, 192, 1.94, and 1146 (FIG. 8(B)). In
addition, the favorable contributions of SG3-179 with
W81 and P82 are also mainly from van der Waals inter-
actions (FIG. 8(A)). Structurally, SG3-179 with W81
and P82 produces the n—r interactions, and a stable hy-
drogen bond (HB) is formed between P82 and SG3-179
(SG3-179-N16-H15---P82-O) with an occupancy of
65.25% (FIG. 8(B) and Table II). The interaction ener-
gy of SG3-179 and N140 mainly arises from electrostat-
ic interactions, which is associated with the formation
of two stable HBs between SG3-179 and N140, includ-
ing N140-ND2-HD21---SG3-179-N21 and SG3-179-N23-
H19---N140-OD1 with occupancies of 99.49% and
88.96%, respectively (Table II and FIG. 8(B)). Accord-
ing to FIG. S5(B) in SM, FIG. 6(C, D) and Table II, the
binding pattern of SG3-179/BD2 is similar to that of
SG3-179 to BDI1. In addition, eight pairs of residues
(P82, P375), (Q85, K378), (V87, V380), (L92, L385),
(N93, G386), (N140, N433), (D144, H437), and (M149,
M442) in (BD1, BD2) produce energy differences
greater than 0.25 kcal/mol for the binding of SG3-179
(FIG. S5(A)), suggesting that these residues play cru-
cial roles in the selective binding of SG3-179 to BD1 and
BD2.

For the binding of GSK778 with BD1 and BD2, ac-
cording to FIG. 7(B) and FIG. S5(C) in SM, the favor-
able interaction energies of GSK778 with seven residues
in BD1 are stronger than 1.0 kcal/mol. These seven
residues are W81, P82, V87, 1.92, C136, N140, and 1146,
which provide the energetic contributions of —1.94,
—2.84,-2.13,-1.8, —1.10, —1.00, and —2.98 kcal/mol for
the binding of GSK778 to BD1, respectively. As shown
in FIG. 9(A), the interaction energy of GSK778 with
W81, P82, V87, .92, C136, and 1146 is mainly from van
der Waals interactions. It can be seen that the hy-
drophobic rings of W81 and P82 as well as the alkyl
groups of V87, 192, C136, and 1146 in BD1 are struc-
turally close to the hydrophobic ring of GSK778, hence
they easily generate the n—m interactions and the CH—=«
interactions (FIG. 9(B)). In addition, W81 and GSK778
produce an HB (W81-NE1-HE1:-GSK778-005) with an
occupancy of 36.96% (Table IT). The strong electrostat-
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TABLE II Hydrogen bonds between inhibitors with BD1 and BD2.

Meng Li et al.

Complexes Hydrogen bonds® Distance/A Angle/(°) Occupancy /%
SG3-179/BD1 N140-ND2-HD21---SG3-179-N21 2.96 162.9 99.49
SG3-179-N23-H19---N140-OD1 3.09 160.8 88.96
SG3-179-N16-H15---P82-O 3.13 145.3 65.25
SG3-179/BD2 N433- ND2-HD21---SG3-179-N21 2.98 162.1 99.87
SG3-179-N23-H19---N433-OD1 2.98 162.2 99.13
SG3-179-N16-H15---P375-O 3.26 147.0 30.34
GSK778/BD1 N140-ND2-HD21---GSK778-026 3.17 154.2 81.38
N140-ND2-HD22---GSK778-N25 3.18 142.14 74.68
WS8I1-NE1-HE1---GSK778-005 2.99 148.7 36.96
GSK778/BD2 N433- ND2-HD21:--GSK778-026 3.18 149.9 73.64
N433- ND2-HD21---GSK778-N25 3.23 140.6 57.46
GSK620/BD1 N140-ND2-HD21---GSK620-O08 2.93 163.3 99.23
GSK620-N34-H14---N140-OD1 3.01 146.8 91.48
GSK620/BD2 N433- ND2-HD21---GSK620-008 2.96 164.3 99.30
GSK620-N34-H14---N433-OD1 2.93 153.4 99.25

& Hydrogen bonding is defined as an acceptor---H-donor angle of >120° and an acceptor--donor distance <3.5 A.
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FIG. 8 Energy decomposition of hot spot residues and interactions network in the SG3-179 bound to BD1/BD2. (A, B)
SG3-179 bound to BD1, and (C, D) SG3-179 bound to BD2. Hydrogen bonds (green), CH—x (pink) and n—=n (hot pink).

ic interactions between GSK778 and N140 in BD1 are
consistent with the formation of two stable HBs be-
tween GSK778 and N140 (N140-ND2-HD21---GSK778-
026 and N140-ND2-HD22---GSK778-N25) with occu-
pancies of 81.38% and 74.68%, respectively (Table II
and FIG. 9(B)). The interaction mechanism of GSK778
binding to BD2 is similar to that of GSK778 bound to

DOI: 10.1063/1674-0068/cjcp2208126

BD1 (FIG. S4(D), FIG. 9(C, D), and Table II). Howev-
er, corresponding to residue W81 in BD1, the HBI be-
tween residue W374 and GSK778 in BD2 disappears,
and the energy contribution of W374 is decreased by
0.53 kcal/mol relative to W81, which suggests that the
HBI of the inhibitor with BD1 and BD2 is critical for
the selective binding of the inhibitor. Furthermore,
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FIG. S5(B) shows that the interaction energies of
GSK778 with P375, Q378, V380, N433, and V439 in
BD2 are decreased by 0.92, 0.68, 0.30, 0.27, and
0.34 kcal/mol, respectively, compared to the compara-
ble residues in BD1. Therefore, these residues and the
corresponding residues in BD1 are essential for the se-
lective binding of GSK778 to BD1 over BD2.

Regarding the binding of GSK620 to BD1 and BD2,
according to FIG. 7(C) and FIG. S5(E) in SM, the in-
teraction energies of GSK620 with five residues V87,
L92, 1.94, N140, and 1146 are greater than 1.0 kcal /mol.
The energy contributions of these five residues to
the binding of GSK620 to BD1 are —1.38, —1.46, —1.14,
—2.62, and —3.12 kcal/mol, respectively. As seen in
FIG. 10(A), the favorable energies of GSK620 with
V87, 192, L.94, and 1146 are primarily from van der
Waals interactions. Structurally, the hydrophobic rings
of GSK620 with the alkyl groups of V87, .92, .94, and
1146 produce CH—= interactions (FIG. 10(B)). The fa-
vorable energies of GSK620 with N140 are primarily
from electrostatic interactions, which structurally
agrees with the formation of two stable HBs between
GSK620 and N140, including N140-ND2-
HD21:--GSK620-008 and GSK620-N34-H14---N140-
OD1 with the occupancies of 99.23% and 91.48%, re-
spectively (Table IT and FIG. 10(D)). Compared to the
GSK620 bound to BDI1, seven residues P375, V380,

DOI: 10.1063/1674-0068/cjcp2208126

1385, L387, N433, H437, and V439 in BD2 provide
stronger interaction energies by 1.0 kcal/mol for the
binding of GSK620 to BD2 (FIG. 7(C) and FIG. S5(F)
in SM). Structurally, residues P375, V380, L385, 1387,
H437, and V439 with GSK620 form multiple hydropho-
bic interactions, and residue N433 with GSK620 pro-
duces two HBIs (FIG. 10(D)). The differences in the in-
teractions of GSK620 with residues (P82, P375), (V87,
V380), and (L92, L385) in (BD1, BD2) are less than
0.10 kcal/mol (FIG. 7(C)), indicating that these
residues hardly provide contributions for the binding se-
lectivity of GSK620 to BD1 and BD2. As seen in FIG.
S5(C) in SM, relative to the energies provided by
residues W81, 1.94, N140, K141, and D144 in BD1 for
GSK620 binding to BD1, the interaction energies pro-
vided by residues W374, L.387, N433, P434, and H437 in
BD2 for GSK620 binding to BD2 are enhanced by 0.35,
0.30, 0.30, 0.48, and 1.86 kcal/mol, respectively. Thus,
these residues are responsible for the selective binding
of GSK620 to BD2 over BD1.

According to the above analysis, the hot spot
residues (W81, W374), (P82, P375), (V87, V380), (L92,
L385), (L94, L387), (C136, C429), (N140, N433),
(D144, H437), and (1146, V439) of (BD1, BD2) provide
the major energy contributions to inhibitors binding to
BD1 and BD2. In addition, residues (Q85, K378), (N93,
G386), and (K141, P434) of (BD1, BD2) provide signifi-
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cant energy differences in the binding of inhibitors.
Therefore, these residues may be effective targets for
the development of selective BD1 or BD2 inhibitors.
Meanwhile, hydrophobic interactions and HBIs are two
main forces with BD1 and BD2, thus the rational opti-
mization of these two interactions may hopefully im-
prove the selectivity of the inhibitor for BD1 and BD2.

IV. CONCLUSION

In the present work, we perform 500 ns MRMD sim-
ulations (five replicas) on six systems of BD1 and BD2
bound by SG3-179, GSK778, and GSK620 to decipher
the selective mechanism of inhibitors toward BD1 and
BD2. The RMSFs and DCCMs of the Ca atoms from
BD1 and BD2 are calculated based on the single con-
nected trajectory, and the results show that BD1 has
greater structural flexibility than BD2, meanwhile both
of them exhibit distinct internal dynamics behaviors. In
addition, the results of PCA uncover that binding of the
inhibitors lead to different changes in the motions of the
ZA and BC loops of BD1 and BD2. Binding free ener-
gies of SG3-179, GSK778, and GSK620 to BD1 and
BD2 calculated by MM-PBSA and MM-GBSA meth-
ods suggest that SG3-179 and GSK778 can more favor-
ably bind to BD1 than BD2, while GSK620 is more se-
lective for BD2 over BD1. Calculations of the energy
differences of the corresponding residues show that

DOI: 10.1063/1674-0068/cjcp2208126

residues (W81, W374), (P82, P375), (Q85, K378), (V87,
V380), (L92, 1L.385), (N93, G386), (L94, L387), (C136,
C429 ), (N140, N433), (K141, P434), (D144, H437) and
(1146, V439) corresponding to (BD1, BD2) provide sig-
nificant energy differences for SG3-179, GSK778 and
GSK620 binding to BD1 and BD2, which can be used as
effective targets for designing high selective inhibitor
against BD1 and BD2. In addition, the CH—n, n—x, and
hydrogen bonding interactions provide important ener-
getic contributions to the binding of inhibitors to BD1
and BD2. This study provides insight into the selective
mechanism of inhibitors with BD1 and BD2 and offers
theoretical guidance for the design of highly selective in-
hibitors toward BD1 and BD2.

Supplementary materials: Binding free energies of in-
hibitors to BD1 and BD2 calculated by the MM-GBSA
(Table S1); RMSDs of six complexes of BD1 and BD2
bound by SG3-179, GSK778, and GSK620 (FIG. S1);
ARMSF of BD1 and BD2 (FIG. S2); eigenvalues of the
complexes (FIG. S3); energy contribution of per-
residues (FIG. S4); energy difference of the correspond-
ing residues of BD1 and BD2 (FIG. S5) are given.
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