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RVX-208 is a recently reported inhibitor of bromo and extraterminal (BET) family proteins (including
° BRD2-4 and BRDT) with selectivity for the second bromodomain (BD2), currently in phase Ill clinical
© trials. Despite of its promising antitumor activity, due to the conserved folds of the first and second
. bromodomains (BD1 and BD2), the detailed selectivity mechanism of RVX-208 towards BD2 over BD1 is
. still unknown. To elucidate selective inhibition mechanism of RVX-208 to BD2, microsecond molecular
. dynamics simulations were performed in this study for BRD2-BD1, BRD2-BD2 and BRD4-BD1 with
 and without RVX-208, respectively. Binding free energy calculations show that there exists strongest
. interaction between RVX-208 and BRD2-BD2. Leu383 and Asn429 are two most important residues
: of BRD2-BD2 for binding to RVX-208. Structural network analysis reveals that RVX-208 can shorten
© the communication path of ZA and BC loops in BRD2-BD2 pocket, making pocket more suitable to
: accommodate RVX-208. Additionally, different behaviors of His433 (Asp160 in BRD2-BD1) and Val435
. (lle162 in BRD2-BD1) in BRD2-BD2 are key factors responsible for selective binding of RVX-208 to
. BRD2-BD2.The proposed selective inhibition mechanism of RVX-208 to BRD2-BD2 can be helpful for
rational design of novel selective inhibitors of the second bromodomain of BET family proteins.

. Bromodomains (BRDs) are protein modulators that specifically recognize acetylated lysine-containing sequences
. as an “epigenetic reader”. To date, 61 different BRDs from 46 nuclear and cytoplasmic proteins were discovered
* and could be divided into eight families based on their sequence and structural similarity’ 2. Despite sequence
. diversity, all BRD modules share a conserved fold comprised by a four-helix bundle (aZ, oA, aB and aC), linked
. by ZA and BC loops that contribute to substrate specificity’. Cocrystal structures with peptide substrates demon-
© strated that the acetylated lysine was recognized by a central hydrophobic cavity and anchored by hydrogen bonds
° toan asparagine residue present in most BRDs"*-. With acetylation motifs often found in macromolecular com-
. plexes implicated in DNA repair, chromatin remodeling and cell-cycle control’~?, the architecture of acetyl-lysine
: pockets of BRDs makes them attractive targets for the design of potent inhibitors'*-'%,

: The bromo and extraterminal (BET, including BRD2-4 and BRDT) proteins, as transcriptional regulators, are
- closely associated with the occurring and development of cancers such as lung cancer'> and NUT midline car-
. cinoma'®. Inhibiting the recognition interaction between bromodomain and acetyl-lysine by small molecules is
© considered as an effective approach to halt tumor development. Over the past decade, many diverse inhibitors of
: BET proteins have exhibited significant antitumor activity'*° and five of them (namely RVX-208*!, I-BET762%,
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Figure 1. (a) The constructed complex structure of RVX-208 with BRD2-BBD1 and (b) The molecular
structure of RVX-208. Blue and yellow cartoon regions represent ZA and BC loops, respectively. Residues in
stick model are BRD2-BD1-specific in the pocket.

BDI1(BRD2)/RVX-208 | 2YDW +4MR4 | Q101 K157,D160,1162 | 30,716 atoms | 1 ps 2
BDI1(BRD2) 27,937 atoms | 1ps 1
BD2(BRD2)/RVX-208 | 4MR6 K374 P430, H433, V435 | 29,291 atoms | 1 s 2
BD2(BRD2) 25,270 atoms | 1ps 1
BD1(BRD4)/RVX-208 | 4MR4 Q85 K141,D144,1146 | 32,939 atoms | 1ps 2
BD1(BRD4) 30,088 atoms | 1ps 1

Table 1. The simulation systems in this study. (Note: The residue number used in each system is corresponding
to that in RCSB Protein Data Bank).

0OTX015%, CPI-0610** and TEN-010%°) have entered clinical trials. But the problem is that all the inhibitors
reported to date were multi-target or multi-domain except for RVX-208. Structural analyses show that not only
all four BET proteins but also two homologous bromodomains (BD1/2) of each protein are highly conserved?,
and selective inhibition of either BD1 or BD2 can result in distinct transcriptional outcomes?" 262, For instance,
BD1-selective inhibition by olinone was shown to promote oligodendrocyte differentiation, but which did not
occur upon inhibition of both domains®. The domain-specific inhibitors against BETs are highly needed to avoid
adverse effects of prolonged pan-BET inhibition.

RVX-208 was a domain-selective inhibitor reported recently, with IC,, of 510 nM for BD2 and 170-fold lower
than that to BD1%!. As the first selective BRD-BD2 inhibitor, RVX-208 is currently undergoing phase III clini-
cal trials for treating the cardiovascular disease, but the potential molecular mechanism of RVX-208 selectively
inhibiting BD2 is still unclear. Although the development of computational methods especially molecular dynam-
ics (MD) simulations makes the explanation of drug selectivity mechanism possible?-*!, a crucial factor affecting
result accuracy is the simulation timescale, as emphasized by Shaw et al.**~**. By the unbiased MD simulations,
Hou et al.* also revealed that structural characteristics provided by the microsecond timescale were distinct
from that by nanosecond simulations. Therefore, in order to observe the dynamic characteristics of protein more
reliable, long time simulation is greatly needed. Microsecond molecular dynamics simulations were performed in
this study to investigate the binding modes of RVX-208 with bromodomain of BET proteins and to elucidate the
selective inhibition mechanism of RVX-208 to the second bromodomain of bromo and extraterminal proteins.

Results and Discussion

Convergence assessment.  Six systems were simulated totally, namely three holo-BDs (BRD2-BD1-RVX-208,
BRD2-BD2-RVX-208 and BRD4-BD1-RVX-208) and three apo-BDs (BRD2-BD1, BRD2-BD2 and BRD4-BD1).
The constructed complex of BRD2-BD1-RVX-208 and the structure of RVX-208 were shown in Fig. 1. To ensure
results reproducible and more convincing, one additional parallel trajectory was also simulated for each complex
(Table 1). Because we mainly aim to reveal the selective mechanism of RVX-208 for BD2 against BD1, BRD2-BD1s
and BRD2-BD2s with/without RVX-208 were analyzed in more detail. Firstly, with respect to the starting structure,
root-mean-square deviations (RMSDs) of protein CA atoms, heavy atoms of RVX-208, CA atoms of active site in
holo and apo systems of BRD2-BD1 and BRD2-BD2 were monitored to assess the overall stability of simulations.
From Fig. 2a and b, RMSDs of four systems fluctuate dramatically initially, and then remain stable from 600 ns
especially for the last 200 ns, indicating the trajectory convergence. Usually, small molecules exert their inhibitory
activity by binding to hydrophobic pocket of bromodomains to compete with lysine-acetyl substrate!®. The cal-
culated contact number of RVX-208 with hydrophobic residues of BD1 and BD2 of BRD2 almost keeps constant
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Figure 2. Time series of RMSDs of p-rotein, RVX-208 and active site in holo and apo systems of (a) BRD2-BD1
and (b) BRD2-BD2; time series of (¢, left) contact number between CA atoms of hydrophobic residues of BDs
and RVX-208, (c, right) radius of gyration of BDs and (d) potential energy in two complex systems.

during the simulation (Fig. 2¢, left). Furthermore, two other variables were also monitored and compared, namely
radius of gyration for BDs (Fig. 2c, right) and potential energy (Fig. 2d) of BRD2-BD1(2)-RVX-208 complex sys-
tems. For simplification, the former was merged to hydrophobic contact result (Fig. 2¢). The values of radius of
gyration for holo-BD2 and potential energy for BRD2-BD2-RVX-208 system were both lower than that for BRD2-
BD1-RVX-208 system, indicating that holo-BD2 protein was more compact and the corresponding complex system
was more stable. The parallel three complex systems gave similar convergence trends (Fig. S1). Overall, each system
converged from 600 ns, and the last 200 ns trajectory was used for the following analyses.

Energy origin of selective mechanism of RVX-208 for BRD2-BD2. Here, the binding free energy
of BRD4-BD1 and RVX-208 was calculated. In Table 2, both AGgp and AGpy in BRD2-BD2 system were lower
than that in two BD1 systems (BRD2-BD1 and BRD4-BD1), suggesting stronger binding affinity of RVX-208
with BD2. The calculated binding free energies (—8.324+0.09, —10.5140.16 and —10.02 £ 0.15 kcal/mol)
between BDs and RVX-208 in three systems exhibit a consistent order with experimental results (—6.90, —8.47
and —7.84kcal/mol)?!. Among the individual terms, van der Waals interaction (AE,q,) predominates the total
energy, while the nonpolar solvation term (AG,_,, pg) contributes marginally to inhibitor binding. The overall
electrostatics, however, disfavors complex formation. These results confirm that ligand association with poorly
solvated binding pocket is dominantly driven by van der Waals interactions®. Considering the minor AG,, ,, pp
difference between BD1 and BD2 systems, from the perspective of energy, energetic origin of RVX-208 selective
for BD2 is thus mainly from the higher AE 4.

The total binding free energy was further decomposed into per-residue contribution of BD (Fig. 3 and
Supplementary Fig. S2). The high consistency of per-residue interaction spectrum of BRD2-BD1 with BRD4-BD1
systems confirmed the reliability of our calculations (Figs 3a and ¢ and S2a and c). Previous studies reported that
the inhibitor-binding pocket on bromodomain was mainly composed of ZA and BC loops!*!¢. From Figs 3 and S2,
it is clear that, in three systems, residues with large contribution (>0.4 kcal/mol) locate in ZA and BC loops, and
the two key residues were Leul10 and Asn156 in BRD2-BD1 system (corresponding to Leu383 and Asn429 in
BRD2-BD2 system). By comparing these three systems, we can see that both the number and contribution of
key residues of either ZA or BC loop in BRD2-BD2 system were higher than that in other two BD1 systems,
suggesting the favorable binding of RVX-208 to BD2. Sequence alignment shows that four residues are different
in inhibitor-binding pocket between BD1 and BD2, namely GIln101, Lys157, Asp160 and Ile162 (in BRD2-BD1
system, Table 1). In these four BD-specific residues, Ile162 is important for three systems, but His433 (Asp160 in
BRD2-BD1 system) is also essential for BRD2-BD2 system. The effect of His433 during the binding of RVX-208
will be discussed in the following section.

Structural network analyses of BRD2-BD1 and BRD2-BD2. ZA and BC loops are two regions
responsible for binding to RVX-208. However, they are not continuous in the sequence or structure, but distribute
on both sides of RVX-208 in the space. To study how ZA and BC loops communicate in RVX-208-binding com-
plex and how the communication affects RVX-208’s selectivity, two representative residues identified by energy
decomposition, Leul10 (at ZA loop) and Asn156 (at BC loop), were used as terminal residues in the shortest
path (Fig. 4). Figure 4a shows that the shortest path distance of communication between Leul10 and Asn156 in
BRD2-BD1 system spanned four residues, equal to that in BRD4-BD1 system (Fig. 4c). Moreover, the involved
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Run-1 Run-2
Contributions BRD2-BD1 BRD2-BD2 BRD4-BD1 BRD2-BD1 BRD2-BD2 BRD4-BD1
AEg, —10.61+0.31 —14.87+£0.29 —11.20+0.15 —16.254+0.72 —18.63+0.80 —6.271+0.24
AE 4, —15.354+0.35 —20.20+0.55 —16.091+0.62 —22.624+0.43 —26.141+0.55 —8.631+0.44
AE,, 0 0 0 0 0 0
AEgas —25.96+1.10 —35.07+1.29 —27.30+1.04 —38.87+1.42 —44.77+2.13 14.90+0.32
AGg np_cs —2.20+0.04 —3.2940.06 —2.5240.08 —3.30+£0.19 —4.2640.20 —1.23+0.09
AGqo)_polar_cB 14.92+0.52 19.63 £0.62 15.65+£0.44 23.27+1.88 24.94+2.05 8.95+0.50
AG 6 12.724+0.29 16.3440.34 13.134+0.28 19.97 £0.63 20.68 £0.65 7.72+£0.47
AGioi s 4.3140.09 4.7540.07 4.4540.10 7.02+0.25 6.30+0.12 2.6040.19
AG“P_GB —17.554+0.50 —23.494+0.44 —18.61+0.32 —25.924+0.48 —30.40+0.59 9.86£0.61
AHgy —13.24 —18.73 —14.16 —18.90 —24.09 —7.25
—TAS 4.9240.08 8.22+0.11 4.1440.09 12.64+0.21 13.184+0.33 2.17+£0.05
AGgg —8.321+0.09 —10.51+0.16 —10.02+0.15 —6.26+0.10 —10.91+0.21 —5.08+:0.09
AGy_np s —2.2140.08 —3.2940.09 —2.5240.08 —3.3040.19 —42640.20 —1.2340.09
AGg_poar_rp 16.16+0.33 20.93+0.67 16.77 40.47 24.37+2.02 26.39+2.53 9.36+0.34
AGq pp 13.95+£0.26 17.64£0.52 14.26 £0.35 21.07£1.38 22.13+£1.35 8.12+0.30
AGPDMLPB 5.55+0.10 6.06+0.15 5.57£0.29 8.13+£0.27 7.75+£0.26 3.08£0.15
Aan,PB —17.56+0.43 —23.46+0.71 —18.611+0.44 —25.9240.48 —30.40+0.59 9.86+0.61
AHpg —12.01 —17.43 —13.05 —17.19 —22.65 —6.84
—TAS 4.9240.08 8.22+0.11 4.1440.09 12.64£0.21 13.184+0.33 2.1740.05
AGpg —7.09+0.18 —9.21+0.20 —8.91+0.15 —4.554+0.08 —9.47+0.22 —4.67£0.10
AGEXP —6.90 —8.47 —7.84 —6.90 —8.47 —7.84

Table 2. The calculated binding free energy and its components (kcal/mol) of three complexes in two parallel
trajectories.

residues in two BD1 systems (Tyr113, Ile117, Asn151 and Tyr153 in BRD2-BD1 system; Tyr97, Ile101, Asn135
and Ile138 in BRD4-BD1 system) were consistent except Tyr153 in BRD2-BD1 system. The parallel three com-
plex trajectories showed the similar results (Fig. S3), suggesting the reproducibility of our simulations again. The
comparison of shortest communication paths between BD1 and BD2 systems showed that the path in BD2 system
involved three residues, less than that in BD1 systems. Furthermore, these residues were different from each other
(Asp385, I1e389 and Tyr428 in BRD2-BD2 system). These results suggested that RVX-208 might alter or shorten
the communication path of ZA and BC loops when binding to BD2, making pocket readjusted and more suitable
for accommodating RVX-208. Considering the consistent behavior of two parallel trajectories for each complex,
the following analyses were only performed on the trajectories of the first run.

Differences of RVX-208 binding to BRD2-BD1 and BRD2-BD2. We firstly aligned crystal structures
of apo-BD1 with holo-BD1, and apo-BD2 with holo-BD2 (Fig. 5). Herein, to eliminate the effect of manual con-
struction on results, BRD4-BD1 system rather than BRD2-BD1 system was used. From Fig. 5, in each system
both ZA and BC loops overlapped well between apo and holo BD structures, indicating that BD pocket made
up of ZA and BC loops may be preorganized for RVX-208 binding. Then, the root-mean-square fluctuations
(RMSFs) of Covatoms of BD in apo and holo systems of BRD2-BD1 and BRD2-BD2 were calculated (Fig. 6). It
is clear that, in either BD1 or BD2 system, high residue flexibility mainly occurs at three loop regions, namely
ZA, AB and BC loop. Among them, ZA and BC loops participate in the interaction with RVX-208. Comparing
RMSEFs between apo and holo BDs in both systems, we found that BC loop almost kept unchangeable during the
simulation, whereas the flexibility of ZA loop notably decreased upon binding to RVX-208. It is in accordance
with the previously reported results of other inhibitor-BD systems®” %, The higher flexibility decreasing of ZA
loop of BD2 relative to BD1 indicated that BD2 pocket might undergo conformational rearrangement due to the
binding of RVX-208. Additionally, we used the betweenness to characterize the residue-residue relevance in pro-
tein topology network. Figure 7 showed that the betweenness values of inhibitor-binding residues in BRD2-BD2
system were higher than that in BRD2-BD1 system especially for ZA loop, indicating that RVX-208 rearranged
the binding pocket and made related residues more connected. Wilson et al.>® have found that the selectivity of a
drug is dominated by the induced-fit process during the drug binding. Based on the above analyses, it can be seen
that RVX-208 may initially bind to BD1/2 by conformational selection mechanism and preferentially interact
with the preorganized pocket residues. It may be then accompanied by RVX-208-induced stabilization of ZA
and BC loops via an induced fit in BRD2-BD2 system, resulting in the highly connected bromodomain. In this
context, the steric barrier for movement away from the RVX-208-bound state may increase, effectively locking
BD2 into a specific stable conformation. Therefore, RVX-208 selectivity is likely to result from ligand-induced
structural stabilization by an induced fit mechanism.

Next, we compared the detailed interactions of RVX-208 with BD1 and BD2. The representative conforma-
tion of each complex was extracted from their equilibrated trajectory by clustering analysis (Fig. 8). Due to high
sequence homology of BD1 and BD2, the general binding mode of RVX-208 with BRD2-BD1 is similar to that
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Figure 3. Per-residue energy decomposition in (a) BRD2-BD1, (b) BRD2-BD2 and (c) BRD4-BD1 systems.
Residues with contribution more than 0.4 kcal/mol were labeled.

with BRD2-BD2. Figure 8 shows that, except for His433 in BD2 system, the binding pocket is composed of
hydrophobic residues, contributing to AE,, in Table 2. In combination with Fig. 3, two key residues, Leul10
and Asnl56 (in BRD2-BD1 system), bind to RVX-208 mainly by hydrophobic and hydrogen bond (H-bond)
interactions, respectively. The conserved Asn residue formed two strong H-bonds with the carbonyl oxygen and
adjacent nitrogen of quinazolinone ring of RVX-208 which acted as an acetyl-lysine mimetic moiety. Figure 8 also
showed that when binding to BDs, the hydroxyethoxy moiety of RVX-208 pointed out of pocket and stretched to
the solvent, making only a few contacts with the bromodomain interface. By aligning representative structures of
BD1 and BD2 systems, we found that this phenomenon was more notable in BRD2-BD2 system. Despite this, the
previous study has showed that the lack of -O(CH,) ,-OH moiety of RVX-208 could significantly affect its BD2
selectivity?!. Hence, we expect that the sufficient contact of inhibitors to solvent at the above position is essential
for its selectivity for BD2, and should be taken into much account in the design of selective inhibitors.

Actually, for the binding modes of RVX-208 and BD1/2, the largest differences were reflected from two resi-
dues, Ile162 (Val435 in BD2) and Asp160 (His433 in BD2) in BRD2-BD1 system, both of which were distinguish-
able residues between BD1 and BD2 (Table 1). Ile and Val residues are hydrophobic residues, interacting with
RVX-208 mainly by hydrophobic interactions (Fig. 8). When binding to RVX-208, the energy contribution of Ile
is lower than that of Val (Fig. 3). Ile or Val residue locates at the bottom of BD pocket, the relatively unfavorable
contribution of isoleucine may derive from bigger volume of side chains, leading to that ring A of RVX-208 is
not able to insert into deep pocket. As for Asp160 and His433, the former is unfavorable for binding to RVX-208
in BRD2-BD1 system, while the latter provides —0.66 kcal/mol contribution in BRD2-BD?2 system (Fig. 3). As
shown in Fig. 8a, Asp160 was far away from RVX-208, enlarging BD1 pocket to a certain extent. Nevertheless,
when binding to RVX-208, the imidazole ring of His433 flips into pocket, packing against phenyl ring of RVX-
208 and making the face-face aromatic interactions. Under this condition, BD2 pocket became more compact. A
recent study based on RVX-297 (another BD2-selective inhibitor) has demonstrated that this kind of orientation
of His433 could lead to a significant narrowing of BD2 pocket, then limiting the dimethyl-phenyl moiety in fixed
conformation that is opposite to the free rotation as observed in BRD2-BD1 system*. The dihedral angle and
distance between two aromatic rings of RVX-208 and His433 were then monitored over the simulation, respec-
tively. Figure 9a showed that the angle of two aromatic rings fluctuated around 40° or 140°. The occurrence of
complementary angle is mainly ascribed to the torsion of His433 imidazole ring. This is reasonable, considering
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BRD2-BD1, (b) BRD2-BD2 and (c) BRD4-BD1 systems.
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the flexibility of His433 which locates at the loop domain and on protein surface (Fig. 8b). The distance of these
two rings is stable at about 3.8 A, keeping strong - interactions. Therefore, as the unique polar residue inter-
acting with RVX-208, His433 is closely related to the rearrangement of BD2 pocket and crucial for preferentially
binding to BD2.

Now, we have understood the molecular mechanism of selective inhibition of RVX-208 towards BD2. Then,
several strategies for rational design of novel selective inhibitor of the second bromodomain were proposed.
Firstly, the better shape complementarity and packing with BD2 are required for selective inhibitors. This derives
from energy calculation result that van der Waals term is the dominant factor for RVX-208 selectivity. In particu-
lar, Asn429 (or Asn156), as the residue with largest contribution, can interact with RVX-208 by hydrophobic and
H-bond interactions. Increasing the interactions between RVX-208 and Asn429 may shorten the shortest com-
munication path between ZA and BC loops, and make BD2 pocket more compact. Furthermore, although the
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formed H-bonds of RVX-208 with Asn156 of BD1 and Asn429 of BD2 had minor difference, they were reported
to be essential for the acetyl-lysine interaction of histones and involved in the binding to many other BET inhib-
itors'® 442, Secondly, the hydrophilic group of inhibitors able to form enough contacts with the solvent is nec-
essary for its selectivity. For instance, as to RVX-208, despite only a few contacts made between -O(CH,),-OH
group and BD2, the replacement of this group by -OH or -H can dramatically reduce its selectivity, as reported
previously?!. In our study, compared to BRD2-BD1 system, -O(CH,) ,-OH of RVX-208 is more prone to point
out to the solvent in BRD2-BD2 system. In addition, RVX-297, a compound found by Hansen et al.*, differs from
RVX-208 only with the -O(CH,),-OH replaced by -O(CH,),-pyrrolidine. However, BD2-selectivity of the former
increases by more than two times, further emphasizing the importance of hydrophilic groups in the structure of
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Figure 8. Binding mode of RVX-208 with (a) BRD2-BD1 and (b) BRD2-BD2. Green and blue dash lines are
indicative of hydrogen bonds and w-7 stacking interaction, respectively.
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Figure 9. The monitored (a) dihedral angle and (b) distance between ring C of RVX-208 and imidazole ring of
His433 of BRD2-BD2 during the simulation.

selective inhibitors. Thirdly, in the inhibitor structure, the functional group with large volume should not occur
near Val435. The comparison analysis of Ile162 (BRD2-BD1) and Val435 (BRD2-BD2) shows that the large moi-
ety may prevent inhibitor from entering into the bottom of BD2 pocket, thus disturbing the stable binding of
protein and inhibitor. Finally, interactions between inhibitors and His433 need to be much considered. His433,
a BD2-specific residue, has been reported to be closely related with RVX-208 preference for BD2 over BD1?" %,
Based on the above binding mode analysis, inhibitors should be designed close to His433 and the introduction of
aromatic moiety facing the imidazole ring of His433 is highly reccommended. The information gained from this
study will provide valuable guidance for the identification and design of new inhibitors with improved binding
properties and selectivity.
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Conclusions

In the present study, the long-time MD simulations were performed to study the inhibition and domain-selective
mechanism of RVX-208 to BRD2-BD2 and BRD2-BD1. Results showed that the binding affinity between RVX-
208 and BRD2-BD2 was strongest in three systems. Leu383 and Asn429 in BRD2-BD2 system (corresponding
to Leul10 and Asn156 in BRD2-BD1 system) were the most key residues for binding to RVX-208. Compared to
BRD2-BD1 system, RVX-208 can shorten the shortest communication path between ZA and BC loops of BD2,
making pocket readjusted more suitable for RVX-208 binding. Val435 (Ile162 in BD1) and His433 (Asp160 in
BD1), as the distinguishable residues of BD2 from BD1, play a key role for selective binding of RVX-208 to BD2.
These results may help in fully understanding the selectivity mechanism for inhibition of BRD2-BD2 and -BD1,
and guiding the future novel selective BD2 inhibitors.

Material and Methods

System preparations. Prior to simulation, we first need to obtain the complex structures of RVX-208 with
BD1 and BD2. At present, crystal structures of RVX-208 in complex with BD1 of human BRD4 (PDB ID: 4MR4)
and BD2 of human BRD2 (PDB ID: 4MR6) are both available from Protein Data Bank*. The high conservation of
BD1s in BET family has been well known from previously studies>*> . However, to eliminate the influence brought
by slight structural difference outside inhibitor pocket between BRD4 and BRD2, we also constructed complex
structure of RVX-208 and BD1 of BRD2. Considering the fact that BD1 and BD2 are highly homologous and con-
servative in the binding site, structure-based alignment was used to guide the complex construction of RVX-208
and BD1 of BRD2. The protein in PDB 4MR4 (BRD4-BD1 and RVX-208) as a template, was aligned to target pro-
tein PDB 2YDW*! (BRD2-BD1 and GW841819X inhibitor). Then, the original GW841819X inhibitor was deleted,
and RVX-208 extracted from template was merged into target protein. Three studied complexes were finally opti-
mized by Prime and Protein Preparation Wizard in Schrodinger suite 2015*. To compare conformational changes
of BDs induced by RVX-208’s binding, three apo-BD1 or -BD2 (without RVX-208) were also modeled.

Molecular dynamics simulations. MD simulations were performed using GPU-accelerated PMEMD
within AMBER14*. The AMBER ff14SB* and general Amber force fields*” were used for protein and RVX-
208, respectively. The inhibitor charges were assigned using restrained electrostatic potential partial charges. The
atomic type/partial charge of RVX-208 were given in Table S1. Geometry optimization and electrostatic potential
calculations were performed using Gaussian09* at HF/6-31G" level. To neutralize net charges of each system,
chlorine atoms were added as counter ions. TIP3P water molecules were added into the system, and the sol-
ute was at least 12 A away from the boundary of water box. The prepared systems were minimized, heated and
equilibrated. Then, 1 ps production run was carried out without any restraint in NPT ensemble. Temperature
was regulated with Langevin thermostat using the “ig= —1” option to randomly set the random number seeds
at each restart, avoiding synchronization effects. All the bonds involving hydrogen were constrained by SHAKE
algorithm, and particle mesh ewald method* was used to calculate long-range electrostatic interactions.

Thermodynamic calculations. The binding free energy of RVX-208 and BRD2/4-BD1 or BRD2-BD2 was
analyzed by both molecular mechanics generalized born surface area (MM-GBSA)** ! and molecular mechanics
poisson boltzmann surface area (MM-PBSA)> methods, integrated in AMBER14 package. Herein, a total of 1000
snapshots were extracted from the last equilibrated 200 ns trajectory with a time interval of 200 ps, and calculated:

AG = Geomplex — (Gpp + Gryx-—208) 1)
Giotat = Egas + Gyt — TS (2)

Egy = Eyqw + Eae (3)

Gyol = Gool_np T Giol_polar (4)
Gol_np = 7 - SASA (5)

where Gomplexs Gap and Gryx.a0s are free energies of BD-RVX-208 complex, BD and RVX-208, respectively. G was
estimated from gas-phase energy E,,, and solvation free energy G,,. E,,, contains an electrostatic term (E,.) and
van der Waals term (E,q,,). The solvation energy is further decomposed into polar (Gyy_yo1.,) and nonpolar sol-
vation energies (G;,_y,). The former was calculated by solving the generalized-born/poisson-voltzmann model.
Dielectric constants for solute and solvent were set to 1 and 80, respectively. The latter was estimated by solvent
accessible surface area (SASA) determined using a water probe radius of 1.4 A. The surface tension constant
was set to 0.0072 kcal/(mol-A%)%. Entropic contributions (S) were estimated by NMODE module of AMBER14.
Residue energy decomposition was also performed to identify the important contribution residues to the total

binding free energy.

Structural network analysis.  The representative structures from clustering analysis with the last 200 ns tra-
jectory were used to construct protein structural network. C, atom of a residue is considered as a node, and a
weighted edge is drawn if C,-C,, distance between a pair of residues is within a threshold distance, R, (~7 A). In
our study, structural network was constructed by NAPS (network analysis of protein structures) platform*, which
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integrated the analysis and interactive visualization of protein contact networks. The shortest path distance between
two nodes is the minimum number of nodes traversed to reach from one node to another, and displays the path
of long-range interaction in the protein®> . The experimental study found that the residues in the shortest path
could take part in the domain-domain communication and mediate signaling transfer”’. Using Floyd-Warshall
algorithm, two important residues, Leul10 from ZA loop and Asn156 from BC loop, were chosen as important
residues to study the shortest communication path between these two loops. The betweenness of a node is defined
as the number of shortest paths that pass through this node in the network, representing a global/local centrality of
this node. MD simulations have elucidated the molecular determinant underlying ligand-induced modulation of
conformational dynamics, showing that structural perturbations of high centrality sites by ligand binding may be
coupled to conformational rearrangements of protein pocket or even long-range regulatory domain®>*. Here, the
betweenness parameter was used to characterize residue connectivity of apo and holo-BRD protein, especially for
ZA and BC loops, which reflects the structural rearrangement of pocket induced by RVX-208.

References
1. Filippakopoulos, P. et al. Histone recognition and large-scale structural analysis of the human bromodomain family. Cell 149,
214-231 (2012).
2. Arrowsmith, C. H., Bountra, C., Fish, P. V,, Lee, K. & Schapira, M. Epigenetic protein families: a new frontier for drug discovery. Nat.
Rev. Drug Discov. 11, 384-400 (2012).
. Dhalluin, C. et al. Structure and ligand of a histone acetyltransferase bromodomain. Nature 399, 491-496 (1999).
4. Filippakopoulos, P. & Knapp, S. Targeting bromodomains: epigenetic readers of lysine acetylation. Nat. Rev. Drug Discov. 13,
337-356 (2014).
5. Owen, D. . et al. The structural basis for the recognition of acetylated histone H4 by the bromodomain of histone acetyltransferase
gen5p. Embo. J. 19, 6141-6149 (2000).
6. Moriniere, J. et al. Cooperative binding of two acetylation marks on a histone tail by a single bromodomain. Nature 461, 664-668
(2009).
7. Vidler, L. R., Brown, N., Knapp, S. & Hoelder, S. Druggability analysis and structural classification of bromodomain acetyl-lysine
binding sites. J. Med. Chem. 55,7346-7359 (2012).
8. Choudhary, C. et al. Lysine acetylation targets protein complexes and co-regulates major cellular functions. Science 325, 834-840
(2009).
9. Lan, F. et al. Recognition of unmethylated histone H3 lysine 4 links BHC80 to LSD1-mediated gene repression. Nature 448, 718-722
(2007).
10. Floyd, S. R. et al. The bromodomain protein Brd4 insulates chromatin from DNA damage signalling. Nature 498, 246-250 (2013).
11. Ruan, K. et al. Histone H4 acetylation required for chromatin decompaction during DNA replication. Sci. Rep. 5, 12720 (2015).
12. Mertz, J. A. et al. Targeting MYC dependence in cancer by inhibiting BET bromodomains. Proc. Natl. Acad. Sci. USA 108,
16669-16674 (2011).
13. Lee, S. K., Park, E. ], Lee, H. S, Lee, Y. S. & Kwon, ]. Genome-wide screen of human bromodomain-containing proteins identifies
Cecr2 as a novel DNA damage response protein. Mol. Cells 34, 85-91 (2012).
14. Muller, S., Filippakopoulos, P. & Knapp, S. Bromodomains as therapeutic targets. Expert Rev. Mol. Med. 13, €29 (2011).
15. Lockwood, W. W, Zejnullahu, K., Bradner, J. E. & Varmus, H. Sensitivity of human lung adenocarcinoma cell lines to targeted
inhibition of BET epigenetic signaling proteins. Proc. Natl. Acad. Sci. USA 109, 19408-19413 (2012).
16. Filippakopoulos, P. et al. Selective inhibition of BET bromodomains. Nature 468, 1067-1073 (2010).
17. Picaud, S. et al. PFI-1, a highly selective protein interaction inhibitor, targeting BET Bromodomains. Cancer Res. 73, 3336-3346
(2013).
18. Brand, M. et al. Small molecule inhibitors of bromodomain-acetyl-lysine interactions. ACS Chem. Biol. 10, 22-39 (2015).
19. Cheng, Z. et al. Inhibition of BET bromodomain targets genetically diverse glioblastoma. Clin. Cancer Res. 19, 1748-1759 (2013).
20. Wang, J. et al. The BET bromodomain inhibitor JQ1 radiosensitizes non-small cell lung cancer cells by upregulating p21. Cancer Lett.
391, 141-151 (2017).
21. Picaud, S. et al. RVX-208, an inhibitor of BET transcriptional regulators with selectivity for the second bromodomain. Proc. Natl.
Acad. Sci. USA 110, 19754-19759 (2013).
22. Chaidos, A. et al. Potent antimyeloma activity of the novel bromodomain inhibitors I-BET151 and I-BET762. Blood 123, 697-705
(2014).
23. Riveiro, M. E. et al. OTX015 (MK-8628), a novel BET inhibitor, exhibits antitumor activity in non-small cell and small cell lung
cancer models harboring different oncogenic mutations. Oncotarget 7, 84675-84687 (2016).
24. Albrecht, B. K. et al. Identification of a Benzoisoxazoloazepine Inhibitor (CPI-0610) of the Bromodomain and Extra-Terminal (BET)
Family as a Candidate for Human Clinical Trials. J. Med. Chem. 59, 1330-1339 (2016).
25. Sahai, V., Redig, A. ]., Collier, K. A., Eckerdt, F. D. & Munshi, H. G. Targeting BET bromodomain proteins in solid tumors.
Oncotarget 7, 53997-54009 (2016).
26. Chiang, C. M. Nonequivalent response to bromodomain-targeting BET inhibitors in oligodendrocyte cell fate decision. Chem. Biol.
21, 804-806 (2014).
27. Gacias, M. et al. Selective chemical modulation of gene transcription favors oligodendrocyte lineage progression. Chem. Biol. 21,
841-854 (2014).
28. Galdeano, C. & Ciulli, A. Selectivity on-target of bromodomain chemical probes by structure-guided medicinal chemistry and
chemical biology. Future Med. Chem. 8, 1655-1680 (2016).
29. Yang, Y. et al. Molecular dynamics and free energy studies on Aurora kinase A and its mutant bound with MLN8054: insight into
molecular mechanism of subtype selectivity. Mol. Biosyst. 8, 3049-3060 (2012).
30. Sun, H., Chen, P, Li, D,, Li, Y. & Hou, T. Directly Binding Rather than Induced-Fit Dominated Binding Affinity Difference in (S)-
and (R)-Crizotinib Bound MTHLI. J. Chem. Theory. Comput. 12, 851-860 (2016).
31. Aldeghi, M., Heifetz, A., Bodkin, M. J., Knapp, S. & Biggin, P. C. Predictions of Ligand Selectivity from Absolute Binding Free
Energy Calculations. . Am. Chem. Soc. 139, 946-957 (2017).
32. Lindorff-Larsen, K., Maragakis, P, Piana, S. & Shaw, D. E. Picosecond to Millisecond Structural Dynamics in Human Ubiquitin. J.
Phys. Chem. B 120, 8313-8320 (2016).
33. Shaw, D. E. Millisecond-Long Molecular Dynamics Simulations of Proteins on a Special-Purpose Machine. Biophys. J. 104, 45a (2013).
34. Sborgi, L. et al. Interaction Networks in Protein Folding via Atomic-Resolution Experiments and Long-Time-Scale Molecular
Dynamics Simulations. J. Am. Chem. Soc. 137, 6506-6516 (2015).
35. Duan, M. et al. Structural Diversity of Ligand-Binding Androgen Receptors Revealed by Microsecond Long Molecular Dynamics
Simulations and Enhanced Sampling. J. Chem. Theory Comput. 12, 4611-4619 (2016).
36. Barratt, E. et al. Van der Waals interactions dominate ligand-protein association in a protein binding site occluded from solvent
water. J. Am. Chem. Soc. 127, 11827-11834 (2005).

w

SCIENTIFICREPORTS|7:8857 | DOI:10.1038/s41598-017-08909-8 10



www.nature.com/scientificreports/

37. Kuang, M. et al. Binding Kinetics versus Affinities in BRD4 Inhibition. . Chem. Inf. Model. 55, 1926-1935 (2015).

38. Steiner, S., Magno, A., Huang, D. & Caflisch, A. Does bromodomain flexibility influence histone recognition? Febs. Lett. 587,
2158-2163 (2013).

39. Wilson, C. et al. Kinase dynamics. Using ancient protein kinases to unravel a modern cancer drug’s mechanism. Science 347,
882-886 (2015).

40. Kharenko, O. A. et al. RVX-297- a novel BD2 selective inhibitor of BET bromodomains. Biochem. Biophys. Res. Commun. 477, 62-67
(2016).

41. Chung, C. W. et al. Discovery and characterization of small molecule inhibitors of the BET family bromodomains. . Med. Chem. 54,
3827-3838 (2011).

42. Filippakopoulos, P. et al. Benzodiazepines and benzotriazepines as protein interaction inhibitors targeting bromodomains of the
BET family. Bioorg. Med. Chem. 20, 1878-1886 (2012).

43. Gilham, D. et al. RVX-208, a BET-inhibitor for treating atherosclerotic cardiovascular disease, raises ApoA-I/HDL and represses
pathways that contribute to cardiovascular disease. Atherosclerosis 247, 48-57 (2016).

44. Schrodinger, 2009a. Maestro, Version 9.0. Schrédinger LLC, New York, NY. (2009).

45. Case, D. A. et al. AMBER14. University of California, San Francisco. http://ambermd.org (2015).

46. Maier, J. A. et al. ff14SB: Improving the Accuracy of Protein Side Chain and Backbone Parameters from ff99SB. J. Chem. Theory
Comput. 11, 3696-3713 (2015).

47. Wang, J., Wolf, R. M., Caldwell, J. W,, Kollman, P. A. & Case, D. A. Development and testing of a general amber force field. J. Comput.
Chem. 25, 1157-1174 (2004).

48. Frisch, M. J. et al. Gaussian09, Revision D.01, Gaussian Inc., Wallingford CT. (2009).

49. Linse, B. & Linse, P. Tuning the smooth particle mesh Ewald sum: application on ionic solutions and dipolar fluids. J. Chem. Phys.
141, 184114 (2014).

50. Wang, Q., Ning, L., Niu, Y,, Liu, H. & Yao, X. Molecular mechanism of the inhibition and remodeling of human islet amyloid
polypeptide (hIAPP(1-37)) oligomer by resveratrol from molecular dynamics simulation. J. Phys. Chem. B 119, 15-24 (2015).

51. Muvva, C,, Singam, E. R., Raman, S. S. & Subramanian, V. Structure-based virtual screening of novel, high-affinity BRD4 inhibitors.
Mol. Biosyst. 10,2384-2397 (2014).

52. Hou, T., Wang, J., Li, Y. & Wang, W. Assessing the performance of the MM/PBSA and MM/GBSA methods. 1. The accuracy of
binding free energy calculations based on molecular dynamics simulations. J. Chem. Inf. Model. 51, 69-82 (2011).

53. Sitkoff, D., Sharp, K. A. & Honig, B. J. Phys. Chem. 98, 1978-1988 (1994).

54. Chakrabarty, B. & Parekh, N. NAPS: Network Analysis of Protein Structures. Nucleic Acids. Res. 44, W375-382 (2016).

55. Tse, A. & Verkhivker, G. M. Molecular Dynamics Simulations and Structural Network Analysis of c-Abl and c-Src Kinase Core
Proteins: Capturing Allosteric Mechanisms and Communication Pathways from Residue Centrality. . Chem. Inf. Model. 55,
1645-1662 (2015).

56. Hu, Z. et al. Ligand binding and circular permutation modify residue interaction network in DHFR. PLoS Comput. Biol. 3, e117
(2007).

57. del Sol, A., Fujihashi, H., Amoros, D. & Nussinov, R. Residues crucial for maintaining short paths in network communication
mediate signaling in proteins. Mol. Syst. Biol. 2, 2006.0019 (2006).

58. Chiappori, E, Merelli, I, Milanesi, L., Colombo, G. & Morra, G. An atomistic view of Hsp70 allosteric crosstalk: from the nucleotide
to the substrate binding domain and back. Sci. Rep. 6, 23474 (2016).

Acknowledgements
This work was supported by Macao Science and Technology Development Fund (Project No: 082/2013/A3 &
086/2015/A3 & 005/2014/AM] & 046/2016/A2).

Author Contributions
X.Y,, E.L,, L.L. and Q.-W. conceived the project. X.Y., E.L., and Q.W. designed the experiments. Q. W., Y.L., ].X. and
Y.W. carried out the research and analysis of data. X.Y., E.L., L.L. and Q.W. wrote the paper.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-08909-8

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:8857 | DOI:10.1038/s41598-017-08909-8 11


http://ambermd.org
http://dx.doi.org/10.1038/s41598-017-08909-8
http://creativecommons.org/licenses/by/4.0/

	Selective inhibition mechanism of RVX-208 to the second bromodomain of bromo and extraterminal proteins: insight from micro ...
	Results and Discussion

	Convergence assessment. 
	Energy origin of selective mechanism of RVX-208 for BRD2-BD2. 
	Structural network analyses of BRD2-BD1 and BRD2-BD2. 
	Differences of RVX-208 binding to BRD2-BD1 and BRD2-BD2. 

	Conclusions

	Material and Methods

	System preparations. 
	Molecular dynamics simulations. 
	Thermodynamic calculations. 
	Structural network analysis. 

	Acknowledgements

	Figure 1 (a) The constructed complex structure of RVX-208 with BRD2-BBD1 and (b) The molecular structure of RVX-208.
	Figure 2 Time series of RMSDs of p-rotein, RVX-208 and active site in holo and apo systems of (a) BRD2-BD1 and (b) BRD2-BD2 time series of (c, left) contact number between CA atoms of hydrophobic residues of BDs and RVX-208, (c, right) radius of gyration 
	Figure 3 Per-residue energy decomposition in (a) BRD2-BD1, (b) BRD2-BD2 and (c) BRD4-BD1 systems.
	Figure 4 Shortest communication path between ZA and BC loops and the corresponding structure in (a) BRD2-BD1, (b) BRD2-BD2 and (c) BRD4-BD1 systems.
	Figure 5 Crystal structural alignment of apo and holo BDs in (a) BRD4-BD1 and (b) BRD2-BD2 systems.
	Figure 6 RMSFs as a function of residues in apo and holo systems of (a) BRD2-BD1 and (b) BRD2-BD2.
	Figure 7 Residue betweenness as a function of residues in holo systems of BRD2-BD1 and BRD2-BD2.
	Figure 8 Binding mode of RVX-208 with (a) BRD2-BD1 and (b) BRD2-BD2.
	Figure 9 The monitored (a) dihedral angle and (b) distance between ring C of RVX-208 and imidazole ring of His433 of BRD2-BD2 during the simulation.
	Table 1 The simulation systems in this study.
	Table 2 The calculated binding free energy and its components (kcal/mol) of three complexes in two parallel trajectories.




