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ABSTRACT: Bromodomain and extra-terminal domain (BET) proteins play an important role in epigenetic regulation and are
linked to several diseases; therefore, they are interesting targets. BET has two bromodomains: bromodomain 1 (BD1) and BD2.
Selective targeting of BD1 or BD2 may produce different activities and greater effects than pan-BD inhibitors. However, the selective
mechanism of the specific core must be studied at the atomic level. This study determined the effectiveness of pyrrolopyridone
analogues to selectively inhibit BD2 using a pan-BD inhibitor (ABBV-075) and a selective-BD2 inhibitor (ABBV-744). Molecular
dynamics simulations and calculations of binding free energies were used to systematically study the selectivity of BD2 inhibition by
the pyrrolopyridone analogues. Overall, the pyrrolopyridone analogue inhibitors targeting BD2 interacted mainly with the following
amino acid pairs between bromodomain-containing protein 4 (BRD4)-BD1 and BRD4-BD2 complexes: I146/V439, N140/N433,
D144/H437, P82/P375, V87/V380, D88/D381, and Y139/Y432. The pyrrolopyridone analogues targeting BRD4-BD2 were
divided into five regions based on selectivity mechanism. These results suggest that the R3 and R5 regions of pyrrolopyridone
analogues can be modified to improve the selectivity between BRD4-BD1 and BRD4-BD2. The selectivity of BD2 inhibition by
pyrrolopyridone analogues can be used to design novel BD2 inhibitors based on a pyrrolopyridone core.

1. INTRODUCTION
Bromodomain and extra-terminal domain (BET) proteins play
an important role in epigenetic regulation and are linked to
several diseases, including acute liver injury,1−3 acute myeloid
leukemia,4 triple negative breast cancer,5−7 inflammation,8

fibrosis,9 HIV,10 myeloid neoplasms,11 and cardiovascular
disease.12,13 Therefore, BET proteins are interesting targets for
disease treatment.
The BET family comprises bromodomain-containing

protein 2 (BRD2), bromodomain-containing protein 3
(BRD3), bromodomain-containing protein 4 (BRD4), and
testis-specific bromodomain-containing protein (BRDT). Each
BET member is characterized by tandem bromodomains
within the N-terminus (normally named bromodomain 1
[BD1] and BD2), an extra-terminal domain (labeled ET), and
a variable domain within the C-terminus (Figure 1A). These

two bromodomains are conserved in the BET family and
between BD1 and BD2. The active site of the bromodomain
(also known as the acetylated lysine-binding pocket)
recognizes the acetylated lysine of histone tails.14 However,
the two individual bromodomains of the BET family have
distinct functions.15−20 BD1 plays an important role in
anchoring proteins to chromatin to maintain basal gene
expression.21,22 In contrast, BD2 binds to acetylated proteins
to facilitate gene expression.22,23 This suggests that selective
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targeting of BD1 or BD2 may differentially modify disease
activities.
Several small-molecule BET inhibitors were developed for

early clinical development or in preclinical studies.24−30 High
efficacy and positive results were found for BET inhibitor
treatment of hematological malignancies,31−34 such as ovarian
cancer,35 metastatic prostate cancer,36 breast cancer,37 and
small-cell lung cancer.38 However, some probes designed as
early tools exhibited weak and poorly selective binding; thus, it
was necessary to develop novel well-characterized probes to
ascertain the function of bromodomain family members.39−45

In addition, some pan-BD inhibitors (defined as having similar
inhibitory activity for BD1 and BD2 of BET proteins including
the eight bromodomains) have potential applications for
academic research or drug development, such as JQ1,46 I-
BET151,47 ZEN-3694,48−50 OTX-015,51,52 NHWD-870,53 and
ABBV-07554 (Figure S1). However, there are no approved
BET inhibitors for therapy as BET inhibition has side effects
(for example, thrombocytopenia, anemia, neutropenia, nausea,
diarrhea, pneumonia, elevated bilirubin, and fatigue).55,56

Notably, these safety signals are pharmacology-driven and
dose-limiting, preventing BET inhibitors from achieving their
full potential owing to limited target engagement at their
maximum tolerated dose. Pan-BD1 or pan-BD2 inhibitors
show better tolerance than pan-BD inhibitors and have
reduced side effects.18,19 Nevertheless, the high sequence
homology and structural similarity between the BD domains
among BET family members have limited the development of
selective BD inhibitors.24,26,43,57,58 Thus, selective BD inhib-
itors are urgently required for disease treatment.
Pan-BD1 inhibitors (which have higher inhibitory activity

for BD1 than BD2 of BET proteins) are comparable to pan-BD
inhibitors, such as MS436,59 Olinone,60 MS402,61 3U,62

GSK778,19 ZL0516,63 UMN627,64 and GSK789.65 In turn,
pan-BD2 inhibitors (which have higher inhibitory activity for
BD2 than BD1 of BET family members) are mostly effective
for their anti-inflammatory properties; for example, RVX-
208,66 GSK340,67 BY27,68 ABBV-744,69 GSK046,19 SJ432,70

GSK097,71 GSK549,71 GSK737,72 and CDD-1102.73 There
are more than 700 published complex crystal structures for
BET proteins in the RCSB Protein Data Bank (PDB)74−76 that
help understand selectivity mechanisms. However, the details
of the molecular-specific core must be further studied at the
atomic level. This study selected the pan-BD inhibitor (ABBV-
075) and pan-BD2 inhibitor (ABBV-744) (Figure 1B) to study
the selectivity mechanism of the pyrrolopyridone core
compounds between BRD4-BD1 and BRD4-BD2.
ABBV-075 (N-[4-(2,4-difluorophenoxy)-3-(6-methyl-7-oxo-

1H-pyrrolo[2,3-c]pyridin-4-yl)phenyl]ethanesulfonamide, Mi-
vebresib, CAS NO. 1445993-26-9) is a pan-BD inhibitor used
to treat multiple myeloma, acute myeloid leukemia, and solid
tumors.54,77 Clinical trials of ABBV-075 were performed for
myelofibrosis (NCT04480086) and cancer (NCT02391480).
However, ABBV-075 caused adverse events such as fatigue,
thrombocytopenia, dysgeusia, anemia, gastrointestinal bleed-
ing, hypertension, decreased appetite, aspartate aminotransfer-
ase elevation, and nausea in certain patients with solid tumors
(uveal melanoma and colorectal, pancreatic, breast, head, and
neck cancer).78 ABBV-075 binds to the acetylated lysine site of
BET and inhibits BET protein functions.54 ABBV-075 inhibits
BET activity in vitro, with half maximal inhibitory concen-
tration (IC50) values in the nanomolar range (27, 7, 15, 5, 11,
3, 36, and 18 nM for BRD2-BD1, BRD2-BD2, BRD3-BD1,
BRD3-BD2, BRD4-BD1, BRD4-BD2, BRDT-BD1, and
BRDT-BD2, respectively), as shown in Figure 1C.18 In
contrast, ABBV-744 is a pan-BD2 inhibitor that mainly inhibits
the function of BD2 with IC50 values of 2449, 8, 7501, 13,
2006, 4, 1835, and 19 nM for BRD2-BD1, BRD2-BD2, BRD3-
BD1, BRD3-BD2, BRD4-BD1, BRD4-BD2, BRDT-BD1, and
BRDT-BD2, respectively.18 ABBV-744 (N-ethyl-4-[2-(4-fluo-
ro-2,6-dimethylphenoxy)-5-(2-hydroxypropan-2-yl)phenyl]-6-
methyl-7-oxo-1H-pyrrolo[2,3-c]pyridine-2-carboxamide, CAS
NO. 2138861-99-9) was evaluated in clinical trials
(NCT03360006 and NCT04454658). The crystal structures
of inhibitor−protein complexes are published for ABBV-075/
BRD4-BD1 (PDB entry: 5UVW79), ABBV-744/BRD2-BD1

Figure 1. Structure and biochemical activity for the BET of ABBV-744 and ABBV-075, respectively. (A) Structure of bromodomain-containing
protein 4 (BRD4) showing the active site containing bromodomain 1 or 2 (BD1 or BD2). (B) Structure of the pan-BD inhibitor ABBV-075 and
pan-BD2 inhibitor ABBV-744. (C) Biochemical activity of ABBV-075 and ABBV-744 targeting BD1 and BD2 toward BET proteins. The selectivity
fold for each BD1/BD2 pair is indicated. The biochemical activity was obtained from time-resolved fluorescence energy transfer (TR-FRET) data
in Faivre et al.18 (D) Biochemical activity of ABBV-075 and ABBV-744 targeting BD1 and BD2 of BRD4 from the present study.
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(6ONY18), and ABBV-744/BRD2-BD2 (6E6J18). The present
study constructed ABBV-075/BRD4-BD2, ABBV-744/BRD4-
BD1, and ABBV-744/BRD4-BD2 complex structures to study
the selectivity mechanism of pyrrolopyridone core compounds.
A reliable inhibitor−protein complex structure plays a vital

role in drug development.80−82 Computational methods, such
as homology modeling,83−85 molecular docking,86−88 molec-
ular dynamics (MD) simulation,89−91 binding free energy
calculation,92−94 and others95−97 are widely employed. These
methods were used to elucidate the binding models and
mechanisms of inhibitor/BET systems.98−107 Thus, MD
simulations and binding free energy calculations were
employed in the present study to elucidate the selective-BD2
mechanism for the pyrrolopyridone core compounds.
In this study, the binding models of pyrrolopyridone

analogues were obtained from MD simulations for a
selective-BD2 inhibitor (ABBV-744) and pan-BD inhibitor
(ABBV-075). Additionally, binding free energy calculations
were employed to quantify binding affinity, and the
contribution of every residue also was obtained from energy
decomposition using the molecular mechanics/generalized
Born and surface area continuum solvation (MM/GBSA)
method. The selective-BD2 mechanism of pyrrolopyridone
analogues was constructed at the atomic level from MD
simulation and binding free energy calculations. We believe
that the selective-BD2 mechanism of pyrrolopyridone

analogues may provide valuable information to design highly
selective-BD2 inhibitors.

2. RESULTS AND DISCUSSION
2.1. System Stability. The initial complex structures for

ABBV-075 or ABBV-744 binding to BRD4-BD1 or BRD4-BD2
were constructed based on their crystal structures (Figure S2).
The conformations of ABBV-075 and ABBV-744 obtained
from their crystal structures were selected as the initial
conformations for MD simulations (Figure S3). Although this
may not be the best conformation for complex formation, it
was the best for use as the initial model. The root mean square
deviation (rmsd) of the backbone atoms in proteins (BRD4-
BD1 or BRD4-BD2) and of the heavy atoms of the ligands
(ABBV-075 or ABBV-744) were calculated after superposition
with the initial coordinates to consider the conformational
changes of BRD4 and the inhibitors (Figures 2A, S4, and S5).
The vibration range of the rmsd value of BRD4 was lower than
that of the ligand molecule with the exception of the ABBV-
744/BRD4-BD2 system (Figure S4). The rmsd values of
ABBV-075/BRD4-BD1, ABBV-075/BRD4-BD2, ABBV-744/
BRD4-BD1, and ABBV-744/BRD4-BD2 were 0.79 ± 0.14,
1.37 ± 0.38, 1.06 ± 0.29, and 1.09 ± 0.20 Å, respectively, for
the first replicate simulation (Table S1). The rmsd values for
the heavy atoms of ABBV-075 and ABBV-744 were higher
than those of BRD4-BD1 and lower than those of BRD4-BD2.

Figure 2. System stability for inhibitor/BRD4 complex systems. (A) rmsd value of heavy backbone atoms for proteins (BRD4-BD1 or BRD4-BD2)
along the 1000 ns MD simulation for ABBV-075/BRD4 and ABBV-744/BRD4 systems. RMSF variations for the Cα atom of BRD4-BD1 (B) and
BRD4-BD1 (C) of ABBV-075/BRD4 and ABBV-744/BRD4 systems from the 1000 ns MD simulation. (D) Interface of the MSA for ABBV-075/
BRD4 and ABBV-744/BRD4 systems.
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However, some regions of the protein fluctuated far from the
stable baseline (Figure S5), such as 800−1000 ns of replicate 2
for ABBV-075/BRD4-BD1 (Figure S6), 730−740 ns of
replicate 3 for ABBV-075/BRD4-BD2 (Figure S7), and
600−800 ns of replicate 1 for ABBV-744/BRD4-BD1 (Figure
S8). Other fluctuating regions were checked from the frames
extracted from the regions shown in Figures S9−S16. These
results indicated that the small compounds were bound in the
binding site of the BD1 or BD2 domain. The maximum rmsd
values were 2.03, 2.69, 2.74, and 1.93 Å for replicate 1 of
ABBV-075/BRD4-BD1, ABBV-075/BRD-BD2, ABBV-744/
BRD4-BD1, and ABBV-744/BRD4-BD2, respectively. The
maximum rmsd value for the 12 complex systems was 2.74 Å
from replicate 1 for ABBV-744/BRD4-BD1. This suggested
that BRD4 was stable in the simulations. In addition, the ligand
molecule had a maximum rmsd value of 2.77 Å using replicate
3 for ABBV-744/BRD4-BD1. This showed that ABBV-075 and
ABBV-744 were stably bound in the active site of BRD4-BD1
or BRD4-BD2. Thus, the 12 complex systems were stable and
were used in subsequent analyses.
The root mean square fluctuations (RMSFs) for BRD4-BD1

and BRD4-BD2 were analyzed with the backbone heavy atoms
based on 1000 ns MD simulations (Figure 2B,C). The BRD4-
BD1 and BRD4-BD2 systems without ABBV-075 and ABBV-
744 inhibitors (named Apo-BRD4-BD1 and Apo-BRD4-BD2)
were also analyzed as reference systems. Interestingly, the
fluctuation in BRD4-BD1 and BRD4-BD2 increased from
inhibitor binding to unbinding (Figures S17 and S18). In
particular, the ZA-loop is more flexible for apo-BRD4 than for
ABBV-075 or ABBV-744 binding to the active sites of BRD4-
BD1 or BRD4-BD2 region; this ZA-loop plays an important
role in inhibitor binding.108−113 Thus, the stability of the active
sites of BRD4-BD1 and BRD4-BD2 could be increased by
inhibitor binding. In addition, both the N-terminal and C-
terminal regions showed larger fluctuations than those of the
other regions in the eight systems. The αZ, αA, αB, and αC

domains were more stable than the ZA-loop, AB-loop, and BC-
loop for the four complex systems excluding the N- and C-
terminal regions. Furthermore, the overall structures of BRD4-
BD1 and BRD4-BD2 were stable in the simulation.
The molecular surface area (MSA) was used to determine

the flexibility of BRD4-BD1 or BRD4-BD2 with ABBV-075 or
ABBV-744 binding to the acetylated lysine-binding pocket
(Figures S19−S22). The MSA of the inhibitor/BRD4 complex
[MSA(complex)], BRD4 [MSA(receptor)], and inhibitor
[MSA(ligand)] were estimated using linear combinations of
the pairwise overlap algorithm.114 The interface between the
ligand and protein was calculated as MSA(interface) =
[(MSA(receptor) + MSA(ligand) − MSA(complex)]/2
(Figure 2D). The MSA(interface) of the ABBV-075/BRD4-
BD1, ABBV-075/BRD4-BD2, ABBV-744/BRD4-BD1, and
ABBV-744/BRD4-BD2 complexes (replicate 2) were 427.17
± 16.63, 436.47 ± 15.68, 428.44 ± 19.42, and 443.82 ± 116.17
Å2, respectively. This suggests that the MSA(interface) was
larger for BRD4-BD2 than for BRD4-BD1 (Table S2).
Therefore, the greater structural flexibility of BRD4-BD2
results from the larger MSAs of the inhibitor/BRD4-BD2 than
those of the inhibitor/BRD4-BD1. This certainly considerably
affects the binding of pyrrolopyridone analogues with BRD4-
BD1 and BRD4-BD2.
Snapshots were drawn and extracted from the MD

simulations at 100, 200, 300, 400, 500, 600, 700, 800, 900,
and 1000 ns to demonstrate the conformational change
following ABBV-075 or ABBV-744 binding to BRD4-BD1 or
BRD4-BD2 (Figures S23−S34). ABBV-075 and ABBV-744
remained stable upon binding with BRD4-BD1 and BRD4-
BD2; this agrees with the rmsd and RMSF analyses. These
stable binding models indicate that both ABBV-075 and
ABBV-744 can bind to the acetylated lysine sites of BRD4.
The main binding conformation of the inhibitor to BRD4

was obtained from cluster analysis based on the average linkage
cluster algorithm. The representative frames (centroid frame of

Figure 3. Hydrogen bond analysis between pyridine inhibitors and BRD4. The occupancy was expressed as a percentage of the period (1000 ns,
100,000 frames) during which specific hydrogen bonds were formed. The hydrogen bond was confirmed when the distance between the acceptor
and donor atoms < 3.5 Å, with an internal angle between the H-acceptor and H-donor > 120°.
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the highest-occupancy cluster) for ABBV-075 or ABBV-744
binding to BRD4 systems were obtained from cluster analysis
(Detailed information for cluster analysis can be found in the
Supporting Information). There was only one cluster,
excluding ABBV-075/BRD4-BD1 (replicate 2, Figure S35)
and ABBV-075/BRD4-BD2 (Figures S36−S38 for replicate 1,
2, and 3), based on epsilon = 2.0 Å. The rmsd values among
the centroid frame of the first cluster for ligand/BRD4 complex
system simulations were under 0.60, 1.45, 0.66, and 0.89 Å
among the three replicate simulations for ABBV-075/BRD4-
BD1, ABBV-075/BRD4-BD2, ABBV-744/BRD4-BD1, and
ABBV-744/BRD4-BD2, respectively (Figure S39). In addition,
the rmsd values between BRD4-BD1 and BRD4-BD2 were
over 1.33 and 1.25 Å for ABBV-075/BRD4 and ABBV-744/
BRD4, respectively. The rmsd values suggested that ABBV-
075/BRD4-BD2 showed more fluctuations than those of the
other three complex systems.
2.2. Hydrogen Bond Analysis. Hydrogen bonds formed

between small chemical scaffolds of BET inhibitors and N140
(N433) of the acetylated lysine site of BRD4-BD1 (BRD4-
BD2) are commonly required for binding of BET inhib-
itors.99,115−120 Hydrogen bonding plays an important role in
drug design.121−124 In particular, it plays a significant role in
competitive inhibitor binding to the active site of the
bromodomain of BET proteins, including BRD4-BD1 and
BRD4-BD2 (Figure 3). In this study, the hydrogen bond was
confirmed when the distance between the acceptor and donor
atoms was less than 3.5 Å, and the internal angle of the
acceptor···H-donor was above 120°. The hydrogen bond
numbers (i.e., the statistical hydrogen bond count along the
1000 ns MD simulation with 100,000 frames) for ABBV-075
or ABBV-744 binding to BRD4-BD1 or BRD4-BD2 were
examined from the simulation trajectory (Figures S40). The
ABBV-075/BRD4-BD2 system had hydrogen bond numbers
(3.06, 3.08, and 3.08 for replicate 1, 2, and 3, respectively)
similar to those of the ABBV-075/BRD4-BD1 system (3.31,
3.36, and 3.28 for replicate 1, 2, and 3, respectively). However,
the hydrogen bond number of ABBV-075/BRD4 (≤3.36) was
less than that of the ABBV-744/BRD4 system (≥4.14, Table
S3). The frame count for the number of hydrogen bonds was
subjected to statistical analysis (Figure S41). There were
approximately three hydrogen bonds that occupied over 60
and 80% of the simulation time for ABBV-075/BRD4-BD1
and ABBV-075/BRD4-BD2, respectively. Simultaneously, the
hydrogen bond numbers of the ABBV-744/BRD4 system
(mostly located at 3−5) were more widely distributed than

those of the ABBV-075/BRD4 system. This indicates that
ABBV-744 forms more hydrogen bonds with BRD4 than
ABBV-075.
Additionally, occupancy analysis of the hydrogen bonds was

performed for the 12 inhibitor/BRD4 systems. Three hydro-
gen bonds with high occupancies (≥90%) were found for
ABBV-075 (defined as 8NG) binding with BRD4-BD1 or
BRD4-BD2 (Figure 3). The occupancies of hydrogen bonding
between the O1 of ABBV-075 (defined as 8NG) and the ND2
atom of N140 were 99.65, 99.58, and 99.66% for replicates 1,
2, and 3 of the ABBV-075/BRD4-BD1 systems, respectively.
N140 (OD1) also formed a hydrogen bond with the N1 atom
of ABBV-075 with 97.00% occupancy. The same site residue
N433 of BRD4-BD2 also formed two hydrogen bonds with
ABBV-075 with over 92.00% occupancy. Thus, hydrogen
bonds formed between the 6-methyl-1,6-dihydro-7H-pyrrolo-
[2,3-c]pyridin-7-one group of ABBV-075 and N140 or N433
were used to locate the core acetylated lysine site of BRD4-
BD1 or BRD4-BD2. These two hydrogen bonds were also
found during ABBV-744 (named HWV) binding with BRD4
(hydrogen bond between the N3 or O2 of ABBV-744 with
N140 or N433 of BRD4), such as the N3 of ABBV-744 formed
with the OD1 atom of N140 with occupancies ≥ 95.00% in the
1000 ns simulation time. Therefore, the N140 and N433 key
residues do not contribute to selectivity but play an important
role in binding activity. Moreover, the hydrogen bonds
between the side chains of ABBV-075 (ethanesulfonamide
group) and D88 (or D361) were more stable (≥97.00%) than
those between the propan-2-ol groups of ABBV-744 and D88
(67.95−73.51%) or D361 (77.04−78.14%). D88 and D361
may contribute to inhibitor binding. In contrast, N2 of ABBV-
744 formed stable hydrogen bonds with BRD4, with
occupancies of over 96.00% for ABBV-744/BRD4-BD1
systems and over 99.00% for ABBV-744/BRD4-BD2 systems.
However, this hydrogen bond was not observed in the binding
of ABBV-075 to BRD4. Thus, the hydrogen bond between the
N140 (or N433) residue and the N2 atom of ABBV-744 plays
an important role in its binding to BRD4. This agrees with
experimental and theoretical results.18,69

Moreover, the distances between the acceptor and donor
atoms and the angles among acceptor, hydrogen, and donor
atoms were calculated with the 12 complex systems in 1000 ns
simulations (Figures S42−S53). The hydrogen bonds between
the pyrrolopyridone core groups of ABBV-075 (or ABBV-744)
and N140 (or N433) of BRD4 were stable at most simulation
times. However, the fluctuation regions showed unstable

Table 1. van der Waals Interactions (EvdW), Decomposition and Electrostatic Interactions (Eele), Solvation Free Energies
(Epolar), Nonpolar Solvation Energies (Enonpolar), Entropy (TStotal), and Binding Free Energies (Gbind

cal ) of the Inhibitor/BRD4
Systems

energy (kcal/mol) ABBV-075 ABBV-744

BRD4-BD1 BRD4-BD2 BRD4-BD1 BRD4-BD2

ΔEvdW −44.89 ± 0.32a −45.34 ± 0.43 −46.39 ± 0.16 −48.94 ± 0.56
ΔEele −27.81 ± 1.98 −21.18 ± 0.59 −22.51 ± 0.73 −23.66 ± 0.06
ΔEpolar 44.78 ± 1.35 36.67 ± 0.47 32.12 ± 0.41 30.27 ± 0.06
ΔEnonpolar −6.12 ± 0.04 −6.30 ± 0.02 −6.14 ± 0.07 −6.54 ± 0.04
ΔEgas −72.70 ± 2.22 −66.52 ± 0.87 −68.92 ± 0.62 −72.60 ± 0.52
ΔEsolv 38.65 ± 1.31 30.37 ± 0.45 25.98 ± 0.43 23.73 ± 0.02
Δ(Egas + Esol) −34.05 ± 0.91 −36.15 ± 0.48 −42.94 ± 0.20 −48.87 ± 0.50
ΔTStotal −25.56 ± 1.22 −24.14 ± 0.06 −26.20 ± 0.76 −26.30 ± 0.97
ΔGbind

cal −8.49 ± 2.11 −12.01 ± 0.51 −16.75 ± 0.73 −22.56 ± 0.52
aAverage ± standard deviation.
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hydrogen bonds, such as hydrogen bonds (D88_N-8NG_O3)
at 750−780 ns for the ABBV-075/BRD4-BD1 replicate 1
(ABBV-075/BRD4-BD1_1) system, wherein oxygen atom O3
was far from the N atom of N140 (Figure S54). The distance
of D88@N_8NG@O3 for ABBV-075/BRD4-BD1_1, ABBV-
075/BRD4-BD1_2, and ABBV-075/BRD4-BD1_3 was 3.08 ±
0.48, 2.97 ± 0.19, and 3.14 ± 0.59 Å, respectively (Table S4).
The similar hydrogen bond of ABBV-075/BRD4-BD2
(D381@N-8NG@O3) had a comparable strength from a
closed distance (2.91 ± 0.21, 2.90 ± 0.13, and 2.90 ± 0.13 Å
for replicate 1, 2, and 3, respectively). However, this hydrogen
bond for ABBV-744/BRD4, whose distance was greater than
3.50 Å, was weaker than that for ABBV-075/BRD4. In
contrast, N140@OD1_HWV@N2 and N433@OD1_HWV@
N2 could compensate for the binding affinity. Hydrogen bonds
were employed to locate the conformation of ABBV-075 or
ABBV-744 binding to the acetylated lysine site and to increase
binding affinity.
2.3. Binding Free Energies. The binding information for

ABBV-075 or ABBV-744 with BRD4 was obtained from MD
simulations. However, the binding affinity for pyrrolopyridone
analogues could not be obtained. Therefore, the binding
affinity for inhibitor binding with BRD4 was calculated using
the MM/GBSA method from the last 100 ns of the simulation
for every complex system. The calculated binding free energies
for ABBV-075 or ABBV-744 binding with BRD4 are shown in
Tables 1 and S5−S17. The triplicate inhibitor bindings with
the BRD4 systems were considered in this study and showed
similar free energy binding, such as −17.58, −16.46, and
−16.20 kcal/mol for three replicate simulations of the ABBV-
744/BRD4-BD1 system. Thus, the average binding free energy
from three replicate simulations was selected to discuss the
four binding models. The two inhibitors bound to the
acetylated lysine site of BRD4 with binding energies of
−8.49, −12.01, −16.75, and −22.56 kcal/mol for ABBV-075/
BRD4-BD1, ABBV-075/BRD4-BD2, ABBV-744/BRD4-BD1,
and ABBV-744/BRD4-BD2, respectively. ABBV-744 showed
lower free energy while binding to BRD4-BD2 than that
evinced by ABBV-075. In addition, the inhibition activity of
ABBV-075 and ABBV-744 for BRD4-BD1 and BRD4-BD2 was
tested at Shanghai ChemPartner Co., Ltd., and the results
revealed IC50 values of 0.55, 0.22, 210.30, and 0.26 nM for
ABBV-075/BRD4-BD1, ABBV-075/BRD4-BD2, ABBV-744/
BRD4-BD1, and ABBV-744/BRD4-BD2, respectively (Figures
1D and S55). Detailed information on the homogeneous time-
resolved fluorescence (HTRF) assay is provided in the
Supporting Information. The selectivity of ABBV-744 was
verified using binding free energy calculations and HTRF
assays.
The entropy and enthalpy values for ABBV-075 binding with

BRD4-BD1 were −25.56 and −34.05 kcal/mol, respectively. In
comparison, ABBV-075 binding with BRD4-BD2 showed
values of −24.14 and −36.15 kcal/mol for entropy and
enthalpy, respectively. The negative entropy and enthalpy
indicated that ABBV-075 binding to BRD4-BD1 and BRD4-
BD2 is an enthalpy-driven process. The entropy values for
ABBV-744 binding with BRD4-BD1 and BRD4-BD2 were
−26.20 and −26.30 kcal/mol, respectively. The enthalpy
values for ABBV-744/BRD4-BD1 and ABBV-744/BRD4-BD2
were −42.94 and −48.87 kcal/mol, respectively. However, the
entropy values for inhibitor binding with BRD4-BD1 or BRD4-
BD2 did not significantly differ (for example, −25.56 and
−24.14 kcal/mol for ABBV-075 binding with BD1 and BD2,

respectively). This suggests that entropy does not affect the
binding free energy between BD1 and BD2. However, the
enthalpy differences between BD1 and BD2 domains were 2.10
and 5.92 kcal/mol for ABBV-075 and ABBV-744, respectively.
Thus, the difference in inhibitor binding to BRD4-BD1 and
BRD4-BD2 is enthalpy-driven. The entropy differences
between ABBV-075 and ABBV-744 were 0.64 and 2.16 kcal/
mol for BRD4-BD1 and BRD4-BD2, respectively, whereas
enthalpy differences between ABBV-075 and ABBV-744 were
8.90 and 12.72 kcal/mol for BRD4-BD1 and BRD4-BD2,
respectively. Therefore, enthalpy may affect the selectivity for
pyrrolopyridone BD2-selective inhibitors.
The van der Waals (vdW) interactions (ΔEvdW) between

ABBV-075 and BRD4 were −44.89 and −45.34 kcal/mol for
BRD4-BD1 and BRD4-BD2, respectively (Figure S56). This
suggests that vdW interactions mainly contribute to ABBV-075
binding to BRD4. The ΔEele was −27.81 and −21.18 kcal/mol
for ABBV-075/BRD4-BD1 and ABBV-075/BRD4-BD2, re-
spectively. Additionally, electrostatic interactions were positive
for the ABBV-075/BRD4 complex. Alternatively, the vdW
interactions for ABBV-744/BRD4-BD1 and ABBV-744/
BRD4-BD2 were −46.39 and −48.94 kcal/mol, respectively.
The electrostatic interaction was over −22.51 kcal/mol for the
ABBV-744/BRD4 systems. The vdW interactions mainly
contributed to the binding of ABBV-075 and ABBV-744 to
BRD4.
The binding interaction force between small inhibitors and

their targets is usually divided into two major factors: the polar
term (Eele + Epolar) and nonpolar term (EvdW + Enonpolar). The
polar terms exhibited positive values when the inhibitor was
bound to BRD4. For example, the polar term values were
16.97, 15.49, 9.61, and 6.61 kcal/mol for ABBV-075/BRD4-
BD1, ABBV-075/BRD4-BD2, ABBV-744/BRD4-BD1, and
ABBV-744/BRD4-BD2, respectively. This suggests that polar
interactions are negative during ABBV-075 and ABBV-744
binding with BRD4. In contrast, the nonpolar terms
contributed −51.02 kcal/mol for ABBV-075/BRD4-BD1,
−51.63 kcal/mol for ABBV-075/BRD4-BD2, −52.54 kcal/
mol for ABBV-744/BRD4-BD1, and −55.47 kcal/mol for
ABBV-744/BRD4-BD2. The strongly negative values of the
nonpolar terms (over −51.00 kcal/mol) suggest that ABBV-
075 and ABBV-744 binding to the acetylated lysine site of
BRD4 is mainly due to the nonpolar terms. In other words, the
polar term was unfavorable for the binding of ABBV-075 and
ABBV-744 to BRD4-BD1 and BRD4-BD2. Conversely, the
nonpolar term was favorable for the binding of these two
inhibitors.
2.4. Free Energy Decomposition. The binding free

energy for complex systems was similar among the three
replicate simulations. For example, ABBV-744/BRD4-BD1
complex systems showed −17.58, −16.46, and −16.20 kcal/
mol values for the three replicates, whereas ABBV-744/BRD4-
BD2 complex systems showed −22.61, −22.02, and −22.56
kcal/mol values for the three replicates. Thus, only the first
simulation of the four complex systems was selected to
perform energy decomposition in this study. The MM/GBSA
method was used to estimate interaction energies per residue.
The key residues were defined as those contributing over 1
kcal/mol energy to inhibitor binding with BRD4 in any
complex (Tables S18−S21).
Residues P82, F83, V87, D88, L92, L94, N140, and I146

contributed > 1 kcal/mol to the formation of a stable complex
in the ABBV-075/BRD4-BD1 system (Figure 4). N140

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

https://doi.org/10.1021/acsomega.3c03935
ACS Omega 2023, 8, 33658−33674

33663

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03935/suppl_file/ao3c03935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03935/suppl_file/ao3c03935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03935/suppl_file/ao3c03935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03935/suppl_file/ao3c03935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03935/suppl_file/ao3c03935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03935/suppl_file/ao3c03935_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03935/suppl_file/ao3c03935_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


contributed −2.50 kcal/mol from the hydrogen bonds formed
with ABBV-075. Additionally, D88 formed a hydrogen bond
with ABBV-075 and contributed −1.67 kcal/mol to form the
complex system. These two key residues were verified using
hydrogen bond analysis. V87 formed vdW (−2.36 kcal/mol)
and electrostatic (−1.72 kcal/mol) interactions with ABBV-
075 and contributed the most energy to the complex system
(−2.66 kcal/mol). Moreover, the side chain of V87 was the
main part interacting with ABBV-075 (−2.33 kcal/mol), which
correlated with the results of distance analysis between ring B
of ABBV-075 and the V87 side chain (Figure S57). In turn,
L92 and L94 interacted with rings C and A of ABBV-075 via
vdW interactions and contributed binding energies of −2.44
and −1.15 kcal/mol, respectively. A distance analysis between
ring C and the L92 side chain was conducted to check the vdW
interaction of −1.97 kcal/mol (Figure S58). L94 was identified
as the other hydrophobic residue that formed a hydrophobic
interaction with ring A of ABBV-075, which was verified by the
distance between ring A and L94 (Figure S59). The most
favorable residue for ABBV-075 binding with BRD4-BD1 was
I146; the interaction with rings A, B, and D of ABBV-075
contributed −4.02 kcal/mol, which was mainly derived from
vdW interactions (−3.53 kcal/mol) (Figure S60). In particular,
a clip was formed between I146, ring B, and V87 and also
between I146, ring A, and L94, as analyzed from the calculated
angle for the three regions (Figure S61). Additionally, the
81WPF83 motif is an important region for BET inhibitor
binding to the acetylated lysine site99,116,118,125,126 that plays a
key role in the binding of ABBV-075 to BRD4-BD1. The
contributions of W81, P82, and F83 were −0.96, −1.50, and
−1.12 kcal/mol to ABBV-075 binding to the active site of
BRD4-BD1, respectively. The WPF motif affected the binding
affinity between ABBV-075 and BRD4-BD1 via vdW
interactions for W81, P82, and F83 at −1.95, −2.82, and
−1.09 kcal/mol, respectively. However, the polar solvation
term for these three residues played a negative role in ABBV-
075 binding, with values at 2.12, 2.61, and 0.37 kcal/mol,
owing to solvent exposure (Figure S62). In summary, W81,
P82, F83, V87, D88, L92, L94, N140, and I146 were key
residues for ABBV-075 binding to BRD4-BD1.
Residues W374, P375, F376, V380, D381, L385, N433, and

V439 contributed over 1 kcal/mol to form a stable complex in
the ABBV-075/BRD4-BD2 system. N433 and D381 con-
tributed −2.40 and −1.77 kcal/mol from hydrogen bonds

formed with ABBV-075, respectively. V380 contributed to the
complex system with −2.66 kcal/mol from the side chain
(−2.30 kcal/mol). This agreed with the results of the distance
analysis between ring B of ABBV-075 and the side chain of
V380 (Figure S63). Moreover, L385 (L387) contributed a
binding energy of −2.52 kcal/mol (−0.93 kcal/mol), which
was mainly obtained from vdW interactions (−2.02 and −0.78
kcal/mol for L385 and L387, respectively) with ring C of
ABBV-075 (Figures S64 and S65). The most favorable residue
for ABBV-075 binding with BRD4-BD2 was V439 (−3.38
kcal/mol), which mainly contributed to vdW interactions
(−2.80 kcal/mol) with rings A, B, and D of ABBV-075 (Figure
S66). In particular, the clip was formed among V439, ring B,
and V380 (and among V439, ring A, and L387) based on the
angle calculation for these three regions (Figure S67).
Additionally, the 374WPF376 motif contributed binding energies
of −1.25, −1.34, and −1.04 kcal/mol for binding of ABBV-075
to the active site of BRD4-BD2. In summary, W374, P375,
F376, V380, D381, L385, N433, and V439 were key residues
for ABBV-075 binding to BRD4-BD2.
Residues P82, V87, D88, L92, L94, N140, and I146

contributed over 1 kcal/mol to the formation of a stable
complex in the ABBV-744/BRD4-BD1 system. N140 and D88
formed hydrogen bonds with ABBV-744 (−2.84 and −1.14
kcal/mol, respectively). V87 contributed −2.20 kcal/mol to
the complex system from vdW forces (−2.23 kcal/mol) and
electrostatic interactions (−0.58 kcal/mol), which agrees with
the results of distance analysis between ring B of ABBV-744
and the V87 side chain (Figure S68). Moreover, L92 and L94
interacted with rings C and A of ABBV-744 and contributed
−2.45 and −1.21 kcal/mol, respectively, from vdW inter-
actions (Figure S69). L94 was identified as another hydro-
phobic residue that formed a hydrophobic interaction with ring
A of ABBV-744 (Figure S70). The most favorable residue for
ABBV-744/BRD4-BD1 was I146 with −3.73 kcal/mol energy
contribution from the interaction with rings A, B, and D of
ABBV-744, which was mainly contributed from vdW
interactions with −3.41 kcal/mol (Figure S71). In particular,
clips (I146, ring B, and V87 and I146, ring A, and L94) were
formed to stabilize the conformation of ABBV-744 in the
active site (Figure S72). Additionally, the 81WPF83 motif
played a key role in ABBV-744 binding with BRD4-BD1
(binding energies of −0.85, −1.35, and −0.99 kcal/mol,
respectively). In summary, P82, V87, D88, L92, L94, N140,

Figure 4. Decomposition energy for inhibitor binding with bromodomain-containing protein 4 (BRD4)-bromodomain 1 (BD1) and BRD4-BD2.
(A) Partial residues that contributed energy for ABBV-075 and ABBV-744 binding with BRD4-BD1. (B) Partial residues that contributed energy
for ABBV-075 and ABBV-744 binding with BRD4-BD2.
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and I146 were key residues for ABBV-744 binding to BRD4-
BD1.
Residues W374, P375, F376, V380, D381, L385, N433, and

V439 contributed over 1 kcal/mol to form a stable complex in
the ABBV-744/BRD4-BD2 system. N433 was the most
favorable residue (−3.52 kcal/mol) owing to two hydrogen
bonds formed with ABBV-744. Moreover, D381 contributed
−1.37 kcal/mol from a hydrogen bond. V380 formed vdW
(−2.29 kcal/mol) and electrostatic (−0.75 kcal/mol) inter-
actions with ABBV-075 and contributed −2.44 kcal/mol to the
complex system (Figure S73). In turn, L385 and L387
interacted with rings C and A of ABBV-744 via vdW
interactions and contributed −2.39 and −1.33 kcal/mol
binding energy, respectively (Figure S74). L387 was identified
as another hydrophobic residue that formed hydrophobic
interactions with ring A of ABBV-744 and contributed −1.61
kcal/mol (Figure S75). V439 interacted with rings A, B, and D
of ABBV-744, contributing −3.18 kcal/mol mostly derived
from vdW interactions (−2.73 kcal/mol) (Figure S76). In
particular, V439 formed a clip with rings B and V380 (and
rings A and L387) to retain the conformation of ABBV-744
(Figure S77). Additionally, the 374WPF376 motif contributed
energies of −1.24, −1.13, and −0.94 kcal/mol to ABBV-744
binding to the active site of BRD4-BD2. In summary, W374,
P375, F376, V380, D381, L385, N433, and V439 were key
residues for ABBV-744 binding to BRD4-BD2.
2.5. Binding Mechanism. 2.5.1. Binding Model for

ABBV-075. A binding model and key interactions for ABBV-
075 binding to BRD4-BD1 were obtained based on MD
simulations and binding free energy calculations (Figure 5).
The pyrrolopyridone core of ABBV-075 (which was defined as
R1) formed a bidentate interaction with N140 or N433. The
carbonyl moiety of the pyridone core of ABBV-075 formed a
hydrogen bond with the conserved N140 or N433 of BRD4. A
contact between N140 or N433 amide carbonyl and the
carbonyl moiety of the pyridine core of ABBV-075 was found
with lengths of 2.93 ± 0.14 and 2.92 ± 0.14 Å, respectively.
The amide group of the pyrrole ring also formed a hydrogen
bond with the carbonyl group of N140 or N433. These
bidentate hydrogen bonds stabilized the conformation of
ABBV-075 and improved its biochemical activity compared to
that derived from the N-methyl pyridine, 3-methyl NH-
pyridone, and 3-amino-1-methylpyridone groups (Figure

S78).54 Additionally, the pyrrole (ring A) and pyridone rings
(ring B) formed hydrophobic interactions with the side chains
of V87, L94, and I146 in BRD4-BD1. Rings A and B also
formed hydrophobic interactions with V380, L387, and V439
in BRD4-BD2.
The phenyl ring (ring C) of ABBV-075, which was named

R2, formed vdW interactions with the side residues L94 or
L385. The potency decreased when the nitrogen atom was
replaced in the phenyl ring (Figure S79); for example, the
pyridine ring with 4.1 ± 0.3 nM (binding affinity Ki) and
phenyl ring with 2.4 ± 1.1 nM for BRD4 (BD1 + BD2).54 The
ethanesulfonamide group of ABBV-075 (named R3) reached
the pocket via the ZA-loop and was adjacent to the helix of the
ZA-loop. Nucleophilic substitution on the central phenyl ring
improved the potency compared to that of the unsubstituted
phenyl ring because of the hydrogen bond between one of the
sulfonamide oxygen atoms and the amide group of D88 or
D381. The R3 region maintained the critical position of phenyl
ether in the WPF pocket. The ethanesulfonamide chain of
ABBV-075 had a similar interaction and potency as pyridone
and 2-methylpyrrole-3-carboxamide analogues targeting the
BET bromodomain.127,128 Thus, other groups that incorporate
a hydrogen-bond-accepting group can be employed to replace
R3, such as amides, sulfones, sulfonamides, and reversed
sulfonamides (Figure S80). The phenyl ether region of ABBV-
075, which is denoted as R4, interacted with the side residues
I146 or V439 mainly through hydrophobic interactions. The
binding affinity could be increased by modification with
phenyl, pyridyl, pyrimidine, cyclohexyl, or cyclohexane groups.
However, replacement using the benzyl 1-methyl-piperidin-4-
py aliphatic chain in this region reduced binding affinity.54 This
region is also used to increase the metabolic stability of
pyrrolopyridone-based BET inhibitors.54 A similar trend in
binding affinity was observed for substitutions into the R4
region for N-methylpyridone and 2-methylpyrrole-3-carbox-
amide BET inhibitors.127,128

ABBV-075 tightly bound to BRD4-BD1 and BRD4-BD2
with Kd = 1.16 and 0.88 nM (isothermal titration calorimetry,
ITC), Kd = 14 and 3 nM (surface plasmon resonance, SPR),
IC50 = 11 and 3 nM (time-resolved fluorescence resonance
energy transfer, TF-FRET), and IC50 = 34 and 13 nM
(NanoBRET), respectively.18,54 The inhibition activity was
also tested using the HTRF assay with IC50 = 0.55 and 0.22

Figure 5. Interaction model of ABBV-075 and ABBV-744 binding with BRD4 obtained from the MD simulations. The key residues involved in
hydrogen bonding and hydrophobic interactions are highlighted.
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nM for BRD4-BD1 and BRD4-BD2, respectively. Moreover,
average binding energy values of ΔGbind

cal = −8.49 and −12.01
kcal/mol were found among three replicate simulations for
ABBV-075 binding with BRD4-BD1 and BRD4-BD2,
respectively. These results indicate that ABBV-075 is tightly
bound to BRD4-BD1 and BRD4-BD2 with only somewhat
preferential binding affinity for BRD4-BD2. In addition, the
difference in energy between BRD4-BD1 and BRD4-BD2 for
the same site residues was below 0.3 kcal/mol (excluding I146
with 0.64 kcal/mol). Thus, W81 (W374), P82 (P375), F83
(F376), V87 (V380), D88 (D381), L92 (L385), L94 (L387),
Y139 (Y432), N140 (N433), and I146 (V439) play similar
roles in the binding of ABBV-075 to BRD4-BD1 or BRD4-
BD2.
2.5.2. Binding Model for ABBV-744. The binding model

and key interactions for ABBV-744 binding to BRD4-BD1 and
BRD4-BD2 were obtained (Figure 5). The pyrrolopyridone
core of ABBV-744 played the same role as that of ABBV-075 in
the bidentate hydrogen binding to N140 or N433 (defined as
R1). Additionally, the pyrrole ring (ring A) and pyridone ring
(ring B) of ABBV-744 formed hydrophobic interactions with
the side chains of V87, L94, and I146 in BRD4-BD1, or with
V380, L387, and V439 in BRD4-BD2. The phenyl ring (ring
C) of ABBV-744 also formed vdW interactions with residues
L94 or L385 (named R2). Rings A, B, and C of ABBV-744
were similar to those of ABBV-075 with regard to binding to
the active sites of BRD4-BD1 and BRD4-BD2. However, the
contribution energy differed; the energy differences between
ABBV-075 and ABBV-744 were −0.41 and −1.12 kcal/mol for
N140 and N433, respectively. The energy differences between
ABBV-075 and ABBV-744 were 0.46, 0.22, −0.52, −0.44,
−0.27, −0.68, 0.29, and 0.21 kcal/mol for V87, V380, L92,
L385, L94, L387, I146, and V439, respectively. Overall, these
residues play an important role in the binding of ABBV-075 or
ABBV-744 to BRD4-BD1 or BRD4-BD2.
The methyl carbinol moiety of ABBV-744 was positioned in

the cleft adjacent to the ZA-loop, similar to the sulfone of
ABBV-075 (named R3). The oxygen atom of the carbinol
group as an acceptor atom formed a hydrogen bond with the
amino nitrogen atom of D381, and the occupancies in

simulation time were 78.01, 78.14, and 77.04% for the three
replicate simulations. This hydrogen bond was less stable than
that of N433. The dimethyl carbinol moiety (Ki = 1.6 nM)
showed a similar binding affinity for BRD4-BD2 as the
ethanesulfonamide (Ki = 1.1 nM) and ethyl sulfone (Ki = 1.3
nM) groups. However, these groups showed different binding
affinities for BRD4-BD1, such as dimethyl carbinol, ethane-
sulfonamide, and ethyl sulfone groups with Ki = 520, 49, and
79 nM, respectively (Figure S81).69 Thus, the R4 region is
important for selective targeting of BRD4-BD2. Moreover, the
R4 region was employed to improve pharmacokinetic proper-
ties.69 The 4-fluoro-2,6-dimethylphenoxy group of ABBV-744
showed a similar role to that of the 2,4-difluorophenoxy group
of ABBV-075, which bound to I146 or V439 of BRD4. This
region can be used to reduce the binding affinity of BRD4-BD1
and retain its binding affinity for BRD4-BD2 (Figure S82).69

This means that the flexibility of the ether linkage needs to be
maintained to improve the selectivity of BRD4-BD2 targeting.
The N-ethylformamide group of ABBV-744 was defined as

R5, which was absent in ABBV-075. The nitrogen atom of the
amide group formed hydrogen bonds with N140 or N433,
which contributed −2.84 and −3.52 kcal/mol to ABBV-744/
BRD4, respectively. The binding affinity without the N-
ethylformamide group (IC50 = 1.3 nM) was similar to that with
the N-ethylformamide group (IC50 = 1.2 nM) for BRD4-BD2.
However, the binding affinity for BRD4-BD1 decreased from
IC50 = 1.8 nM without the N-ethylformamide group to IC50 =
22 nM with the N-ethylformamide group, as shown in Figure
S83. Additionally, this region can be used to design dual
inhibitors such as those targeting histone deacetylases and
BRD4.129 Thus, the tridentate hydrogen bonds between
ABBV-744 (R1 and R5) are important for the binding affinity,
especially at the R5 site.
ABBV-744 tightly bound to BRD4-BD2 with Kd = 2 nM

(SPR), IC50 = 4 nM (TR-FRET), and IC50 = 28 nM
(NanoBRET).18 Conversely, ABBV-744 shows weak binding
with BRD4-BD1 (Kd = 3300 nM with SPR, IC50 = 2006 nM
with TR-FRET, and IC50 = 21,000 nM with NanoBRET).18

The inhibition activity of ABBV-744 was also tested using the
HTRF assay for BRD4-BD1 and BRD4-BD2 with IC50 =

Figure 6. BD2 selectivity mechanism for pyrrolopyridone analogues. (A) Key residues for BD2 selectivity of pyrrolopyridone analogues. (B) Key
residues contributing to ABBV-744 binding between BRD4-BD1 and BRD4-BD2.
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210.30 and 0.26 nM, respectively. Furthermore, the binding
free energies for ABBV-744 with BRD4-BD1 and BRD4-BD2
were −16.75 and −22.56 kcal/mol, respectively. These results
indicate that ABBV-744 is bound tightly to BRD4-BD2 with
greater affinity than to BRD4-BD1. Three pairs of residues had
energy differences greater than 0.3 kcal/mol between BRD4-
BD1 and BRD4-BD2, such as I146 (V439), N140 (N433), and
W81 (W374). Thus, W81 (W374), P82 (P375), V87 (V380),
D88 (D381), L94 (L387), Y139 (Y432), N140 (N433), and
I146 (V439) play different roles for ABBV-744 binding with
BRD4-BD1 or BRD4-BD2.
2.5.3. Selective-BD2 Mechanism. Some residues close to

the active site of the bromodomain were different between
BRD4-BD1 and BRD4-BD2, including D144/H437 and I146/
V439, as determined from the protein sequences of the binding
sites of BRD4-BD1 and BRD4-BD2. I146 contributed −4.02
and −3.73 kcal/mol for ABBV-075 and ABBV-744 binding
with BRD4-BD1, respectively (Figure 6). I146 had a greater
affinity for ABBV-075 than for ABBV-744, with a 0.29 kcal/
mol energy difference. Moreover, the energy difference
between ABBV-075 and ABBV-744 for V439 was 0.21 kcal/
mol, which is similar to that of I146. Thus, the energy
contribution of I146/V439 to ABBV-075 and ABBV-744 was
relatively small. Alternatively, the energy difference between
BRD4-BD1 (I146) and BRD4-BD2 (V439) was 0.64 and 0.55
kcal/mol for ABBV-075 and ABBV-744, respectively. This
indicated that I146 and V439 mainly contributed to the
difference between BD1 and BD2. The side chain of I146
(isobutyl group) was longer than that of V439 (isopropyl
group) in the complex structures. Both I146 and V439
interacted with the pyrrolopyridone core via vdW interactions
(Figure S84). Thus, different residues (I146/V439) contribute
to selective binding between BRD4-BD1 and BRD4-BD2.
D144 and H437 residues were found to be non-essential for

ABBV-075 and ABBV-744 binding to BRD4. This indicated
that D144 and H437 cannot contribute to the selectivity
between BD1 and BD2 for ABBV-075 and ABBV-744. The
energy contribution of D144 was positive with 0.30 and 0.39
kcal/mol for ABBV-075 and ABBV-744, respectively. More-
over, D144 was far from R5 of ABBV-744, which was absent in
ABBV-075 (Figure S85). The imidazole ring of H437 was
close to that of the N-ethylformamide group of ABBV-744.
However, the interaction between the imidazole ring of H437
and the N-ethylformamide group was weakened (−0.30 and
−0.57 kcal/mol for ABBV-075 and ABBV-744, respectively)
owing to the N-ethylformamide group forming a hydrogen
bond with N433. Therefore, the BC-loop (including D144 and
H437) can be used to improve the selectivity between BD1
and BD2.
Additionally, D144/H437 contributed to the BD2 selectivity

for ABBV-744 as shown by the crystal structure for ABBV-
744/BRD2-BD1 (PDB ID: 6ONY18) and ABBV-744/BRD2-
BD2 (PDB ID: 6E6J18). The imidazole of H437 interacts with
ring D as shown by the edge−to−face interaction with a
distance (defined as the distance between the center of the
imidazole ring of H437 and that of ring D of the inhibitors) of
5.27 and 4.88 Å for ABBV-744 and compound 18, respectively
(Figure S86). The energy for this edge−to−face interaction
was calculated and is shown in Figure S87. The lowest energy
was −2.85 kcal/mol with 4.58 Å, which was similar to that of
compound 18 binding with BRD4-BD2 (4.88 Å) and lower
than that of ABBV-744 binding with BRD2-BD2 (5.27 Å).
Moreover, the distances were also calculated for ABBV-744

and ABBV-075 binding with BRD4-BD2 in the simulations
(Figure S88). The distances were 6.12 ± 0.53, 5.93 ± 0.53, and
5.92 ± 0.61 Å for replicate 1, 2, and 3 simulations of ABBV-
075/BRD4-BD2, respectively. Additionally, the distances of
ABBV-744/BRD4-BD2 were 5.93 ± 0.49, 5.30 ± 0.42, and
5.36 ± 0.52 Å, respectively. We speculate that the weaker
edge−to−face interaction obtained in the simulation than that
in the crystal structures resulted from the solvent environment.
However, the edge−to−face interaction plays an important
role in ligand binding with proteins.130−133 Furthermore, the
dimethyl phenyl and ethyl amide groups have been applied to
increase the selectivity between BRD4-BD1 and BRD4-
BD2.134−136 Thus, this edge−to−face interaction warrants
further investigation in future studies.
In addition, the same site residues contributed energy

differences between BD1 and BD2, such as W81/W374 with a
−0.30 kcal/mol energy difference for ABBV-074 binding with
BRD4. The WPF motif is conserved among BRD2, BRD3,
BRD4, and BRDT. However, W374 (−1.25 and −1.24 kcal/
mol for ABBV-075 and ABBV-744, respectively) contributed
more energy to inhibitor binding than did W81 (−0.96 and
−0.85 kcal/mol for ABBV-075 and ABBV-744, respectively).
In addition, L94/L387 contributed an energy difference of 0.22
kcal/mol between BD1 and BD2 for ABBV-075/BRD4. In
contrast, P82/P375, V87/V380, D88/D381, Y139/Y432, and
N140/N433 had over 0.20 kcal/mol of energy difference
between BD1 and BD2 for ABBV-744/BRD4 systems. Thus,
the conformation needs to be considered to improve selectivity
and change the contribution of the same residue sites.
Overall, the selectivity between BRD4-BD1 and BRD4-BD2

was mainly dependent on I146/V439, N140/N433, D144/
H437, P82/P375, V87/V380, D88/D381, and Y139/Y432.
Regions R3 and R5 of ABBV-075 or ABBV-744 can be
employed to improve selectivity between BRD4-BD1 and
BRD4-BD2.

3. CONCLUSIONS
BET proteins regulate the expression of several genes and
pathways associated with acute myeloid leukemia, acute
lymphoblastic leukemia, multiple myeloma, and non-Hodg-
kin’s lymphoma. BD-selective inhibitors have greater effects
than pan-BD inhibitors. However, incomplete atomic-level
information regarding the pyrrolopyridone core compound/
BRD4 interactions has restricted our understanding of the
selectivity mechanism for pyrrolopyridone core BET inhibitors.
Thus, systematic studies on the pan-BD2 mechanism of
pyrrolopyridone analogues using MD simulations and binding
free energies are warranted. According to our results, I146 and
V439 mainly contributed to the difference between BD1 and
BD2 regarding the pyrrolopyridone analogues, whereas
additional research using high-precision methods, such as
hybrid quantum mechanics/molecular mechanics (QM/MM)
simulations, are required to evaluate the roles of D144 and
H437. Additionally, the same site residues in BD1 and BD2
contributed to the selectivity mechanism, such as N140/N433,
P82/P375, V87/V380, D88/D381, and Y139/Y432. N140/
N433 formed hydrogen bonds with the pyrrolopyridone core
via the same interactions at different energies. We suggest that
the R3 and R5 regions of pyrrolopyridone analogues (such as
ABBV-075 and ABBV-744) can be employed to improve the
selectivity between BRD4-BD1 and BRD4-BD2 based on the
different binding models for pyrrolopyridone analogues. The
selectivity mechanism of the pyrrolopyridone analogues
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targeting BRD4 was determined based on MD simulations.
Nevertheless, the results of our study could be improved by
considering water molecules and calculating the edge−to−face
interaction between the imidazole ring of H437 and ring D of
pyrrolopyridone analogues. In future, other computational
tools and experimental methods can be used to design novel
pan-BD2 inhibitors and further refine the selectivity mecha-
nism. Furthermore, pan-BD2 inhibitors based on pyrrolopyr-
idone analogues will be designed using molecular docking, MD
simulations, binding free energy calculations, kinase, and
cellular profiling.

4. METHODS
4.1. Construction Complex Modeling. The ABBV-075/

BRD4-BD1 structure was downloaded from the Protein
Database Bank (PDB ID:5UVW79), and the ABBV-075/
BRD4-BD2 complex was obtained by aligning ABBV-075/
BRD4-BD1 to pyrrolopyridone compound 18 bound to BRD4-
BD2 (PDB ID:6VIX69). The method used for constructing the
complex system is shown in Figure S89. There are no crystal
structures of ABBV-744 binding to human BRD4-BD1 or
BRD4-BD2. The crystal complex structures have been
published for ABBV-744 binding to BRD2-BD1 and BRD2-
BD2 (PDB ID:6ONY18 and 6E6J,18 respectively). Thus, the
ABBV-744/BRD2-BD1 (ABBV-744/BRD2-BD2) was aligned
to structures of BRD4-BD1 with 6VIW69 (BRD4-BD2 with
6VIX69) to construct the ABBV-744/BRD4-BD1 (ABBV-744/
BRD4-BD2) complex. Detailed information on these can be
found in the Supporting Information.
4.2. MD Simulations. MD simulations were performed on

the four complex systems. The force field parameters for
ABBV-075 and ABBV-744 were generated using the restrained
electrostatic potential protocol137 and the general amber force
field (GAFF, version 2)138 with the Antechamber module in
AMBERTools21.139 Moreover, the AMBER ff19SB force
field140 was used to define the topological parameters of
BRD4-BD1 and BRD4-BD2. Sodium chloride ions were
employed to neutralize the inhibitor/BRD4 systems and
optimal point-charge water141 was used to solvate the
inhibitor/BET within a 15 Å cuboid box (Table S22). The
complex system was minimized in two steps. The Langevin
dynamics method was employed to increase the overall system
temperature from 0 to 300 K in 200 ps. Next, the isotropic
position scaling method was applied to maintain system
pressure at 1 bar for 200 ps. Subsequently, the NPT
(isothermal-isobaric) ensemble at 200 ps was used to
equilibrate the inhibitor/BRD4 system at 300 K and 1 bar.
Then, the entire complex system underwent 1000 ns of MD
simulations to collect final analysis data. The apo-BRD4-BD1
and apo-BRD4-BD2 systems (without the inhibitors ABBV-
075 or ABBV-744) were also subjected to 1000 ns simulations
for comparison with the binding systems. Three replicates were
used for each system. In total, there were 1000 ns/system/
replicate × 8 system × 3 replicates = 24 μs. All simulations
were performed using AMBER20.139 The CPPTRAJ mod-
ule142,143 was employed to analyze the data from the MD
trajectories. Detailed information for the MD simulations is
shown in Supporting Information.
4.3. Binding Free Energy. The MM/GBSA ap-

proach144,145 was used to calculate the binding free energies
of ABBV-075 and ABBV-744 binding with BRD4-BD1 or
BRD4-BD2. The MM/GBSA method is usually used to
quantify the binding affinities between small molecules and

their target.146−152 The MM/GBSA framework has been
described in detail in previous studies.153−155 In the present
study, the MM/GBSA approach was applied to calculate the
energy terms over 1000 frames from the last 100 ns of the MD
simulation for the inhibitor/BRD4 complex systems. Addi-
tionally, the entropy was calculated via the statistical average
with 100 frames in the last 100 ns MS simulation. To
determine the contribution of each residue, the binding energy
between BRD4 and ABBV-075 (or ABBV-744) was decom-
posed using MM/GBSA binding energy decomposition
without considering entropies.156 The energy was then
calculated using the MMPBA.py program in AMBER-
Tools21.139 More information regarding the binding free
energy calculations is provided in the Supporting Information.
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