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Abstract

The Bromodomain and Extra-Terminal domain family (BET) family of proteins are involved in the 

regulation of gene transcription, and their dysregulation is implicated in several diseases including 

cancer. BET proteins contain two tandem bromodomains (BD1 and BD2) that independently 

recognize acetylated-lysine residues and appear to have distinct biological roles. We compared 

several published co-crystal structures and found five positions near the substrate binding pocket 

that vary between BET bromodomains. One position located in the ZA loop has unique properties. 

In BRD2-4, this residue is glutamine in BD1 and lysine in BD2; in BRDT, this residue is arginine 

in BD1 and asparagine in BD2. Using molecular modeling, we identified differences in the water-

mediated network at this position between bromodomains. Molecular dynamics simulations 

helped rationalize the observed bromodomain selectivity for exemplar BET inhibitors and a 

congeneric series of tetrahydroquinolines (THQ) that differed by a single heteroatom near the ZA 

channel. The 2-furan SJ830599, the most BD2-selective THQ analog, did not disrupt the water-

mediated networks in either domain, but was electrostatically-repulsed by the specific arrangement 

of the W5 water dipole in BD1. Our work underscores the value of exploring water-mediated 

interactions to study ligand binding, and highlights the difficulty of optimizing polar interactions 

due to high desolvation penalties. Finally, we suggest further modifications to THQ-based BET 

inhibitors that would increase BD2-selectivity in BRD2-4, while minimizing affinity for one or 

both bromodomains of BRDT.

1. Introduction

Covalent post-translational modification (PTMs) of histone proteins via methylation, de-

methylation, and acetylation affects a number of cellular processes including gene 

expression, DNA damage response, cell-cycle control, and differentiation1,2. In particular, 

lysine acetylation has been detected in over 1750 proteins, many of which are components of 

large macromolecular complexes that drive chromatin remodeling or maintenance3. Histone 

lysine acetylation is often a hallmark of transcriptionally active genes4,5, and deregulation of 

histone acetylation patterns can drive the aberrant expression of oncogenes. Bromodomains 

*Corresponding author anang.shelat@stjude.org. 

HHS Public Access
Author manuscript
J Mol Graph Model. Author manuscript; available in PMC 2019 May 17.

Published in final edited form as:
J Mol Graph Model. 2018 May ; 81: 197–210. doi:10.1016/j.jmgm.2018.03.005.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are evolutionary conserved protein interaction modules that exclusively recognize 

acetylation motifs6. A total of 61 bromodomains have been identified in the human genome, 

and these can be classified into eight families based on similarities in sequence and three-

dimensional structure.

Members of the Bromodomain and Extra-Terminal domain family (BET) family of proteins 

(BRD2, BRD3, BRD4, and BRDT) contain two tandem bromodomains (the N-terminal, 

BD1, and C-terminal, BD2) that independently recognize acetylated-lysine (KAc) residues 

in nucleosomal histone tails, facilitating the recruitment of transcriptional machinery. 

Because BETs are involved in the regulation of many genes, the therapeutic potential of 

BET inhibitors (BETi) is likely to span a wide range of therapeutic indications7-10. While 

three members of this family (BRD2, BRD3, and BRD4) are universally expressed, the 

fourth member, BRDT/BRD6, is expressed only in male germ cells and appears to be critical 

for spermatogenesis11. Disruption of BRDT may offer therapeutic benefit as a male 

contraceptive; however, this reproductive effect may be unwanted or deleterious in certain 

patient populations such as developing children.

Baud et al used a ‘bump-and-whole’ chemical genetic approach to show that inhibition of 

BRD4-BD1, but not BD2, was sufficient to dislodge BRD4 protein from chromatin12. Other 

work has shown that knockout of BRDT-BD1 alone was sufficient to impair male germ cell 

differentiation13. Isothermal titration calorimetry studies of BRD4-BD1 and BRD4-BD2 

bound to various acetylated lysine sequences revealed distinct substrate specificities: BD1 

preferred histone H3 sequences, whereas BD2 had higher affinity for histone H4 sequences 

and acetylated lysine peptides derived from cyclin T1, a member of the P-TEFb complex 

that stimulates transcriptional elongation by RNA polymerase II14. Indeed, comparative 

analysis of the two bromodomains of BRD4 indicate that, although both share similar 

acetylated lysine binding pockets, the presence of more basic and less acidic residues in the 

ZA loop of BD1 leads to differences in the electrostatic surface potentials between 

bromodomains that could contribute to selective recognition of acetylated lysine motifs 

based on their extended sequence composition14. Furthermore, higher order structure may 

also contribute to the differential binding of acetylated lysine peptides. BRD2-BD1, for 

example, has been shown to dimerize in a manner that creates a binding pocket for lysine at 

the dimer interface which increases selectivity for histone H4 tails that are acetylated at 

lysine 12 and hypo-acetylated at lysine 815. In summary, BD1 and BD2 bromodomains 

appear to have distinct biological roles, and this supports the rationale to pursue BET 

bromodomain-selective inhibitors.

Most BETi reported thus far show excellent selectivity vs. other bromodomain families, but 

are either pan-BET active with little selectivity between BD1 and BD2, such as (+)-JQ116 

(1) (Figure 1A), or their BD selectivity has not yet been reported. Notable exceptions 

include RVX-208 (2), a quinazolinone based BET inhibitor, reported to show 15–80-fold 

selectivity for BD2 over BD117; GSK1324726A (3), a tetrahydroquinoline (THQ) reported 

to show 5-8 fold selectivity for BD28; olinone, a tetrahydro-pyrido-indol reported to show 

moderate affinity for the BD1 domains of BRD2, 3 and 4, (Kd ~3.4 μM activity on BD1 

according to ITC while exhibiting no binding to BD2)18; and MS436, a diazobenzene 
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derivative, reported to potently inhibit BRD4-BD1 (Ki=30-50 nM) over BRD4-BD2 (Ki = 

340 nM)19.

The three-dimensional structures of BET bromodomains share a conserved left-handed 

helix-bundle containing four α helices, termed αZ, αA, αB, and αC6,20,21. The first two 

alpha helices, αZ and αA, are connected by a long ZA loop and the latter two, αB and αC, 

are connected by a short BC loop. The ZA and BC loops flank the KAc recognition site and 

are the most variable regions between BET bromodomains, consistent with their role in 

discriminating KAc in the context of different substrate peptide sequences. A portion of the 

ZA loop forms a valley called the ‘ZA channel’, whereas elsewhere, residues from both the 

ZA and BC loops form a hydrophobic pocket called the tryptophan-proline-phenylalanine 

(WPF) shelf22 (Figures 1B-C). The KAc-binding pocket, ZA and BC loops, and WPF shelf 

make significant contributions to the affinity and selectivity of BETi. In co-crystal structures 

of BRD2-BD2 and BRD4-BD1 bound to 2, H433 on the BC loop of BRD2-BD2 makes 

favorable ligand interactions, whereas its counterpart in BRD4-BD1, D144, is detrimental to 

binding17. Compound 3 makes strong hydrophobic interactions with histidine and 

tryptophan to achieve BD2 selectivity8. In contrast, BD1-selective olinone makes favorable 

polar interactions with D144 and sterically clashes with H437 of BRD4-BD218. MS436 

appears to take advantage of interactions with the ZA channel and BC loop to achieve BD1-

selectivity19. Together, these findings indicate that subtle sequence variations in the BC and 

ZA loops can be exploited to achieve BD1- or BD2-selective BETi.

In this study, we analyzed the variable binding pocket residues of BET proteins by 

comparing several available co-crystal structures, and identified one putative hotspot residue 

(V4) in the ZA loop with unique properties. In BRD2-4, this residue is glutamine in BD1 

and lysine in BD2; in BRDT, this residue is arginine in BD1 and asparagine in BD2. The 

physiochemical difference in residues at this position suggests the potential to design both 

bromodomain- and BET- selective inhibitors. For example, glutamine presents both a 

hydrogen bond acceptor and donor, whereas lysine presents only hydrogen bond donors and 

is positively charged. In BRDT, these differences are reversed in BD1 and BD2, though 

arginine and asparagine are less flexible and may be unable to form the same type of 

interactions. We used molecular dynamics (MD) simulations with several reported 

chemotypes bound to both bromodomains to interrogate the behavior of this region. Our 

simulations identified a water-mediated interaction network between protein and ligand 

molecules. We then applied this analysis to a series of congeneric THQ analogs that varied 

at the ZA channel to rationalize their observed bromodomain selectivity. Our work indicates 

that the V4 position can be exploited for bromodomain selectivity through water-mediated 

interactions, and suggests further modifications to increase BD2-selectivity while 

minimizing affinity for one or both bromodomains of BRDT.

2. Results

2.1 Comparative analysis of BD1 and BD2 BET bromodomains

We compared structures from 81 BD1 and 15 BD2 BET bromodomains (Table 1). While a 

high percentage of sequence identity (65 to 90%) was found across BET-BD1s, and across 

BET-BD2s, only 35 to 45% sequence identity was observed between BD1 and BD2 
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domains. However, the substrate binding pockets exhibited 100% sequence conservation in 

all eight BET-BDs (highlighted in Figure 1B). The carbonyl of the acetyl group on KAc (or 

the corresponding moiety on BETi) interacted directly with a conserved asparagine (N156) 

and tyrosine (Y113) residue through direct and water-mediated interactions14. Four highly 

conserved water molecules formed the base of the binding pocket, and were vital for proper 

active site architecture. Most BETi made hydrophobic interactions with the WPF shelf 

(W97, P98, and F99) and two leucine residues, L108 and L110 (residue numbering as 

defined in BRD2-BD1) (Figure 1C).

Structural alignment followed by inspection of residues immediately adjacent to the 

substrate binding pocket identified five variable positions between BD1 and BD2: two were 

present on the BC-loop and three were located in the ZA-loop region (Figure 1D, ‘V1-V5’). 

A gatekeeper-like residue at the end of BC loop was conserved as isoleucine in all BD1 and 

valine in all BD2 (V1). Most of the BETi co-crystal structures in our study showed similar 

interaction patterns with this region, although we speculate that the one carbon difference 

between isoleucine and valine could be exploited better by introducing subtle steric clashes. 

The second variant in the BC loop was an aspartate residue in BD1 and a histidine in BD2 

(V2). As noted earlier, this region has been successfully exploited by several BETi to 

achieve bromodomain selectivity. On the ZA loop, a lysine residue in BD1 was replaced by 

alanine in BD2 (V3). The diazobenzene-based BETi appear to take advantage of this 

position to achieve BD1 selectivity19. Position V5 was unique in that it does not vary 

between bromodomains in BRD3, and was different in BRD2 vs. BRD4/BRDT. This might 

be an interesting region to explore for selectivity between BET proteins; however, it is the 

farthest away from the peptide substrate binding pocket and may be difficult to exploit 

without substantially increasing inhibitor size. Interestingly, position V4 in the ZA channel 

had a glutamine in BRD2-4 BD1, a lysine in BRD2-4 BD2, an arginine in BRDT-BD1, and 

an asparagine in BRDT-BD2. In BRD2-4 BD1, the glutamine side chain adopted either an 

‘in’ or ‘out’ conformation (Figure 2A). In all BRD2-4 BD2s examined, the lysine side chain 

was in a solvent-exposed, ‘out’ conformation (Figure 2B). In the two BRDT-BD1 structures 

examined, the arginine adopted a solvent-exposed ‘out’ conformation; in the one BRDT-

BD2 in our study, the asparagine also adopted an ‘out’ conformation (Figures 2C-D).

We aligned available crystal structures of both bromodomains to identify differences in 

water-mediated protein-ligand interactions near the BET substrate pocket and ZA channel 

(Figures 2E-F). As expected, four water molecules (W1 to W4) were conserved in all 

structures and formed well-defined hydrogen bond networks in BD1 and BD2. For example, 

W4 bridged the main chain carbonyl of Q101 (BD1)/K374 (BD2) and the main chain 

carbonyl of P98 (BD1)/P371 (BD2) in all structures. However, our analysis identified two 

more water clusters – W5 and W6. W5 was present in structures of both bromodomains and 

formed a hydrogen bond with the backbone carbonyl of P102 (BD1) or P375 (BD2). When 

Q101 adopts the ‘in’ conformation, the amide side chain acts as a hydrogen bond donor to 

W5 and the backbone carbonyl of W97. In BD2s, the corresponding residue, K374, adopted 

a solvent exposed ‘out’ conformation. Here, W5 usually picked up additional hydrogen 

bonds with neighboring water molecules. W6 was found primarily in BD2 structures and 

appeared to occupy the void created near W370 when the side chain of K374 adopts the 

‘out’ conformation. W6 hydrogen bonded to the backbone amide of K374, and interestingly, 
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appeared to mimic the role of the ‘in’ orientation of the Q101 side chain by forming a 

hydrogen bond with the backbone carbonyl of W370.

In BRDT, the residue type is switched at V4: BD1 has a positively-charged arginine and 

BD2 has a neutral amide. Moreover, asparagine is shorter than glutamine by one atom and is 

not long enough to hydrogen bond with W97 in the ‘in’ orientation. Thus, variation in the 

physicochemical characteristics of the residues and the water-mediated interactions present 

at V4 suggests the potential to design inhibitors that selectively target BD1 or BD2 in 

BRD2-4, while potentially reducing affinity to one or both BRDT bromodomains.

2.2 ZA channel interaction patterns of three exemplar BETi

To study how existing BETi interact with the ZA channel, we performed ligand interaction 

analysis (LIA) using 20ns MD simulations with three exemplar BETi: 1, 2 and the dual 

PLK/BETi BI-2536 (4)23-25. In addition to quantifying the propensity to form direct protein-

ligand interactions such as hydrogen bonds, ionic bridges, hydrophobic contacts, pi-pi, and 

pi-cation effects, LIA also quantifies the extent of water bridges – hydrogen-bonded protein-

ligand interactions mediated by a water molecule.

The majority of interactions for 1 were observed near the KAc binding pocket and the BC 

loop region for both bromodomains (Figures 3A-B). Conserved W1 made a water-mediated 

interaction between Y113 (BD1)/Y386 (BD2) and one of the nitrogen atoms on the ligand 

triazole. N156 (BD1)/N429 (BD2) directly interacted with the adjacent triazole nitrogen 

atom, and was observed to form water-mediate interactions with the ester group of 1. In 

addition to hydrophobic contacts, L108/L381 formed water-mediated interactions with the 

ligand ester carbonyl, though at low occupancy. At BD1 V2, the D160 side chain formed a 

water-mediated hydrogen bond with the ester carbonyl. In BD2, the corresponding residue, 

H433, formed a similar water-mediated interaction at lower occupancy and a direct 

hydrogen bond to the epsilon nitrogen of H433. Interestingly, several BRD2-BD2 co-crystal 

structures with 1 and analogs (PDB IDs: 4QEW and 4QEV) revealed that the ester carbonyl 

orientation was crucial for directing the face of H433 towards the tryptophan from the WPF 

shelf. When abutting the WPF shelf, a hydrophobic pocket is formed between the histidine 

and tryptophan residues and this has been exploited by several reported BETi. Our 

simulations showed that, in the absence of such a directing hydrogen bond interaction, the 

side chain fluctuated between closed and open conformations. Notably, 1 made no direct or 

water-mediated interactions with the ZA channel.

Like 1, 2 also formed water-mediated interactions with conserved W1 (Figures 3C-D). 

N156/N429 acted as both a hydrogen bond donor and acceptor in a bi-dentate interaction 

with the quinazolin-4(3H)-one scaffold. The stacking interaction between the phenyl group 

of the ligand and the V2 histidine imidazole ring was specific to BD2 and could account for 

the selectivity of this compound. In both bromodomains, 2 formed water-mediated 

interactions with ZA channel residues Q101/K374 and P98/P371, albeit with low occupancy 

(interactions were at single-digit occupancy in BD2 and were suppressed from the figure for 

clarity).

Bharatham et al. Page 5

J Mol Graph Model. Author manuscript; available in PMC 2019 May 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In contrast to 1 and 2, 4 did not substantially interact with V2 in the BC loop, and instead 

made significant direct and water-mediated interactions with the ZA channel (Figures 3E-F). 

In fact, several kinase inhibitors may take advantage of water-mediated interactions in this 

region25. In BD1, the pyrimidine and amine nitrogen atoms on 4 made water-mediated 

interactions with Q101 and P102 at 49% and 41% occupancy; in BD2, the pyrimidine 

interactions with K374 and P375 were less prevalent at 17% and 15%, respectively. LIA 

reports average behavior from the MD simulation and does not distinguish between 

individual water molecules. Detailed inspection of available crystal structures of 4 bound to 

BD1 (PDB IDs: 4OGI and 4O74) indicated that in all structures, Q101 adopted an ‘in’ 

conformation, whereby the Q101 amide side chain and ligand pyrimidine nitrogen form 

hydrogen bonds with W5 (Figure S1). This orientation pulled the water away from the 

backbone carbonyl of P102. Thus, rather than stabilizing the W5 orientation described in 

Figure 2E, 4 re-oriented the water-mediated network to accommodate the hydrogen bond 

requirements of the pyrimidine nitrogen. While the extent of the water-mediated interactions 

for 4 was less in BD2, the net effect of the re-orientation of the water-mediated network in 

BD1 may be energetically neutral or even unfavorable. Indeed, BD1-selectivity for 4 was 

<2-fold as assessed by thermal shift23.

To further explore how BETi interact with Q101 in the BD1 ZA channel, we plotted the 

distance between the amine nitrogen on the Q101 side chain and the backbone carbonyl 

from W97 as a function of time in the MD simulation (Figure 3G). This metric oscillated 

between 2.9Å to 8Å in the apo, 1, and 2 simulations, consistent with a lack of significant 

interaction with the ZA channel. In contrast, the metric rarely deviated from 2.9Å when 4 
was bound, indicative of strong stabilization of the Q101 ‘in’ conformation. However, as 

noted in the analysis above, stabilization of the ‘in’ conformation does not necessarily imply 

favorable energetic interaction with W5, and consequently, may not result in BD1-

selectivity.

2.3 THQs induce distinct water-mediated networks in the ZA channel of BD1 and BD2

Given our observations on the potential to achieve bromodomain selectivity through water-

mediated interactions in the ZA channel, we sought to identify a chemically-tractable 

scaffold to rationally design inhibitors that could be selective for either bromodomain. The 

tetrahydroisoquinoline (THQ) scaffold in 3 appeared to be ideal for such an experiment. Co-

crystal structures of 3 bound to BRD2-BD1 (PDB ID: 4UYF) and BRD2-BD2 (PDB ID: 

4UYG) have been reported8. We performed protonation and hydrogen bond network 

optimization on each chain present in those structures in order to better examine water-

mediated protein-ligand interactions (Figure 4A).

Q101 adopted three distinct conformations in the 3 BRD2-BD1 co-crystal structure. In chain 

A, Q101 was solvent exposed and a water molecule was recruited to the W6 position to form 

a hydrogen bond with the backbone carbonyl of W97 (orange circle). An additional water 

molecule was observed to occupy the position of the Q101 amide carbonyl when oriented in 

the ‘in’ conformation (purple circle). W5 hydrogen bonded to the backbone carbonyl of 

P102, as expected, and also formed a hydrogen bond to a water that has been recruited by 

the side chain amine of K107. In chain B, Q101 adopted the ‘in’ conformation, trapping W5 
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in a hydrogen-bond network with the backbone carbonyl of P102 and a bound water that was 

also stabilized by the backbone amine of V103. In chain C, Q101 adopted a conformation 

that is intermediate to that observed in chain A and chain B: the side chain amine swings out 

and was solvent exposed, while the side chain carbonyl was pointed inward and forms a 

hydrogen bond with W6. While W6 still formed a hydrogen bond with the backbone 

carbonyl of W97, the water molecule was re-oriented and forms a hydrogen bond with W5. 

This in turn breaks W5’s interaction with the backbone carbonyl of P102, but enabled it to 

maintain its interaction with the water bound to the backbone amide of V103.

In contrast to the variable water-mediated networks observed in BD1, these interactions in 

BD2 appeared to be more constant. W5 and W6 were present in most chains. W6 formed 

hydrogen bonds with the backbone amide of K374 and the backbone carbonyl of W370 

(orange circle). W5 formed hydrogen bonds with either the backbone carbonyl of P375 or 

K374, and often picked up an additional interaction with a water bound to the backbone 

amine of V376. In reality, the interactions reported in Figure 4A reflect snapshots of 

hydrogen-bond networks that are dynamic. Nevertheless, it is apparent that the water-

mediated interactions observed in the Q101 ‘in’ orientation were significantly different from 

those present in BD2. If the ‘in’ orientation reflects the preferred conformation of the side 

chain when a THQ scaffold is bound, then it is conceivable that differences in the hydrogen-

bond network at this location could be exploited to achieve bromodomain selectivity.

To investigate this hypothesis, we performed a series of molecular dynamics simulations to 

probe the energetics of the Q101 side chain in the presence of 3 (Figure 4B). Chain A began 

with Q101 extended completely into solvent with the Q101 side chain nitrogen – W97 

carbonyl distance metric averaging approximately 6 Å. However, within 5 ns, the complex 

converged to a local minimum with a distance metric of around 4 Å. Inspection of the 

simulation trajectory indicated that the Q101 has swung inward towards ligand but appeared 

to be unable to overcome a local energy barrier to achieve the ‘in’ orientation. We subjected 

the initial structure to accelerated MD (‘aMD’) – a modeling technique that enables more 

efficient conformational sampling by lowering energy barriers26. This simulation quickly 

converged to the ‘in’ conformation in the first hundred picoseconds, and remained in that 

conformation before the entire complex dissociated at around 10 ns. Chain B, already in the 

‘in’ conformation, remained in that orientation throughout the length of the simulation. Two 

additional independent simulations showed identical behavior. Chain C began with Q101 in 

an intermediate state between ‘in’ and ‘out’: however, within 2-3 ns, the structure converged 

to the ‘in’ conformation. Two additional independent simulations showed similar 

convergence to the ‘in’ orientation within 2-18 ns. These experiments strongly suggest that 

BRD2-BD1 prefers Q101 in the ‘in’ conformation when bound to the THQ scaffold of 3.

Next, we performed LIA on the co-crystal structures of 3 bound to BD1 and BD2 (Figures 

4C-D). The ligand made no water-mediated interactions with the ZA channel in either 

bromodomain. K107 (BD1) and K374 (BD2) made ionic interactions with the carboxylic 

acid moiety. As mentioned earlier, the hydrophobic interaction between the benzoic acid 

moiety on 3 and the pocket formed by H433 and the WPF shelf appears to drive BD2-

selectivity for this compound – a mechanism used by other BETi to achieve bromodomain 

selectivity.
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Finally, we swapped the glutamine and lysine residues at V4 in BRD2-BD1 and BRD2-

BD2, respectively, to explore the influence of that residue on W5 and W6 water occupancy 

(Table S2). W5 occupancy was defined as the percent of MD snapshots where the carbonyl 

from P102 (BD1) or P375 (BD2) acted as a hydrogen bond acceptor to water. W6 occupancy 

was defined similarly for the carbonyl of W97 (BD1) or W370 (BD2). The point mutations 

did not destabilize either bromodomain: average root mean squared fluctuation per residue 

across all simulations was in the range 0.70Å to 1.06Å. In all simulations, W5 remained 

close to full occupancy (86% to 139%), consistent with our earlier observation that W5 is 

present in both bromodomains. In apo-BD1, W6 occupancy was 67% compared to 26% 

when 3 was bound, and this is consistent with our observation that the Q101 side chain is 

mobile in the absence of ligand and consequently, the V4 site is more accessible to solvent. 

However, when 3 is bound to the Q101K BD1 mutant, W6 occupancy was 88% and 89% 

(two independent simulations) – a significant increase compared to the wild-type structure 

with 3 bound that supports our earlier finding that the BD2 lysine was solvent exposed and 

this increased solvent accessibility at V4. In contrast, the K374Q BD2 mutant had decreased 

W6 occupancy, 23% and 29%, compared to 54% observed in the wild-type BD2 structure 

with 3 bound. Moreover, the average distance between the W370 carbonyl and the side chain 

amide nitrogen of the K374Q mutant was 2.90Å and 2.93Å, compared to 2.88Å for the 

analogous distance in wild-type BD1. In summary, these point mutation experiments suggest 

that the water-mediated network at the V4 position in BD1 and BD2 is largely dependent on 

a single residue – Q101 in BD1 and K374 in BD2.

2.4 Exploiting water-mediated interactions in the ZA channel for bromodomain selectivity

Our analysis suggests that while 3 stabilizes the ‘in’ conformation in BRD2-BD1, the ligand 

presents no hydrogen bond donors or acceptors to interact with W5, and instead appears to 

have little interaction with the ZA channel. We hypothesized that replacement of the benzoic 

acid substituent on 3 with an appropriately-oriented hetero-aromatic group could either 

increase BD1-selectivity by strengthening interactions with W5 and Q101, or increase BD2-

selectivity by disrupting the BD1 W5 water-mediated network and/or picking up an 

additional water mediated interaction with BD2 W6, which does not exist in BD1 when 

Q101 is ‘in’.

To explore this hypothesis, we applied our modeling framework to three hetero-aromatic 

substituted THQs: 2-furan SJ830599 (5), 2-thiophene SJ830629 (6), and 2-pyrrole SJ852844 

(7)27. These molecules differed by a single atom that was expected to be within close 

proximity to the W5 and W6 waters in the ZA channel, and therefore, enabled study of the 

role of water-mediated interactions at that position. Compound 5 showed modest BD2-

selectivity in a TR-FRET assay (3.3-fold selective), compared to 6 (2.1-fold selective) and 7 
(equipotent) (Table 2). Docking models of the three analogs bound to BRD2-BD1 and 

BRD2-BRD2 confirmed that the variable heteroatom position is oriented toward W5 in BD1 

and W5 and W6 in BD2 (Figures 5A-C). Interestingly, the docked pose of 5 in BD1 was 

displaced away from the ZA channel relative to the pose in BD2 (Figures 5D-E), presumably 

because of the electrostatic clash between the lone pairs on W5 and the lone pairs on the 

furan oxygen. In BD2, the lone pairs on W5 and W6 were directed away from the furan 

oxygen. In contrast, 7 appeared to make stable hydrogen bonds to waters in both 
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bromodomains. Consequently, docking predicted 5 to be the most BD2 selective (2.1-fold) 

compared to 1.5- and 1.4-fold selectivity for 6 and 7, respectively (Table 2).

Though estimated binding affinities obtained from docking correctly rank ordered the THQ 

analogs according to BD2-selectivity, the magnitude of the selectivity was less while the 

affinity for either domain was more than observed in the TR-FRET assay (Table 2). We 

applied LIA on the docked poses of the three THQ analogs to better understand water-

mediated interactions. The 2-furan oxygen atom is a weak hydrogen bond acceptor, and a 

modest degree of water-mediated hydrogen bond formation was observed in these MD 

simulations for 5 with W5 and P102 in BD1 and P375 in BD2 (Figures 6A-B). Compound 6 
behaved similarly to the benzoic acid substitution on 3 and did not interact with the ZA 

channel (Figures 6C-D). Both 5 and 6 stabilized the ‘in’ conformation of Q101 in BRD2-

BD1 (Figure 6G). In contrast, 7 directed a strong hydrogen bond donor into the ZA channel, 

and consequently, significantly disrupted the water-mediated network at that position 

(Figures 6E-F). Indeed, we observed that the stable ‘in’ conformation of Q101 was lost after 

10 ns of simulation (Figure 6G) when the pyrrole nitrogen induced a partial dislocation of 

the Q101 side chain to compete for water binding and eventually re-organized the water-

mediated network at that site. Strong hydrogen bond donors and acceptors also have strong 

desolvation penalties, and these groups can negatively impact binding affinity unless they 

are reasonably satisfied with new bonds to the target. Thus, our models suggested that the 

lack of bromodomain selectivity for 7 was similar to the rationale applied to 4: by disrupting 

the existing water-mediated network to form strong interaction with bound waters in the ZA 

channel, the net contribution to the free energy of binding may be zero or negative if 

geometries are less than ideal and the desolvation penalty is not repaid. On the other hand, 

the 2-furan 5 appeared to preserve the water-mediated networks in both domains, and 

differential electrostatic interaction with water (repulsive in BD1 and/or neutral or favorable 

in BD2) accounted for the modest BD2 selectivity of 5.

3. Discussion

Though several potent BETi have been reported in recent years, few exhibit both high 

potency and selectively between the N- and C-terminal BD1 and BD2 bromodomains. This 

lack of selectivity has hindered study of the specific biological role of each bromodomain, 

and may account for some of the off-target effects and/or safety concerns observed from this 

class of molecules. Indeed, the male contraceptive effect associated with BETi therapy are 

likely the result of inhibition of testes-specific BRDT.

Comparative analysis of BET bromodomains using sequence and structural alignment 

identified five variable regions. Of the two variable regions in the BC-loop, the aspartate in 

BD1 and histidine in BD2 at V2 have been exploited by reported BETi to achieve 

bromodomain selectivity. In the ZA channel, we focused on V4 because it differentiated 

BD1 and BD2 among BRD2-4, while also offering the possibility to reduce affinity to one or 

both bromodomains of BRDT. Small molecules which access the ZA channel can induce an 

‘in’ orientation of Q101 in BD1: this induces a water-mediated network that is different 

from that observed in BD2.
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We studied a series of THQ analogs that differed in bromodomain selectivity and were 

predicted to differentially engage the water-mediated network in the ZA channel. Docking 

and molecular dynamics suggested that the 2-furan 5, the most BD2-selective analog, did 

not disrupt the water-mediated networks in either domain, but was electrostatically-repulsed 

by the specific arrangement of the W5 water dipole in BD1. On the other hand, though 

docking suggested that the 2-pyrrole 7 made favorable interactions with bound water in both 

domains, molecular dynamics indicated significant perturbation of both networks that 

essentially cancelled out any benefit, and this finding could explain the observed lack of 

bromodomain selectivity. While the magnitude of selectivity is modest and does not meet 

current guidelines for a selective chemical probe28, 5 supports the hypothesis that exploiting 

a specific water-mediated interaction in the ZA channel can lead to bromodomain selectivity.

Moreover, our work suggests weak hydrogen bond donors and acceptors may be useful for 

taking advantage of water mediated interactions compared to functional groups which 

interact more strongly, simply because the latter may be more likely to re-arrange, as 

opposed to stabilize, the water-mediated network. Indeed, improving binding affinity by 

increasing enthalpic contributions via hydrogen bonds is often difficult to achieve not only 

because such interactions are subject to precise geometric constraints, but also because the 

penalty associated with the desolvation of polar groups is often high29. For example, it was 

recently shown in a series of thrombin inhibitors that increasing the basicity of a key 

hydrogen bond acceptor on a ligand paradoxically led to reduced binding affinity due to an 

increase in the desolvation penalty30. Therefore, a more sophisticated treatment of water, 

such as the use of molecular dynamics simulation with explicit water molecules, is critical to 

understanding the determinants of ligand-protein binding.

Finally, while the aspartate/histidine variance is present in the BD2 domains of all BET 

proteins, the V4 position is different in BRDT compared to BRD2-4. Simultaneously 

targeting the V2 and V4 positions could increase BD2 potency in BRD2-4, while reducing 

potency on both bromodomains of BRDT. Thus, our work provides a road map to develop 

inhibitors that retain potency on BRD2-4, the bromodomains implicated in a number of 

diseases, while limiting the male contraceptive effect associated with BRDT inhibition.

4. Experimental Methods

Ligand preparation for docking simulations

The 2D structures of docked compounds (5-7) were prepared using the Ligprep31 module in 

Schrodinger suite31. Ligprep accepts molecules in 2D format, and converts them to 3D. The 

Epik sub-module of Ligprep was used to generate tautomers and possible ionization states 

for each molecule. Each ligand was manually inspected to ensure that the correct tautomer 

state and ionization state at physiologically-relevant pH (7.4) was present. Low energy ring 

conformations were generated by utilizing the ring_conf sub-module. Output structures from 

Ligprep were considered as input for multiple conformation generation using the 

MacroModel-MTLM (mixed torsional/low-mode) method32. MacroModel-MTLM combines 

a Monte Carlo method of exploring torsional space (that efficiently locates widely separated 

minima on a potential energy surface) with a low-mode conformational search method that 

searches along energetically “soft” degrees of freedom. The OPLS_2005 force field was 
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used, and energy minimization was performed for 500 steps using the TNCG method. The 

energy window for acceptable structures was set to 21 kJ/mol (default value). Conformations 

of the same molecule within 0.5 Å RMSD were culled. A maximum of 500 steps was 

allowed for Monte Carlo sampling, and a maximum of 50 steps was allowed for low-mode 

searching. A maximum of 25 conformers per molecule were accepted.

Molecular docking

The Glide v5.533-34 molecular docking module (Schrodinger, 2012) in SP-mode was used to 

generate unbiased binding modes for THQ analogs 5-7 in the BRD2-BD1 and BRD2-BD2 

bromodomains. GW841819X bound to the BRD2-BD1 structure (PDB ID: 2YDW, 

resolution: 1.9 Å) and 1 bound to BRD2-BD2 (PDB ID: 3ONI, resolution: 1.61 Å) were 

processed initially using the Protein Preparation Wizard in the Maestro suite from 

Schrodinger to add the correct protonation state and bond orders to hetero atoms of protein 

residues, water molecules, and the bound ligands. These processed complexes were used to 

generate the pre-computed grid. Four conserved water molecules present in both crystal 

structures were also included in this step. The docking protocol started with systematic 

conformational expansion of the ligand, followed by placement in the receptor site. 

Minimization of the ligand in the field of the receptor was then carried out using the OPLS-

AA force field with the default distance-dependent dielectric. The lowest energy poses were 

then subjected to a Monte Carlo procedure that sampled nearby torsional minima. Posed 

were ranked using GlideScore, a modified version of the ChemScore function that includes 

terms for steric clashes and buried polar groups. The default van der Waal’s scaling was used 

(1.0 for the receptor and 0.8 for the ligand). Next, the docked poses for THQ analogs 5-7 
generated above were further refined by aligning to their respective bromodomain using the 

crystal structures of 3 bound to BRD2-BD1 (PDB ID: 4UYF) and BRD2-BD2 (PDB ID: 

4UYG). All crystallographic waters were preserved and hydrogen-bond networks were 

optimized as described below (see section “Hydrogen-bond network analysis). The ligand 

pose was refined using the ‘Dock’ module in the MOE application (v2016.08, Chemical 

Computing Group) as follows: ‘Placement’ was set to ‘None’ and ‘Refinement’ was set to 

‘Induced Fit’ using the ‘GBVI/WSA dG’ scoring function35 and default parameters.

Molecular Dynamics simulations

Initial binding orientations of bound ligands were obtained from co-crystal structures with 

BET family members. When no co-crystal structures were available, the superimposition 

method or docking was used to extract ligand conformation. Details on initial complex 

structures used for simulations are shown in Table S1. Force field parameters for ligands 

were created with the Antechamber program36 from the Amber10 package using the General 

Amber Force Field (GAFF) and AM1-BCC37-38 partial charges. All molecular dynamics 

simulations were performed using the Amber12 molecular dynamics package39 and the 

Amber99SB40 force field. Energy minimization and MD was carried out with PMEMD MD. 

A total of four minimization steps were executed prior to the heating step. For minimization, 

restraints employed a harmonic force constant of 100.0 kcal/(mol•Å2). First, each ligand 

molecule was minimized with restraints applied to all protein heavy atoms. Next, the total 

system (protein and ligand) was minimized with no restraints. Each minimized system was 

then inserted in a water box of TIP3P water, which extended at least 10 Å away from any 
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given protein atom, and neutralized by adding counter ions. Solvent molecules were then 

minimized while restraining all protein and ligand heavy atoms. Finally all restraints were 

removed and the total system (protein, ligand, and solvent) was minimized. Each energy 

minimization procedure used the steepest descent method for the first 3000 steps and then 

conjugated gradient method for the subsequent 2000 steps. After energy minimization, the 

system was slowly heated from 0 to 300.0 K over 100 ps in the NPT ensemble under 1 atm 

pressure to equilibrate the solvent. A harmonic restraint weight of 10.0 kcal/(mol•Å2) was 

applied to all heavy atoms in this first 100 ps. An additional MD equilibration of 100 ps was 

performed with a decreased restraint weight of 1.0 kcal/(mol•Å2), followed by a final 

equilibration lasting 100 ps with no restraints. Production MD simulations of 20 ns each 

were carried out without any restraint at a temperature of 300.0 K and a pressure of 1 atm. 

Unless otherwise noted, all MD simulations used a time step of 2 fs, periodic boundary 

conditions were employed, and all electrostatic interactions were calculated using the 

particle mesh Ewald (PME) method41. A 10.0 Å cutoff was used to calculate the direct space 

sum of PME, and bond lengths involving bonds to hydrogen atoms were constrained using 

the SHAKE algorithm42. The coordinates were stored every 2 ps for each production MD 

run, and these snapshots were used for RMSD and water analysis. Ligand RMSD was 

measured by utilizing the Amber analyses tool PTRAJ. Ligand RMSD values were 

computed by aligning the protein backbone from MD snapshots and using the “nofit” option 

for ligand molecule. The Accelerated Molecular Dynamics (aMD) protocol implemented in 

Amber was used to reduce the height of local barriers, allowing the trajectories to evolve 

much faster. A boost was applied specifically to torsion angles (iamd=3). Other required 

input parameters such as average total potential energy threshold (EthreshP), inverse 

strength boost factor for the total potential energy (alphaP), average dihedral energy 

threshold (EthreshD), and inverse strength boost factor for the dihedral energy (alphaD) 

were calculated based on unbiased simulation output by following equations specified in the 

Amber user manual39.

Identification of water molecules and ligand interaction analysis (LIA)

The Amber tool PTRAJ was used to identify water molecules close to the bound ligand as 

follows. For each snapshot of the molecular dynamics simulation, the “center” command 

was used to re-center the coordinates to the center of mass of the protein. The “autoimage” 

command was then used to re-image the periodic box, and the 100 water molecules closest 

to the ligand were selected for each snapshot using the “closest” command. The processed 

snapshots were saved as a new trajectory using the “trajout” command without box 

information using the “nobox” option. Note that each snapshot in the trajectory may have 

contained different water molecules. But for each snapshot, the 100 water molecules closest 

to the bound ligand were kept. Processed trajectory files were converted to a Desmond 

molecular software readable format (.cms). The Simulation Interactions Diagram method 

incorporated in the Desmond module43 of Schrodinger was used to perform ligand 

interaction analysis (LIA). This analysis provides a statistical description of the interactions 

present during a molecular dynamics simulation. For water-mediated interactions, the 

interaction occupancy was calculated as the percent of frames in the trajectory where any 
water molecule present made that interaction. Thus, it is possible the more than one water 

may contribute to a water-mediated interaction during the course of a simulation.
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Hydrogen-bond network analysis

The Protonate 3D module44 in the MOE application (v2016.08, Chemical Computing 

Group) was used to assign ionization states and to position hydrogens (rotamers and 

tautomers). The program optimizes the titration free energy of all titratable groups in the 

context of an all-atom model of the macromolecular structure (including ligands and 

solvent). The Generalized Born/Volume Integral45 electrostatics model is used for longer 

range interactions and solvation effects. After the system composed of protein and ligand is 

optimized, incidental water molecules are usually oriented one by one. For this study, the 

‘precise’ flag was set for water molecules in the ZA channel: this treats the water molecules 

as part of the main calculation where geometric orientation is optimized in the context of all 

other system atoms. While substantially increasing computation time, the ‘precise’ flag 

enables better determination of water-mediated protein-ligand interactions. Only hydrogen 

bonds exceeding 0.5 kcal/mol as calculated by MOE are reported as bona fide interactions.

Generation of point-mutations at V4

The mutagenesis tool incorporated in Pymol46 was used to mutate Q101 in BRD2-BD1 

(PDB ID: 4UYF) to lysine, and K374 in BRD2-BD2 (PDB ID: 4UYG) to glutamine. The 

Apo forms for this study were generated by removing the co-crystal ligand coordinates from 

the two PDB files above. MD simulations were performed as described above, and water 

molecules were re-imaged as was done for Desmond analysis. VMD was used to track 

waters in these re-imaged simulation trajectories and water occupancies were calculated over 

the 10,000 snapshots collected for each 20 ns simulation using the HBONDS plugin47.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations Used

BET Bromodomain and Extra-Terminal

BETi Bromodomain inhibitors

KAc acetylated-lysine

BD1 bromodomain 1

BD2 bromodomain 2

PTM post-translational modification

THQ tetrahydroquinoline
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MD molecular dynamics

LIA ligand interaction analysis

aMD accelerated molecular dynamics

GAFF General Amber Force Field

AMBER Assisted Model Building with Energy Refinement

PMEMD Particle Mesh Ewald Molecular Dynamics
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Figure 1. Exemplar BETi and comparative analysis of BET bromodomains.
(A) Exemplar BETi explored in this study. (B) Sequence alignment of BET BD1 and BD2 

domains. Strictly conserved residues are highlighted in yellow. Conserved binding pocket 

residues are annotated with * and variable residues are annotated with #. (C) Structural 

model of BRD2-BD1 highlighting strictly conserved substrate binding pocket residues and 

other structural landmarks. A co-crystal pose of the 1 is shown for reference. (D), Similar to 

(C), but highlighting variable residues near the substrate binding pocket.
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Figure 2. Structural variation at V4 in the ZA channel.
(A) BD1 glutamine can adopt an ‘in’ (cyan and green) or an ‘out’ conformation (magenta). 

(B) BD2 lysine adopts an ‘out’ orientation in all structures examined in this study. (C) In 

BRDT, the residues types are swapped between BD1 and BD2. Positively-charged arginine 

in BDRT-BD1 adopts an ‘out’ conformation, and (D) neutral amide asparagine in BRDT-

BD2 also adopts an ‘out’ conformation. The four conserved bound waters present in all BET 

structures are depicted as red spheres, and 1 (yellow sticks) is shown for reference. Cluster 

analysis of bound waters indicates the presence of W5 in BD1 (E) and W5 and W6 in BD2 

(F).
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Figure 3. Interaction patterns of exemplar BETi bound to BRD2-BD1 and BRD2-BD2.
Ligand interaction analysis based on MD simulations of 1 (A,B), 2 (C,D), and 4 (E,F). 

Polar, hydrophobic, and charged residues are blue, green, and red circles, respectively. 

Purple and green arrows represent polar and pi-stacking interactions, respectively. Atoms 

receiving arrows are hydrogen bond acceptors. Solid and dotted lines indicate interactions 

with backbone and side chain, respectively. Percent values report the occupancy of the 

interaction, with 100% meaning the interaction was present in every snapshot of the MD 

simulation. Occupancies ≤10% and non-polar interactions are suppressed in the figures for 

clarity. For emphasis, arrow widths are larger for interactions with occupancy >20%. (G) 
Trajectory analysis of the distance between the backbone carbonyl of W97 and the Q101 

side chain nitrogen in BRD2-BD1 MD simulations of the apo structure and exemplar BETi. 

Average distance and standard deviation reported in blue.
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Figure 4. Analysis of water-mediated interactions in the ZA channel for 3 bound to BRD2-BD1 
and BRD2-BD2.
(A) Representative water-mediated interactions from different chains in BRD2-BD1 (4UYF) 

and BRD2-BD2 (4UYG). Hydrogen bonds are depicted as dotted lines. (B) Trajectory 

analysis of the distance between the backbone carbonyl of W97 and the Q101 side chain 

nitrogen following MD simulations of chains A,B, and C from 4UYF. Average distance and 

standard deviation reported in blue. Ligand interaction analysis of 3 bound to (C) BRD2-

BD1 and (D) BRD2-BD2. Legend is identical to that reported in Figure 3.
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Figure 5. Docking studies of the THQ analogs in BRD2-BD1 and BRD2-BD2.
Alignment of BD1 and BD2 docked poses of (A) 2-furan 5, (B) 2-pyrole 6, and (C) 2-

thiophene 7. W5 and W6 waters (blue) and key residues are shown for reference. (D-E) 
Same as (A), but with 3 superimposed for reference (yellow sticks) for (D) BRD2-BD1 and 

(E) BRD2-BD2.
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Figure 6. Analysis of water-mediated interactions in the ZA channel for THQ analogs targeting 
V4 in the ZA channel.
Ligand interaction analysis of 2-furan 5 (A,B), 2-thiophene 6 (C,D), and 2-pyrrole 7 (E,F) 

docked to the co-crystal structures of 3 bound to BRD2-BD1 and BRD2-BD2. Legend is 

identical to that reported in Figure 3. (G) Trajectory analysis of the distance between the 

backbone carbonyl of W97 and the Q101 side chain nitrogen in BRD2-BD1 MD simulations 

for each THQ analog. Average distance and standard deviation reported in blue.
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Table 1.

Experimental PDB structures used in comparative structural analysis.

BRD2-BD1 2YDW, 2YEK, 1X0J, 4A9E, 4A9F, 4A9H, 4A9I, 4A9J, 4A9M, 4A9N, 4A9O, 4AKN, 4ALG, 4ALH, 4UYF, 4UYH

BRD2-BD2 3ONI, 2DVV, 2E3K, 4MR5, 4MR6, 4J1P, 4QEU, 4QEW, 4UYG, 5BT5, 4QEV

BRD3-BD1 3S91

BRD3-BD2 3S92

BRD4-BD1 3MXF, 4BJX, 2YEL, 3P50, 3SVF, 3SVG, 3U5J, 3U5K, 3ZYU, 4A9L, 4BW1, 4BW2, 4BW3, 4BW4, 4C66, 4C67, 4DON, 
4F3I, 4HXL, 4HXM, 4HXR, 4HXS, 4LRG, 4MEN, 4MEO, 4CL9, 4CLB, 4NUC, 4NUD, 4NUE, 4O7A, 4O7B, 4O7C, 
4O7E, 4O7F, 4O70, 4O71, 4O72, 4O74, 4O75, 4O76, 4O77, 4O78, 4PCE, 4PCI, 4PS5, 4QB3, 4QR3, 4QR4, 4QR5, 4QZS, 
4UIX, 4UIY, 4UIZ, 4UYD, 4WIV, 4XY9, 4XYA, 4ZIQ, 4Z1S, 5A85, 5BT4

BRD4-BD2 2YEM, 4Z93,

BRDT-BD1 4FLP, 4KCX

BRDT-BD2 2WP1
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Table 2.

TR-FRET and Docking affinities for THQ analogs bound to BRD2 bromodomains

Model
BD1

pIC50

BD2
pIC50

TR-
FRET

BD2/BD1
Dock

BD1 pKd

Dock
BD2 pKd

Dock
BD2/BD1

5 5.69 6.21 3.3 7.24 7.56 2.1

6 5.75 6.08 2.1 7.46 7.65 1.5

7 5.85 5.85 1.0 7.40 7.56 1.4
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