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Abstract

Inhibition of the bromodomain containing protein 9 (BRD9) by small molecules is an attractive 

strategy to target mutated SWI/SNF chromatin-remodeling complexes in cancer. However, 

reported BRD9 inhibitors also inhibit the closely related bromodomain-containing protein 7 

(BRD7), which has different biological functions. The structural basis for differential potency and 

selectivity of BRD9 inhibitors is largely unknown because of the lack of structural information on 

BRD7. Here, we biochemically and structurally characterized diverse inhibitors with varying 

degrees of potency and selectivity for BRD9 over BRD7. Novel cocrystal structures of BRD7 

liganded with new and previously reported inhibitors of five different chemical scaffolds were 

determined alongside BRD9 and BRD4. We also report the discovery of first-in-class dual 

bromodomain—kinase inhibitors outside the bromodomain and extraterminal family targeting 
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BRD7 and BRD9. Combined, the data provide a new framework for the development of BRD7/9 

inhibitors with improved selectivity or additional polypharmacologic properties.

Graphical Abstract

INTRODUCTION

Bromodomains (BRDs) are evolutionary conserved epigenetic reader modules that recognize 

N-acetylated lysine (KAc) residues on histones and other proteins.1,2 BRD-containing 

proteins have important functions in gene transcription and chromatin remodeling, gene 

splicing, protein scaffolding, and signal transduction.3 BRD-containing proteins, particularly 

those of the bromodomain and the extraterminal (BET) family, have been linked to 

tumorigenesis and inflammatory diseases, and several BET inhibitors are in clinical trials for 

oncology and nononcology indications.4 More recently, inhibitors targeting non-BET BRDs 

for which the physiological functions are less understood have been the subject of intense 

efforts in academia and pharmaceutical industry alike.5

The BRD-containing proteins BRD7 and BRD9 recognize acetylated lysines on histone H3 

(H3Ac).1 Although they contain a structurally similar single BRD (62% sequence identity), 

the cellular functions of full-length BRD7 and BRD9 are remarkably different. BRD9 is a 

component of ncBAF (noncanonical BRG1/BRM-associated factor), a subtype of the BAF 

complex, while BRD7 is a component of the PBAF (polybromo-associated BAF) complex.6 

Importantly, BRD9 has an essential role in a number of cancers such as acute myeloid 

leukemia, synovial sarcoma, and malignant rhabdoid tumor.7–9 In contrast, BRD7 is a 

potential tumor suppressor10 with critical functions in oligodendrocytes progenitor cell 

differentiation11 and spermatogenesis12.

BRD9 has attracted attention as a draggable subunit of mSWI/SNF chromatin-remodeling 

complexes, various subunits of which are mutated in nearly 20% of all human cancers.13 To 

target mSWI/SNF complexes in cancer, few small-molecule inhibitors of the acetyl-lysine 

binding site (KAc site) of BRD9 have been reported to date.14–18 These inhibitors showed 

varying degrees of selectivity across BRDs in general and within the BRD9/BRD7 

subfamily in particular. As the role of BRD7 in human biology is not fully understood, off-

target inhibition of BRD7 by nonselective BRD9 inhibitors bears the risk of unwanted 

pleiotropic effects. Recently, proteolysis-targeting chimeras (PROTACs), dBRD9 and 

VZ185, have been developed using the potent BRD7/9 inhibitor BI-7273 as a warhead. 

While dBRD9 induced the selective degradation of BRD9 over BRD7, VZ185 showed 

concomitant degradation of BRD9 and BRD7.19,20
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An obstacle to the rational design of inhibitors selective for BRD9 is the limited structural 

information on BRD7. Specifying the binding interactions of an inhibitor in closely related 

proteins are crucial for the development of selective inhibitors. Here, we applied a 

multifaceted approach toward the characterization of diverse small-molecule inhibitors with 

varying degrees of potency and selectivity for BRD7 and BRD9. We report the discovery of 

first-in-class dual bromodomain–kinase inhibitors outside the BET family targeting BRD7 

and BRD9. TG003, a Cdc2-like kinase (Clk2) inhibitor,21 sunitinib, a multitargeted tyrosine 

kinase inhibitor,22 and PF-477736, an inhibitor of cell cycle checkpoint kinase 1 (Chk1)23 

were identified as moderately active BRD7/9 inhibitors with Kd values between 4 and 17 

μM. Novel crystal structures of BRD7, BRD9 and BRD4 liganded with new and known 

inhibitors were determined, the information of which provides a structural basis for the 

differential potency and selectivity of BRD7/9 inhibitors. By combining, the data afford a 

new framework for the structure-based design of inhibitors with improved selectivity or 

additional polypharmacologic properties.

RESULTS

Structure–Activity Relationship of Reported BRD9 Inhibitors.

To address inhibitor selectivity over BRD7, structure–activity relationship (SAR) studies 

were performed with five previously reported BRD9 inhibitors (Figure 1A). Binding studies 

by differential scanning fluorimetry (DSF) and isothermal titration calorimetry (ITC) 

showed significant correlation between the data sets for both BRD7 and BRD9 (Figure 

1B,C, Supporting Information Table S1, Figures S1, S2). For BRD9, the thermodynamic 

parameters of protein–inhibitor interactions were predominantly enthalpy driven and 

accompanied by entropic penalty (Figure 1D). By contrast, BRD7 showed neutral or 

favorable entropic contributions upon interaction with all inhibitors. The isomers BI-7273 

and BI-9564 have been reported as potent BRD7/9 inhibitors, BI-7273 lacking selectivity 

and BI-9564 being 12 times more selective for BRD9.16,18 Our data using crystallization-

grade proteins support a different notion with BI-7273 being the most potent (Kd = 9 nM) 

and selective inhibitor of BRD9 among the compounds tested (Figure 1C). This finding may 

explain the recent use of BI-7273 rather than BI-9564 as a warhead in the development of 

the BRD9-targeting PRO-TAC.19 BI-9564 shared with TP-472 similar activity and 

selectivity values; I-BRD9 and bromosporine were the least selective inhibitors.

While several co-crystal structures of BRD9 with inhibitors have been determined 

previously, the structure of BRD7 was described only in an unliganded state by NMR.24 

Recently, the Structural Genomics Consortium deposited a crystal structure of BRD7 

liganded with BI-9564 in the PDB (5MQ1), albeit without context. Although the BRDs of 

BRD7 and BRD9 share 62% sequence identity, BRD7 is temperature-sensitive with a 

melting temperature of Tm = 31 °C; whereas BRD9 shows the temperature stability typical 

of BET BRDs (Tm = 46 °C) (Figure 1B). The temperature sensitivity of BRD7 may explain 

the difficulties in obtaining X-ray crystals caused by protein denaturation during lengthy 

crystallization experiments. Therefore, purification of BRD7 was performed expeditiously, 

resulting in a highly homogeneous protein that readily formed X-ray grade crystals in 

unliganded and several liganded states under different crystallization conditions (Supporting 
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Information Tables S2 and S3). The overall structures of the BRDs of BRD7 and BRD9 are 

highly similar (rmsd = 0.63 Å); residues within the KAc site are identical and six differing 

residues are located in the vicinity of the KAc site (Figure 2A). Distances between the 

opposing flanks of the KAc site are similar for both proteins (Figure 2B).

Cocrystal structures were determined for BRD7 liganded with BI-7273 (Figure 2C) and 

BI-9564 (Figure 2F) showing the same principle binding mode as previously determined in 

BRD916 (Figure 2D,G). The naphthyridinone oxygen of both compounds establishes a 

single H-bond with BRD7N211 or BRD9N216. However, the dimethoxyphenyl moieties of 

BI-7273 and BI-9564, which establish multiple hydrophobic van der Waals (vdW) 

interactions with KAc site residues, adopt slightly different positions (Figure 2E,H). These 

differences appear to be caused by steric hindrance with residue F160 of BRD9. In BRD7, 

the main- and side-chain conformations of the equivalent residue F155 differ from BRD9 

presumably due to alanine versus glycine as preceding residues (BRD7A154 and BRD9G159). 

In the absence of structural information on BRD7–inhibitor complexes, it was previously 

suggested that differences in the side-chain conformation of BRD9F163 and the equivalent 

residue BRD7F158 determine the potency and selectivity of BI-9564.16,18 However, 

comparison of BRD9 and BRD7 inhibitor complexes suggests that this residue adopts 

multiple conformations even in different monomers comprising the asymmetric unit. 

Additionally, the finding that BI-7273 is more potent and selective for BRD9 than BI-9564 

(Figure 1C) suggests that the hydrophobic vdW interactions observed between BRD9F163 

and BI-9564 are less significant.

Novel cocrystal structures were also obtained for BRD7 with I-BRD9 (Figure 3A), TP-472 

(Figure 3D) and bromosporine (Figure 3G) as well as for BRD9 with TP-472 (Figure 3E). 

Crystal structures of BRD9 liganded with I-BRD9 and bromosporine have been determined 

previously,17,25 but we included a new data set of the BRD9–IBRD9 complex determined at 

higher resolution (1.5 Å) for structural comparison with BRD7 (Figure 3B). All three 

inhibitors showed the same principal interaction pattern but slightly different conformations 

and positioning in the respective KAc sites (Figure 3C,F,I). These differences were not as 

pronounced as with BI-7273 and BI-9564 (Figure 2E,F) and likely reflect the decreased 

selectivity of these compounds for BRD9 over BRD7 particularly of I-BRD9 and 

bromosporine (Figure 1C). TP-472 undergoes a significant shift toward the critical 

asparagine in the KAc site of BRD9, likely strengthening H-bonding activity and explaining 

the observed increased selectivity for BRD9.

To further evaluate the SAR of BRD9 inhibitors, we attempted cocrystal structure 

determination with the first BRD of BRD4, a member of the evolutionary distant BET 

family of BRD-containing proteins. BI-7273, BI-9564, and TP-472 showed weak binding 

potential for the first BRD of BRD4 (BRD4–1) by DSF corresponding to Kd values above 

10 μM (data not shown). Novel cocrystal structures were determined for BRD4 liganded 

with these inhibitors showing the same principal interactions of the respective warheads with 

the critical asparagine side chain in the KAc site (BRD4N140) (Figure 4). However, all three 

inhibitors undergo significant conformational changes upon binding to BRD4, primarily 

caused by steric hindrance with the side chain of Trp81, which comprises the WPF shelf 

characteristic of all BET BRDs. The methoxyphenyl ring of BI-9564 rotates 180° to 
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accommodate the ortho- and metamethoxy groups, while the double metaposition of the 

methoxy groups in BI-7273 forces the ring to rotate away from Trp81 because of steric 

hindrance (Figure 4A,B). TP-472 and bromosporine undergo the largest conformational 

changes upon binding to BRD4 versus BRD7 (Figure 4C,D). The conformational changes of 

BI-7273, BI-9564, and TP-472 suggest a loss of shape complementarity with the KAc site of 

BRD4, resulting in a weak binding potential. In contrast, the changed binding pose of 

bromosporine suggests a gain in shape complementarity, reflected by a substantial increase 

of binding potential for BRD4-1 (Kd = 42 nM25) over BRD7 (Kd = 390 nM).

Discovery of Dual BRD7/9-Kinase Inhibitors.

Although BRD9 has an essential role in malignant transformation by modulating the 

functions of the BAF complex, it is not considered an oncogene. In cancer, altered BAF 

complexes complement driver oncogenes such as PIK3CA, KRAS, c-Myc, or ATR.8,15,26,27 

While BRD9 inhibition alone may be insufficient to elicit robust anticancer activity, the 

concomitant inhibition of BRD9 and a kinase crucial for the survival of cancer cells may 

exert synergistic lethal effects. We explored the potential of kinase inhibitors to interact with 

BRD7 and BRD9 by screening a commercial library of 418 compounds against BRD9 using 

DSF. Three kinase inhibitors, TG003, a Clk2 inhibitor,21 sunitinib, a multitargeted tyrosine 

kinase inhibitor,22 and PF-477736, an inhibitor of cell cycle Chk123 were identified as 

potential hits (Figure 5A). These inhibitors showed small but reproducible temperature shifts 

against both BRD9 and BRD7 (Figure 5B). The highest temperature shift was 2.1 °C as 

compared to 13.6 °C for positive control BI-7273, suggesting relatively weak binding 

potential of kinase inhibitors for BRD9. ITC binding studies established that BRD7 and 

BRD9 interact with TG003 in the low micromolar range (Kd = 4 and 16 μM, respectively) 

(Figure 5C). Quantitative polymerase chain reaction (qPCR)-based competition assays 

confirmed that all three inhibitors bind to BRD7 and BRD9 with Kd values between 5 and 

17 μM, except sunitinib which was significantly less active against BRD9 (Figure 5D).

Cocrystal structures of BRD7 and BRD9 liganded with TG003 show canonical H-bonding 

interactions of the propanone moiety with the conserved asparagine residue (BRD7N211 and 

BRD9N216) (Figure 6A,B). Several vdW interactions with residues of the flanks hold the 

inhibitor in place of which π-stacking interactions between the ring system of TG003 and 

the side chain of BRD7Y217 and BRD9Y222 are most prominent. The only difference 

between the KAc sites in the unliganded and liganded states is a slight movement of this 

tyrosine toward the inhibitor. Superposition of the two structures revealed almost identical 

positioning of the inhibitor in BRD7 and BRD9 (Figure 6C). A cocrystal structure was also 

obtained for BRD9 liganded with sunitinib, which binds to the KAc site in a noncanonical 

manner through H-bonding of the pyrrole amine group with the main chain carbonyl oxygen 

of F160 (Figure 6D). Thus, TG003 and sunitinib show significantly different binding modes 

in the KAc site of BRD9 (Figure 6E). Inhibitor PF-477736 resisted cocrystallization 

attempts because of low aqueous solubility.

A comparative analysis of the binding interactions in kinases and BRDs was performed 

using the available cocrystal structures of TG003 in CLK228 and sunitinib in ITK.29 TG003 

and sunitinib are type I inhibitors that bind to the ATP site of kinases through H-bonding 
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interactions with main chain atoms of the hinge region. For TG003, methoxy oxygen is the 

hinge-binding group in CLK228 while it is solvent exposed in BRD9 (Figure 6F). The 

propanone group which is critical for binding to the KAc site in BRD7/9 is in H-bonding 

distance to a lysine residue in CLK2, but this interaction is probably less significant for the 

kinase inhibitory activity. Thus, the functional groups primarily responsible for binding to 

the ATP and KAc sites are different and positioned opposite to each other. Substitution of 

the methoxy group likely renders the TG003 pharmacophore less active against CLK2 while 

maintaining activity against BRD7/9. Similarly, modifications of the propanone moiety 

would reduce or eliminate the binding potential for BRD7/9 while maintaining activity 

against kinases. Sunitinib establishes multiple H-bonding interactions with the hinge region 

of ITK through its indolinone and pyrrole moieties (Figure 6G).29 As the pyrrole amine also 

establishes the only H-bond in the KAc site, the simultaneous inhibition of kinases and 

BRD7/9 is inherent to the sunitinib pharmacophore.

DISCUSSION

As with kinase inhibitors targeting the ATP site, a major challenge in the development of 

selective BRD inhibitors is the high similarity of the KAc site across BRD-containing 

proteins. Known BRD9 inhibitors also inhibit the closely related BRD7, an unwanted off-

target because of its tumor suppressor properties.10,30,31 Previously, the structure-based 

design of the reported BRD9 inhibitors relied on the cocrystal structure information of 

BRD9 but lacked structural details on BRD7. We report the first crystal structures of BRD7 

in unliganded and liganded states with inhibitors of five different chemical scaffolds. New 

cocrystal structures were also determined of BRD9 and BRD4. The data provide a 

comprehensive picture of the differences in binding interactions of the BRD9 inhibitors 

within and outside the BRD7/9 subfamily. Combined with biochemical data from direct 

binding studies, a structural basis for the potency and selectivity of diverse BRD7/9 

inhibitors could be established. Although the KAc sites of BRD7 and BRD9 are composed 

of identical residues, small differences in the overall structures of the BRDs appear to affect 

the conformation and positioning of inhibitors upon binding. The observed differences in the 

binding pose are caused by steric hindrance with surrounding, mostly nonpolar residues. 

These changes may reflect loss or gain in shape complementarity of low energy 

conformations of an inhibitor with the KAc site, resulting in differential binding potency for 

BRD7 and BRD9.

Several kinase inhibitors that also inhibit BRDs have been identified for BRD4 and other 

BET BRDs.32–34 Our discovery of first-in-class dual BRD7/9-kinase inhibitors suggests that 

the biological activity of kinase inhibitors in development (TG003 and PF-477736) and in 

clinical use (sunitinib) may in part be caused by concomitant inhibition of BRD7 and BRD9. 

However, the bromodomain–kinase inhibitors identified in this work are significantly more 

potent against the respective kinase targets than against BRD7 or BRD9. TG003 inhibits 

Clk1 and Clk4 with IC50 values of 20 and 15 nM, respectively,21 about 250 times that of 

BRD7 (Figure 1). Sunitinib inhibits multiple tyrosine kinases with IC50 values below 10 nM,
22 about 1,000 times that of BRD7, and PF-477736 inhibits Chk1 with a Ki of 0.49 nM,23 

about 20,000 times that of BRD7. In order to exert a meaningful synergistic action of kinase 

and BRD inhibition in the cell, the binding affinity of these inhibitors for BRD7 and/or 
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BRD9 is insufficient. The structural data of this work provide a new framework for the 

development of more potent dual kinase-BRD7/9 inhibitors based on the chemical scaffolds 

identified and beyond. Recent studies on potent BRD9 inhibitors against several cancer cell 

lines found only weak antiproliferative effects.7,15,16 While inhibition of BRD9 alone may 

lack efficacy, the simultaneous inhibition of kinases of specific signaling events could be 

beneficial in anticancer therapy.

EXPERIMENTAL SECTION

Protein Expression and Purification.

The expression plasmid for the BRD9 (Uniprot ID Q9H8M2) BRD (residues 134–239) was 

from Addgene (plasmid 39012). DNA sequences encoding the human full length BRD7 

(Uniprot ID Q9NPI1) were custom synthesized by GeneArt (Thermo Fisher Scientific), and 

the BRD7 BRD (residues 129–250) were cloned in-frame of a modified pET15b vector 

providing an N-terminal hexa-histidine tag followed by a tobacco etch virus (TEV) cleavage 

site. The encoded BRD proteins were expressed in the BL21 (DE3) strain of Escherichia 
coli.

Plasmids were transformed into E. coli cells and grown at 37 °C in the LB medium (Fisher 

Scientific) containing carbenicillin (0.1 mg/mL). At OD600 of 0.6, the culture was cooled 

down to 18 °C and induced with 0.1 mM IPTG. After 18 h growth, the culture was harvested 

by centrifugation at 6000g for 25 min and stored at −80 °C. Harvested cell pellets were 

resuspended in 50 mM Na/K phosphate buffer (pH 7.4) containing 100 mM NaCl, 40 mM 

imidazole, 0.01% w/v lysozyme, and 0.01% v/v Triton X-100 at 4 °C for 1 h, subjected to 

sonication and the lysate was clarified by centrifugation (30,000g for 45 min at 4 °C). 

Proteins were purified by FPLC at 4 °C using columns and chromatography materials from 

GE Healthcare. The lysate was subjected to an immobilized Ni2+ affinity chromatography 

column equilibrated with 50 mM Na/K phosphate buffer (pH 7.4) containing 100 mM NaCl 

and 40 mM imidazole using a gradient from 40 to 500 mM of imidazole. Fractions 

containing the target protein were combined and incubated for 2–16 h with TEV protease at 

4 °C, and the cleaved His6-tag was removed by a second Ni2+ affinity column. BRDs were 

purified to homogeneity by size exclusion chromatography using Superdex 75. The elution 

buffers were 50 mM HEPES/100 mM NaCl/1 mM DTT (pH 7.5) for BRD7 and 20 mM 

HEPES/150 mM NaCl/2 mM DTT (pH 7.5) for BRD9. BRDs eluted as monomeric proteins 

and were of crystallization grade quality (>95% purity as judged by SDS-PAGE). BRD-

containing fractions were combined, concentrated to 10–15 mg/mL, and aliquots were flash-

frozen in liquid N2 and stored at −80 °C.

Isothermal Titration Calorimetry.

All experiments were conducted using an ITC200 microcalorimeter from Malvern 

Panalytical (Spectris PLC). BRD7 and BRD9 were buffer exchanged (Supporting 

Information Table S1) using PD10 columns (GE life sciences) before the experiments and 

concentrated to 6–10 mg/mL. Experiments were carried out in the ITC buffer while stirring 

at 750 rpm, either in the normal titration method (BRD7) or reverse titration method 

(BRD9). The microsyringe (40 μL load volume) was loaded with a solution of the protein 
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sample (150–300 μM protein in ITC buffer for BRD9) or compound sample (150–600 μM 

compound in ITC buffer for BRD7) and was inserted into the calorimetric cell (0.2 mL cell 

volume), which was filled with the solution of compounds (10–30 μM in ITC buffer) or 

proteins (15–50 μM in ITC buffer). All titrations were conducted using an initial control 

injection of 0.3 μL followed by 30 or 20 identical injections (1.58 or 2 μL per injection) with 

a duration of 3.16 or 4 s (per injection) and a spacing of 150 s between injections. The ratio 

of titrants in the titration experiments was optimized to ensure complete saturation of the 

titrant (protein or compounds) in the cell before the final injection thus facilitating the 

estimation of the baseline for each injection. The experimental data were corrected by 

subtracting the heats of dilution determined from independent titrations (the protein into the 

buffer for BRD9 or the compound into the buffer for BRD7). The collected data were 

analyzed using MicroCal Origin software provided with the ITC instrument to determine the 

enthalpies of binding (ΔH) and binding constants (KB) as previously described (Wiseman et 

al.).35 Thermodynamic parameters were calculated using the equation ΔG = ΔH − TΔS = 

−RT ln KB, where ΔG, ΔH, and ΔS are the changes in free energy, enthalpy, and entropy of 

binding, respectively. In all cases a single binding site model was used. Dissociation 

constants and thermodynamic parameters are shown in Figure 1C,D.

Differential Scanning Fluorimetry.

DSF experiments were carried out in Applied Biosystem QuantStudio 6 Flex (compound 

library screening) and a StepOnePlus (thermal-shift determination) real-time PCR system 

(Thermo Fisher Scientific) using sealed 384-well or 96-well format plates, assayed in 

quadruplicates. To obtain robust fluorescence signals, the assay was optimized regarding 

concentration of the protein (4 μM for screening, and 4.5 μM for thermal-shift 

determination) and the fluorescence dye SYPRO Orange (Invitrogen, Thermo Fisher 

Scientific) (5.5× for screening and 5× for thermal shift determination). For library screening, 

dilutions of the compound in the assay buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM 

DTT, 1% DMSO) were prepared using a Mosquito liquid dispenser (TTP Labtech Ltd). The 

protein in the assay buffer including the fluorescence dye was mixed with 100 μM 

compound and 2% DMSO in 20 μL reaction volumes. Reaction mixtures were heated from 

25 to 95 °C at 1 °C/min with fluorescence readings every 0.5 °C at 610 nm. The observed 

thermal shift (ΔTm) was recorded as the difference between the Tm of the sample and 

DMSO reference wells.

Crystallization and X-ray Crystallography.

All crystallization experiments were performed at 18 °C. Aliquots of purified BRD7 and 

BRD9 were set up for crystallization using a mosquito crystallization robot (TTP Labtech). 

Initially, coarse screens were set up using Greiner 3-well plates at three different 

concentrations of the precipitant to the protein (200 + 400, 300 + 300, 400 + 200 nL) per 

condition. Conditions producing crystals were further optimized and scaled up for the 

manual set up of 2 μL drops. For cocrystallization, the compound was either premixed with 

protein on ice or added to the protein-reservoir solution drops to achieve final concentrations 

of the 1–2 mM compound and 5–10% DMSO (Supporting Information Table S2). Crystals 

were cryoprotected using the well solution supplemented with ethylene glycol (15–30%) and 

flash frozen in liquid nitrogen. X-ray diffraction data were collected at −180 °C at the 
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beamlines 22-ID and 22-BM, SER-CAT, Advanced Photon Source, Argonne National 

Laboratories, and in the Moffitt Chemical Biology Core using Cu Kα X-rays generated by a 

Rigaku Micro-Max 007-HF X-ray generator, focused by mirror optics and equipped with a 

Rigaku CCD Saturn 944 system. Data were reduced and scaled with XDS36 or DIALS37 and 

Aimless.38 PHASER39 was employed for molecular replacement using the PDB entry 

3HME as the search model for both BRD9 and BRD7. Refinement was carried out with 

PHENIX39 and model building was performed with Coot.40 Initial models for the small-

molecule ligands were generated using MarvinSketch (ChemAxon, Cambridge, MA) with 

ligand restraints from the eLBOW of the PHENIX39 suite. All structures were validated by 

MolProbity. Figures were prepared using PyMOL (Schrödinger, LLC). Data collection and 

refinement statistics are shown in Supporting Information Table S3. The coordinates and 

structure factors have been deposited with the PDB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BET bromodomain and extra-terminal domain protein

BRD7 bromodomain-containing protein 7

BRD9 bromodomain-containing protein 9

Chk1 checkpoint kinase 1

Clk2 Cdc2-like kinase

DSF differential scanning fluorimetry

ITC isothermal titration calorimetry

ITK IL2-inducible T-cell kinase

KAc acetylated lysine

vdW van der Waals
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Figure 1. 
Binding potential of inhibitors for BRD7 and BRD9. (A) Chemical structures of reported 

BRD9 inhibitors studied herein. (B) Melting temperature shifts of BRD7 and BRD9 in the 

presence of the 100 μM inhibitor. (C) ΔTm values determined by DSF and Kd values 

determined by ITC and data correlation for BRD9 (blue) and BRD7 (red). For statistical 

analysis, r is Pearson’s correlation coefficient; asterisks indicate the significance of the two-

tailed P value (α = 0.05). For graphical expression, data were fitted to semilogarithmic lines. 

(D) Thermodynamic parameters of inhibitor interactions with BRD9 (upper panel) and 
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BRD7 (lower panel). ITC conditions and thermograms are shown in the Supporting 

Information Table S1 and Figures S1, S2.
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Figure 2. 
Differences in the overall structures of BRD7 and BRD9 affect the binding poses of BI-7273 

and BI-9564. (A) Superposition of the crystal structures of BRD7 (beige) and BRD9 (cyan) 

in the unliganded state (PDB 6PPA, 6UZF). Differing residues (red arrows) are located 

outside the KAc site; the critical asparagine residue (BRD7N211 and BRD9N216) is drawn in 

magenta. (B) Comparison of the unliganded KAc sites of BRD7 and BRD9. Distances 

between the flanks of the binding site are indicated as orange-dotted lines (in Å). (C) 

Cocrystal structure of BRD7 with BI-7273 along with a schematic presentation of the 
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binding interactions (PDB 6V1E). (D) Same as (C) for BI-7273 in BRD9 (PDB 5EU1). (E) 

Superposition of both structures. (F) Cocrystal structure of BRD7 with BI-9564 (PDB 

6V1F) and (G) of BRD9 with BI-9564 (PDB 5F1H). (H) Superposition of both structures. 

BRD7 residues are shown in beige and BRD9 residues in cyan. H-bonding interactions are 

indicated as black-dotted lines, vdW hydrophobic interactions as green-curved lines and π-

stacking interactions as green-dotted lines. Crystallization conditions, data collection and 

refinement statistics are shown in the Supporting Information Tables S2 and S3. 2Fo – Fc 

and Fo – Fc omit electron density maps are shown in the Supporting Information Figures S3 

and S4.
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Figure 3. 
Binding modes of I-BRD9, TP-472, and bromosporine in BRD7 and BRD9. (A) Cocrystal 

structure of I-BRD9 in BRD7 (PDB 6V17) and (B) in BRD9 (PDB 6V1B). (C) 

Superposition of both structures. (D–F) Same as (A–C) for TP-472 (PDB 6V16 and 6V14). 

(G–I) Same as (A–C) for bromosporine (PDB 6V1H and 5IGM). Except for the BRD9-

bromosporine complex, all structures were determined experimentally (Supporting 

Information Table S3). 2Fo – Fc and Fo – Fc electron density maps are shown in Figure S3 

and S4.
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Figure 4. 
Binding modes of BRD7/9 inhibitors in BRD4. (A) Cocrystal structure of BI-7273 with 

BRD4-1 (PDB 6V1K) and superposition with the BRD7/BI-7273 complex (PDB 6V1E). (B) 

Same as (A) for BI-9564 (PDB 6V1L and 6V1F). (C) Same as (A) for TP-472 (PDB 6V1U 

and 6V16). (D) Same as (A) for bromosporine (PDB 6V0U and 6V1H). All structures were 

determined experimentally. Residues of BRD4 are shown in green and of BRD7 in beige. 

Inhibitor liganded with BRD4 is shown in yellow and liganded with BRD7 in orange. 2Fo – 

Fc and Fo – Fc electron density maps are shown in the Supporting Information Figure S5.
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Figure 5. 
Discovery of BRD7/9-kinase inhibitors. (A) Chemical structures of kinase inhibitors 

identified as ligands of BRD7 and BRD9. (B) DSF derivative plots for BRD7 and BRD9 in 

the presence of 100 μM inhibitor. (C) ITC thermograms of TG003 interaction with BRD7 

and BRD9. (D) Dissociation constants determined by the qPCR assay (performed by 

DiscoveRx) (N = 2).
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Figure 6. 
Structural basis of BRD7/9 inhibition by kinase inhibitors. (A) Cocrystal structure of TG003 

in BRD7 (PDB 6V0Q) and (B) in BRD9 (PDB 6V0S). (C) Superposition of both structures. 

(D) Cocrystal structure of BRD9 liganded with sunitinib (PDB 6V0X). (E) Superposition of 

TG003 (yellow) and sunitinib (orange) bound to the KAc site of BRD9. (F) Comparison of 

the binding mode of TG003 in the ATP site of CLK2 (PDB 6FYI) (left panel) and the KAc 

site of BRD9 (right panel). The kinase hinge region is colored in orange and other kinase 

residues are colored in pink. (G) Comparison of the binding mode of sunitinib in the ATP 
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site of ITK (PDB 3MIY) (left panel) and the KAc site of BRD9 (right panel). 2Fo – Fc and 

Fo – Fc electron density maps are shown in the Supporting Information Figures S3 and S4.
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