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Abstract 

 

Bromodomain epigenetic reader proteins play crucial roles in the pathogenesis of 

diseases ranging from inflammation to cancer. Small molecule inihibitors have 

engendered a nuanced understanding of the role of BET subfamily bromodomains in 

multiple diseases. Here, platforms were established to facilitate chemical probe 

development for the remaining ~50 bromodomains with a concentrated focus on 

establishing a pipeline for the discovery of CBP bromodomain inhibitors. 

 CBP is a large bromodomain-containing transcriptional co-activator involved in 

cell proliferation and growth, cellular differentiation and development, cognitive function, 

and cell adhesion. It is involved in the pathogenesis of cancer, in particular hematologic 

diseases. A high-throughput biochemical assay, cellular viability assay, and cellular 

target engagement assay were established in order to screen and validate small 

molecule inhibitors of the CBP bromodomain. A family-wide bromodomain profiling 

platform (BROMOscan) was established and fully validated to provide broad 

quantitative binding affinity and selectivity information. Using this platform, novel small 

molecule inhibitors for non-BET domains were discovered. Moreover, a LRRK2 kinase 

inhibitor with potent bromodomain cross-reactivity was identified and optimized. Using 
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BROMOscan and the CBP bromodomain assays deeloped here, a dually functioning 

kinase-bromodomain inhibitor was discovered that was potent and selective for CBP.  
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Epigenetics and Cancer 

Epigenetic information, comprising the heritable changes in gene expression 

caused by mechanisms other than alterations to DNA sequence, is transmitted through 

cell division via covalent modifications to DNA or histone proteins. These post-

translational modifications include DNA methylation and histone methylation, 

acetylation, phosphorylation, sumoylation, ubiquitination, and others. Epigenetic 

modifications are responsible for cellular “memory,” serving as molecular bookmarks for 

maintaining specific patterns of gene expression through mitotic progression. 

Depending on the modification, genes may be profiled for reactivation or for permanent 

silencing upon cell division. Apart from inheritence, epigenetic modifications and their 

respective chromatin modifying enzymes also maintain a dynamic chromatin state that 

influences chromatin compaction and transcriptional regulation. In eukaryotes, large 

genomic size requires the compaction of genetic material not involved in transcription. 

This compaction is effected through the regulation of chromatin structure and the 

mediation of transcriptional complex assembly via the wrapping of DNA around histones 

and subsequent higher-order folding. Histones are highly conserved protein complexes 

comprised of two H2A-H2B dimers and a H3-H4 tetramer. The unstructured tail regions 

of histones are heavily modified by nuclear enzymes; these modifications affect higher-

order chromatin structure and mediate transcriptional complex assembly, regulating 

gene expression (Figure 1.1) (1-3). 

The modification of histones is highly dynamic, with specialized enzymes 

catalyzing their introduction (‘writers’) or removal (‘erasers’). Examples include histone 

acetyltransferases (HATs), histone deacetylases (HDACs), histone methyltransferases  
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Figure 1.1 Chromatin Modifying Proteins and Transcription Chromatin modifications 
maintain a dynamic chromatin state, influencing chromatin compaction and thus the 
assembly of transcriptional machinery. Chromatin modifying enzymes and reader 
proteins associate with transcription factors and the basal transcription machinery to 
regulate gene expression.

3
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Figure 1.2 Chromatin Erasers, Writers, and Readers Histone modification is a 
dynamic process, in which “erasers” and “writers” remove and introduce particular 
marks. Chromatin binding modules, or chromatin readers, recognize posttranslational 
marks.
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(HMTs) and histone demethylases. These enzyme systems are found as part of multi-

protein complexes involved in transcriptional regulation, DNA replication and DNA 

repair. Likewise, chromatin binding modules or epigenetic “readers” are also 

incorporated into these large multi-unit complexes. Readers are often regarded as 

functional “effector” proteins that can recognize particular post-translational 

modifications (e.g. methylation or acetylation marks) on histone proteins or DNA (Figure 

1.2). 

 The dysregulation of epigenetic modifying enzymes and the resulting 

inappropriate changes to chromatin modifications lead to the disruption of the chromatin 

signaling network, resulting in aberrent gene expression and silencing. In cancer, 

epigenetic proteins are among the most promising and intently pursued targets in drug 

discovery (4). This relates to the growing appreciation that deregulation of gene 

regulatory pathways via chromatin complex alterations is a hallmark feature of cancer.  

Chromatin-associated complexes have recently been identified as recurrently altered or 

transcriptionally deregulated in many cancers, including but not limited to, TET 

methylcytosine dioxygenase 2 (TET2), DNA methyltransferase 3A (DNMT3A), enhancer 

of zeste homologue 2 (EZH2) in lung cancer (5), the histone lysine methyltransferase 

MMSET in multiple myeloma (6), bromodomain BRD4 in NUT midline carcinoma (7, 8), 

and acetyl-transferase and bromodomain CBP in acute myeloid leukemia (9). Notably, 

each of these factors influences chromatin structure, and has been linked to 

coordinated regulation of normal developmental transcriptional pathways (10-13). These 

data establish the hypothesis that disruption of chromatin architecture is a common 

event in cancer pathogenesis, either permissive with or distinct from oncogenic 
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signaling pathways, functioning to deregulate transcriptional programs associated with 

cellular differentiation.   

Among all targets in chromatin biology, histone deacetylases (HDACs) have 

commanded significant attention due to their control of cancer gene regulatory 

pathways involved in proliferation and survival, and owing to the broad anti-neoplastic 

effect of direct-acting inhibitors in models of cancer (14). HDAC inhibition has been 

linked to numerous potential and beneficial therapeutic uses, broadly in cancer and also 

in inflammation and neurodegenerative diseases.  To date, four HDAC inhibitors, 

Vorinostat, Romidepsin, Panobinostat, and Belinostat, have successfully proceeded 

through clinical testing and are approved for the tratment of hematologic cancers. 

Clinical trials are continuously expanding to address other types of cancer and also 

nonmalignant diseases.The success of these compounds has sparked intense interest 

and competition to develop inhibitors of chromatin modifying enzymes. Epigenetic 

‘readers,’ however, have received comparatively little attention until recently. 
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Epigentic Readers and Bromodomains 

Epigenetic readers are structurally diverse proteins each possessing one or more 

evolutionarily conserved effector modules, which recognize covalent modifications of 

histone proteins or DNA (15). Bromodomains are principally responsible for the context-

specific molecular recognition of the ε-N-acetylation of lysine residues on histone tails 

(Kac) (16-18). There are 42 human proteins containing a total of 58 diverse 

bromodomains (18). Bromodomain-containing proteins are of substantial biological 

interest, as components of transcription factor complexes (TAF1, PCAF, Gcn5 and 

CBP) and determinants of epigenetic memory (19).  

Structurally, bromodomains are comprised of a conserved left-handed bundle of 

four helices (αZ, αA, αB, and αC) with the ZA and BC loops establishing a hydrophobic 

pocket. Within the pocket, two tyrosines and a crucial asparagine, (corresponding to 

Tyr1125, Tyr1167, and Asn1168 in CREB-binding protein (CBP), for example) are 

highly conserved across bromodomains. Co-crystal structures of bromodomains and 

peptide substrates illustrate the recognition of acetyl lysine by the pocket, linked via a 

hydrogen bond to the asparagine residue. Aside from these crucial residues, high 

variability within the ZA and BC loops is responsible for binding specificity (16-18, 20). 

This finding is corroborated by the successful development of the first in class BET 

bromodomain inhibitor, JQ1 (described below), which utilizes shape complementarity 

with the bromodomain to accomplish BET family-specific binding (21).  

The bromodomain and extra-terminal domain (BET) subfamily of bromodomains 

includes BRD2, BRD3 and BRD4. BET bromodomains function to facilitate cell cycle 

progression, establish mitotic memory, and mediate transcriptional elongation via 
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recruitment of the positive transcription elongation factor complex (P-TEFb; CDK9-

CyclinT) (22, 23). In the past ten years, our lab has collaboratively characterized the 

role of BRD4 as a MYC-specific transcriptional co-activator in hematologic 

malignancies,(24-27) and as a NFkB-specific co-activator in inflammatory tissues (28-

30). BRD4 functions in chromatin-dependent transmission of gene activation signals 

from cis-regulatory elements, or enhancers, where BRD4 localizes (24, 27). A 

therapeutic rationale for targeting BRD4 as cancer therapy has been established using 

the prototypical bromodomain inhibitor JQ1 from our group (21). In our index study on 

BET inhibition, we illustrated the capacity for targeted therapy in high-risk lung cancer 

featuring BET-rearrangement (21). Since publishing this work, studies in other human 

cancers, including multiple myeloma (REF), acute myeloid leukemia (26), diffuse large B 

cell lymphoma (24), acute lymphoblastic leukemia (31), and neuroblastoma (32), and a 

now expanded set of structurally-divergent chemical probes targeting BET 

bromodomains (33), establish a desirable translational purpose to target BRD4 in 

cancer. Already, drug-like derivatives of JQ1 and other structurally diverse BET 

bromodomain inhibitors have progressed to human clinical investigation 

(Clinicaltrial.gov identifier: NCT01587703, NCT01713582, NCT01949883, 

NCT01987362). These studies resonate with the biological hypothesis that BET 

bromodomains mediate chromatin-dependent regulation of gene expresion and 

establish a desirable translational rationale to target bromodomains in cancer. 
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CREB-binding Protein and Cancer 

CREB-binding protein (CBP) was first isolated as a coactivator of the cAMP 

response element-binding (CREB) transcription factor (34). CBP is a 2442 amino acid-

long, multi-functional protein that contains a bromodomain as well as a KIX, zinc-finger, 

and acetyl transferase domain (35, 36). CBP is highly homologous to the better-

characterized bromodomain-containing protein P300, sharing 63% sequence similarity 

(37). The bromodomains of CBP and P300 are even more highly conserved. Running a 

BLAST sequence alignment of the human CBP bromodomain (NCBI Accession: 

AAC51331, amino acids 1087-1194) and the human P300 bromodomain (NCBI 

Accession: CAI23037, amino acids 1051-1158) shows that the two bromodomains are 

97% homologous. CBP and P300 perform many of the same cellular functions and 

share transcription factor binding partners; although, mouse knockout studies have 

demonstrated that they each maintain some distinct functions (38). The multi-domain 

structure of CBP engenders it with the ability to couple a wide variety of functions, 

establishing it as a critical player in many major biological pathways. CBP is involved in 

pathways responsible for cell proliferation and growth, cellular differentiation and 

development, cognitive function, and cell adhesion (39-41).  

The bromodomain of CBP is thought to be responsible for the recruitment of CBP 

to a variety of promoters. Although the recruitment mechanisms of CBP to promoters 

involved in cancer are unclear, it is generally accepted that the ability of CBP to 

recognize histone acetylation is a mechanism by which CBP contributes to gene 

regulation (42-47). This is founded on the observation of CBP/P300’s ability to bind 

acetylated histone peptides in vitro (20). The bromodomain of the CBP homolog P300 
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has been shown to bind in vitro chromatin templates and isolated nucleosomes (44, 48, 

49). Moreover, it has been demonstrated that other human bromodomains such as 

BRD4 bind acetylated lysines on chromatin and mediate gene expression (19, 21). The 

fact that the CBP bromodomain and acetyl transferase domain are necessary 

components of the MLL-CBP fusion protein to maintain its specific acute myeloid 

leukemia phenotype suggest that the association of CBP with chromatin is important for 

maintaining specific patterns of gene expression (50, 51). 

Encoded epigenetic modifying domains enable CBP to couple transcription factor 

recognition to chromatin remodeling, critically mediating gene expression (42, 46). CBP 

is thought to promote gene expression in three main ways: as a bridge, as a scaffold, 

and as a histone acetyl transferase. Acting as a bridge, CBP localizes to transcription 

factors and recruits basal transcription machinery. Secondly, CBP serves as a site of 

nucleation for large multi-protein complexes, increasing local concentrations of 

transcriptional activators. Finally, CBP recruitment to a particular stretch of chromatin 

enables local hyperacetylation through its acetyl transferase domain, destabilizing 

chromatin structure and permitting transcription factors access to the DNA (42).  

CBP functions as a transcriptional co-activator that regulates gene expression in 

major pathways of growth and development, such as p53 (52) and BCL6 (53). Indeed, 

CBP has been shown to play a critical role in the pathogenesis of cancer, particularly in 

hematologic diseases, and thus represents a vital mechanistic and therapeutic target.  

(37, 40). Chromosomal translocations of the CBP locus with the monocytic leukemia 

zinc finger (MOZ) protein and the mixed lineage leukemia (MLL) protein culminate in 

chimeric fusion proteins pathogenic in acute myeloid leukemia (9, 37, 54, 55). The MLL-
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CBP fusion protein maintains the CBP bromodomain and acetyl transferase domain. 

Studies have demonstrated that those two domains are necessary and sufficient for 

myeloid proliferation when fused to MLL (50, 51). Moreover, in murine hematopoietic 

progenitor cells, transduction of MLL-CBP constructs lacking the CBP bromodomain 

exhibit decreased proliferative activity compared to the normal MLL-CBP construct. 

Here, the bromodomain could be responsible for the recruitment of specifically 

acetylated transcription factors or the localization of MLL-CBP to acetylated histones 

(51). Discrete somatic mutations of CBP are observed in a variety of cancers, including 

lung, breast, ovarian, and colon cancers (37, 40, 56-58). Germline mutation of CBP 

results in Rubinstein-Taybi syndrome (59, 60), which confers a greater likelihood of 

developing childhood malignancies (61). CBP can contribute to cancer even without 

mutation due to its involvement in other pathways that become dysregulated. For 

example, CBP is a member of a chromatin-remodeling complex that associates with the 

breast and ovarian cancer susceptibility gene BRCA1 and thus serves as a link between 

chromatin remodeling to breast and ovarian cancer pathogenesis (62, 63). CBP is also 

recruited to promoters of genes such as factor VII and parathyroid hormone-related 

protein, which factor into tumorigenic behavior in breast cancer, where it promotes gene 

expression.  

Lastly, small molecule inhibition of the acetyltransferase domain of CBP has 

reduced cellular proliferation in a variety of cancers, including melanoma (64), prostate 

cancer (65), and AML1-ETO-positive acute myeloid leukemia (AML) (66), implicating 

oncogenic roles for CBP/P300. 
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Non-BET Family Bromodomain Inhibition 

Chemical probes for BRD4 have demonstrated that BET bromodomain inhibition 

is a viable approach to treating a number of human diseases, including cancer, 

inflammation, and heart failure (67, 68). Multiple BET inhibitors are currently being 

tested in human clinical trials for cancer and other human diseases. In spite of 

remarkable progress in the identification of chemical probes of BET bromodomain 

function and subsequent translation into drug molecules, there are relatively few small 

molecule inhibitors for non-BET bromodomains (69, 70). 

As such, the current research has been organized around the discovery and 

development of inhibitors for non-BET bromodomains, and specifically for CBP. First, 

we developed a broad, quantitative, and high-throughput biochemical assay platform 

capable of evaluating the potency and selectivity of small molecule collections for x 

members of the bromodomain family. This assay platform was validated using known 

bromodomain inhibitors and then used to identify novel bromodomain inhibitors of non-

BET bromodomains. Next, we aimed to target the CBP bromodomain, which is 

responsible for the recruitment of CBP to a variety of promoters. Since recruitment 

mechanisms of CBP to promoters involved in cancer are unclear, a chemical probe of 

bromodomain function in CBP would be critical to parsing the roles of CBP’s different 

recruitment domains and determining the mechanism by which CBP contributes to 

cancer pathogenesis. We developed a suite of biochemical and cellular assays to 

specifically report on CBP bromodomain inhibition. Lastly, we utilized the established 

assay platforms to discover novel CBP inhibitors and inform iterative medicinal 
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chemistry, with the intended goal of developing a potent, specific CBP inhibitor capable 

of probing the function of the CBP bromodomain in gene regulation and cancer. 
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Introduction 

Toward the over-arching goal of developing inhibitors for the CREB-binding 

protein (CBP), biochemical and cellular assays have been developed to assess 

compound efficacy. The AlphaScreen assay was utilized for the biochemical binding 

assay due to its robust, high-throughput nature. Moreover, this assay format is well 

suited to assess bromodomain-inhibitor binding, as previously demonstrated by the 

successful implementation of BRD4 and BRDT AlphaScreen assays (1). These 

bromodomain assays developed in the Bradner Lab in parallel provided a means for 

quickly counterscreening in order to establish selectivity and eliminate promiscuous 

binders. 

Cellular assays were implemented with the goal of assessing whether the 

chemical inhibition of the CBP bromodomain affected cellular function. In order to 

establish the target engagement of small molecule inhibitors, a novel assay was 

developed that could definitively determine whether compounds could engage the CBP 

protein in a cellular context. A bioluminescence resonance energy transfer (BRET) 

assay was chosen for this role. This assay has theoretical advantages over 

fluorescence resonance energy transfer (FRET) or fluorescence recovery after 

photobleaching (FRAP) assays in its dynamic range and throughput. However, this 

assay does not report on the biological impact of CBP bromodomain inhibition, nor is it 

well-suited to measuring multiple dose points for a large number of compounds. 

Therefore, cellular viability assays, which can be miniaturized and automated, were 

incorporated into this assay platform as a means of compound testing on a large-scale 
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in dose response. This cellular assay reports on viability through the measurement of 

the total ATP content of each well in an assay plate. Due to the nature of the readout, 

this assay does not differentiate between various anti-proliferative mechanisms and is 

not pathway-specific with off-target effects possibly impacting results. 

All together, this CBP assay platform engenders the discovery and development 

of CBP inhibitors, ensuring that these compounds engage CBP in a cellular context and 

providing a basis for future medicinal chemistry toward the goal of developing chemical 

probes to further decipher the role of CBP bromodomain in cancer, which can be further 

pursued for cancer therapy. 
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Development of a robust high-throughput assay for detecting CBP inhibition 

Description and development of AlphaScreen assay 

With the goal of developing a chemical probe that potently and selectively targets 

the CBP bromodomain, I have exploited AlphaScreen technology to develop and 

optimize a primary assay capable of evaluating and characterizing the binding of small 

molecules to the CBP bromodomain. AlphaScreen (Amplified Luminescent Proximity 

Homogenous Assay Screen) is a homogenous luminescence assay capable of 

reporting on protein-protein interactions inferred through proximity. The assay is 

adaptable to high-throughput screening and is capable of yielding inhibition results in 

dose response. This assay is chosen over comparable assays such as fluorescence 

resonance energy transfer (FRET) and fluorescence polarization (FP) and other reverse 

chemical genetic screens for a variety of reasons. Because AlphaScreen donor and 

acceptor bead interactions are avid, the assay requires much less protein to maintain 

high signal and exhibit a more dramatic dynamic range. Unlike fluorescent assays, 

AlphaScreen produces an anti-Stokes shift, reducing the confounding effect intrinsically 

fluorescent molecules could have in an assay. This assay has an advantage over FRET 

in that the restrictions of molecular orientation and proximity that affect FRET are 

loosened. Interaction between donor and acceptor in AlphaScreen can take place over 

200 nm instead of 10 nm and do not require a specific orientation. Finally, AlphaScreen 

does not require any alterations to the small molecules being screening, presenting an 

advantage over assay that require tethering, such as microarrays. 
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In the case of my primary screening assay, it reports on the CBP bromodomain-

H3K56Ac binding event. Through the execution of micro-SPOT arrays of a variety of 

bromodomains against common acetylated histone peptides, our collaborators at the 

Structural Genomics Consortium have observed that the CBP bromodomain binds to 

H3K56Ac, H3K36Ac, H3K27Ac, and H4K44Ac in vitro (2). H3K56Ac was chosen as the 

ligand for the assay because of its binding efficacy and biological relevance (3). The 

H3K56Ac peptide was synthesized on the Liberty CEM Microwave Peptide Synthesizer 

using the sequence N’-IRRYQKSTELL-C’. The peptide was subsequently acetylated at 

the lysine, biotinylated, cleaved, and purified. Recombinant, human his6-CBP 

bromodomain was initially obtained by collaborators at the SGC, then produced in-

house following their protein expression and purification protocols (4). 

This assay is miniaturized and yields robust CBP- and H3K56Ac-dependent 

signal. The assay is comprised of his6-CBP bromodomain bound to a Ni++ acceptor 

bead and biotinylated H3K56Ac bound to a streptavidin donor bead. The excitation of 

donor beads by 640 nm light generates singlet molecular oxygen, which can traverse a 

distance of approximately 200 nm over the lifetime of its excited state. If the acceptor 

beads are in close proximity, the singlet molecular oxygen triggers a chemical cascade 

within the acceptor beads, ultimately resulting in a luminescent emission at 570 nm. The 

interaction of the CBP bromodomain and H3K56Ac bring the two bead types into close 

proximity, yielding luminescent signal (Figure 2.1A); inhibition of the protein-ligand 

association results in signal attenuation (5). 

  



Figure 2.1 Biochemical Assay for Evaluating CBP Inhibition (A) Diagram of Alpha- 
Screen assay showing the bromodomain-acetyllysine binding event. Biotinylated pep-
tide is bound to streptavidin-coated acceptor bead, and His6-tagged bromodomain binds 
to Ni++-coated donor bead (B) AlphaScreen assay optimization. The assay is performed 
with varying bromodomain and biotinylated peptide concentrations
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Figure 2.2 CBP AlphaScreen Assay Performance (A) 33 replicates of each condition 
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In order to optimize signal and inhibition response and minimize background, a 

matrix of conditions, varying both protein and ligand concentrations (including drop-

outs), was evaluated while maintaining constant bead concentrations in a reaction 

buffer (Figure 2.1B). This reaction buffer (50 mM HEPES, 150 mM NaCl, 0.1% w/v BSA, 

0.01% v/v Tween-20, pH 7.4) was formulated to approximate cellular salinity and pH 

and included detergent and BSA to minimize background noise and nonspecific 

interactions. This optimization is performed with subsequent batches of protein and 

ligand to ensure assay efficiency. A Z’ assay was performed to assess assay 

robustness and reported a Z’ factor of 0.53, indicating its suitability for compound 

screening (Figure 2.2A). Using a non-biotinylated H3K56Ac peptide as a positive 

control, this assay was performed in 10-point dose response to demonstrate that the 

AlphaScreen assay yields an IC50 with good fit (Figure 2.2B). 

Troubleshooting problems upon introduction of compound 

Unlike other bromodomain assays, such as the BET-subfamily bromodomain 

AlphaScreen assays established in our lab, AlphaScreen assays with CBP performed 

less reliably. The CBP bromodomain is much less stable in assay buffer over time, and 

signal varied wildly with changes in thawed aliquot under the same assay conditions. 

Whereas BET bromodomains remain stable in assay buffer at 4°C for up to a month, 

CBP becomes unusable after approximately 3-4 hours. By adding 500 µM of the 

reducing agent dithiothreitol (DTT) to the acceptor bead mix containing protein, the 

assay consistently produces signal (Figure 2.3A). 

  



Figure 2.3 CBP AlphaScreen Assay Troubleshooting (A) Assay signal with and 
without reducing agent DTT added to reaction buffer (B) Titration of assay with DMSO 
shows CBP inhibition
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 While including DTT in the assay yielded reliable signal, it was challenging to 

obtain logistic regression curves from dose response data due to erratic patterns of 

inhibition. The only difference between the assay that worked with H3K56Ac and assays 

performed with pin-transferred compounds was the presence of DMSO. To test the 

hypothesis that assay variability was due to DMSO, a titration was performed, and the 

result indicated a decline in robust and stable signal with increasing DMSO 

concentrations, suggesting that the CBP bromodomain is inhibited by DMSO (Figure 

2.3B). Moreover, studies performed by our collaborators at the SGC in Oxford 

demonstrated CBP crystallizes with DMSO. 

 This DMSO sensitivity precluded the pin transfer of compounds into the low 

volumes employed in 384-well plates. In order to account for DMSO inhibition, 

compounds (10 mM in DMSO) were serially diluted into assay buffer by hand, and the 

signal was normalized to the corresponding concentration of DMSO in the control.  

While performing the assay in this manner yielded signal, the method was not 

conducive to high-throughput screening. I then adapted the assay to eliminate the 

necessity of non-automated steps and reduce the number of liquid handling steps, thus 

accommodating the screening of larger compound collections. Compound plates were 

pinned into 384-well AlphaPlates containing 40 ul of ethanol. The AlphaPlates were 

placed in a vacuum desiccator for no shorter than 48 hours, effectively removing the 

DMSO along with the ethanol.  A 10 uL solution of CBP bromodomain (200 nM final), 

biotin-H3K56Ac (200 nM final), and Ni++-coated acceptor bead (25 µg/ml final) were 

added to the plate with a BioTek EL406 liquid handler. Following a 30 minute incubation 

on a plate shaker, a 10 ul solution of streptavidin-coated donor bead was added to the 
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plate. AlphaScreen measurements were taken using manufacturer’s protocol on a 

PerkinElmer Envision 2104 after 1 hour.  Experiments performed using assay-ready 

plates consistently yielded reliable dose response curves, except in the case of 

compounds that proved to be insoluble in the reaction buffer. A series of 

triazolophthalazine compounds, which collaborators found to inhibit CBP in thermal shift 

assays, were used to establish assay success (Figure 2.4). 
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Development of an assay to detect cellular engagement of CBP 

Establishing and troubleshooting assay 

In parallel, I have been working on means to directly assess CBP target 

engagement in a cellular system. Toward this goal, I have been optimizing a BRET 

assay. BRET is an energy transfer-based proximity assay, enabling the direct study of 

protein-protein interactions in living cells. It yields improvements over the similar 

fluorescence resonance energy transfer (FRET) assay since there is no need for an 

external excitation light source, generally resulting in lower background. The CBP BRET 

assay measures the effect of CBP bromodomain inhibition on the interaction of CBP 

and chromatin in a miniaturized 96-well plate format. The assay is comprised of histone 

3-HaloTag (H3-HT) which covalently binds to a chloro-alkane on tetramethylrhodamine 

(TMR), NanoLuciferase (NL)-tagged CBP, and NanoGlo substrate. Light emitted from 

the luciferase reaction excites the dye TMR when CBP and H3 are in proximity, 

resulting in signal attenuation with increasing inhibition (Figure 2.5). 

The methods involved in executing this assay include a lipid-based co-

transfection of H3-HT and NL-tagged CBP plasmids, transfer to 96-well assay plates, 

treatment with inhibitors and vehicle, and the addition of TMR ligand and NanoGlo 

substrate prior to reading signal at 450 and 610 nm. The TMR emission is normalized to 

cell count in each well by dividing 610 nm readouts by 450 nm readouts, and 

background noise is assessed by analyzing 610/450 nm readout when no TMR is 

added. 
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Figure 2.5 BRET Assay Schematic Diagram of assay showing Protein X bound to 
NanoLuciferase and Protein Y bound to HaloTag, which attaches to a NanoBRET 
Ligand (e.g. TMRDirect) by means of a chloro-alkane
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In this target engagement assay, CBP bromodomain and histone 

acetyltransferase domain, and full-length CBP in order to understand whether CBP 

inhibitors disrupt the acetyllysine-bromodomain recognition event in a cellular system. 

Provided that inhibitors engage the bromodomain in cells, is bromodomain inhibition 

able to disrupt CBP-histone interaction when more domains of CBP need to be 

disassociated from chromatin as well? 

I first attempted to establish the bromodomain only assay as a means of 

validating cellular target engagement. Various transfection ratios and time points were 

evaluated in order to optimize the assay; however, high day-to-day variability in assay 

performance occurred even with optimized conditions. There existed high background 

signal and low TMR-generated 450 nm emission; moreover, low 610 nm emission 

indicated poor cell viability over the course of the assay. In collaboration with colleagues 

within the Bradner laboratory and at Promega, I optimized each of the conditions to 

improve assay performance. 

To reduce background as much as possible, all media used in culturing cells 

intended for the BRET assay were phenol red-free to minimize the impact that residual 

phenol red could have on 450 nm emission. Low cell viability, as indicated by 

inconsistent or low 610 nm readout, was ameliorated by switching transfection reagents 

from Promega’s FuGENE 6 to Clontech’s XFect and by increasing the amount of time 

that cells settle after plating steps to 24 hours. More cells survived the co-transfection, 

and this ultimately resulted in more consistent 96-well plating as well as higher signal. 

Under advisement from the Promega Functional Proteomics team led by Dr. Danette 
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Daniels, we began using their proprietary TMRDirect ligand and purchased the advised 

mirrors and filters for the Envision plate reader used to measure signal, changing 

readings from 450 nm to 460 nm and from 610 nm to 595 nm. After making these 

adjustments, I began optimizing transfection ratios again. 

I performed a donor saturation assay involving a series of double transfections, 

varying amounts of NL-tagged CBP bromodomain with 2 µg of H3-HT, in order to find 

an amount of NL-CBPBD that would yield high signal still in the dynamic range of the 

donor saturation curve (6). With increasing acceptor/donor ratio, signal predictably 

increased; however, a discernable plateau was not reached due to extremely high 

variability at higher accepter/donor ratios (Figure 2.6A). The assay was performed 

again, focusing on the range that was most dynamic in the first experiment (Figure 

2.6B). The assay still did not yield a smooth saturation curve. Rather than performing 

the experiment again, I chose 15 ng of NL-CBPBD (A/D ratio of 133) to use in the BRET 

assay, as it lies in the dynamic range of both saturation curve experiments to generate 

preliminary assay data. 

In the preliminary BRET experiment, I chose to test four compounds at two 

doses, including the literature reported CBP bromodomain inhibitor from the SGC {Hay, 

2014 #150 (Figure 2.7). The signal over background for this assay was approximately 2-

fold for the vehicle control. Both 10 µM and 500 nM conditions differed significantly from 

the DMSO-treated cells. These results indicate the successful development of an assay 

capable of reporting inhibitor engagement of the CBP bromodomain in a cellular 

  



Figure 2.6 CBP Bromodomain BRET Optimization (A) Donor saturation assay with 
varying NanoLuciferase-tagged CBP bromodomain. Amounts ranging from 0.5 ng to 80 
ng. Above shows assay signal in mBRETs (595/460 nm emission ratio multiplied by 
1000) with and without TMR for each condition. Below shows mBRET signal with 
TMR(-) background subtracted as a function of acceptor/donor ratio (B) Same as in (A), 
except the tested conditions are expanded in the 5 to 40 ng range of CBP bromodomain

10 100 1000
0

20

40

60

80

100

120

[ng H3.3]/[ng CBP][ng H3.3]/[ng CBP]

ad
ju

st
ed

 m
B

R
ET

10 100 1000 10000
0

50

100

150

200

250
ng CBP

40 30 20 15 10 5
0

50

100

150

200

ng CBP

m
B

R
ET

s

80 40 20 10 5 2 1 0.5
0

100

200

300
- TMR
+ TMR

A B

38



(*) denotes p-value < 0.01 in t-test 
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Figure 2.7 Effect of CBP inhibition on BRET signal Inhibition of the CBP bromo-
domain with both 10 µM and 500 nM of literature reported SGCCBP30 cause statistical-
ly significant signal attenuation.
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context. Moreover, the BRET assay is sensitive to bromodomain inhibition at both high 

and low doses of compound treatment. 

Assay protocol 

Unless otherwise noted, daily steps are executed 24 hours apart. On Day 1, 

600,000 293T cells/well in 2 ml are seeded onto a 6-well dish using phenol red-free 

DMEM with 10% FBS as culture media. On Day 2, 2 µg of halo-tagged histone 3 and 15 

ng of nanoluciferase-tagged CBP bromodomain are diluted in Xfect Reaction buffer to a 

final volume of 100 µl, to which 1.5 µl of Xfect Polymer is added. The mixture is 

vortexed vigorously for 10 seconds, spun down briefly, and incubated at room 

temperature for 15 minutes. This solution is added dropwise to cells. On Day 3, cells are 

washed and trypsinized with phenol red-free trypsin, spun down, and resuspended in 

fresh culture media to be counted. Cells are split into two aliquots with a concentration 

of 100,000 cells/ml. TMRDirect ligand is added to one aliquot. White 96-well 

PerkinElmer CulturPlates are seeded with 100 µl/well. On Day 4, compounds are added 

performed for necessary treatment duration. After treatment is concluded, plates are 

removed from the incubator while a 1:600 dilution of Nano-Glo substrate in culture 

media is prepared. 100 µl is added to each well and incubated for 5-10 minutes.  Using 

a PerkinElmer Envision plate reader equipped with Luminescence mirror/ Umbelliferone 

460 emission filter and BODIPY TMR mirror/Cy3 595 emission filter, luminescence and 

TMR signal are respectively read. To calculate BRET signal, TMR signal is divided by 

luciferase signal. 
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Cellular models of CBP inhibition: CBP fusion proteins/ leukemia 

In conjunction with selectivity studies, cellular viability assays can inform iterative 

medicinal chemistry to yield a potent, selective, cell-permeable chemical probe. 

Moreover, they are a means of assessing the biological outcome of bromodomain 

perturbation. The cellular viability assays will inform on cellular IC50 values and in vivo 

specificity for the CBP bromodomain. The studies are performed in 384-well format at 

10-point dose response. Compounds are incubated with the cells for three days prior to 

reading. On the day of the readout, ATPlite (PerkinElmer) reagent—a mixture 

containing luciferase, luciferin, and detergent—are added to the plates to measure the 

ATP content of each well. After 15 minutes, the Envision reads luminescence. Since 

ATP is present in metabolically active cells and not in cells that have undergone 

necrosis or apoptosis, the measurement of ATP serves as an indicator of cell 

proliferation, arrest, or death. The benefit of using this assay is that it can be performed 

on a variety of cell lines without necessitating complex optimization. The assay is 

miniaturized, robust, and can be performed in high-throughput. However, since the 

cellular assays using ATP as a measure of viability do not differentiate between 

cytocidal, cytostatic, or differentiation-based mechanisms of anti-proliferative effect, an 

alternate method of analyzing cell growth would required to further investigate the 

mechanism by which bromodomain inhibition reduces viability. More intensive 

experiments such as flow cytometry can monitor cell count, mitotic state, and apoptosis 

using a fluorescent antibody against annexin V and propidium idodide. 
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Several leukemia lines were chosen to perform these assays, including an MLL-

CBP translocation-driven acute myeloid leukemia, SN-1 (7). The downregulation of 

MLL-CBP is associated with the differentiation of the SN-1 cell line (8). It is expected 

that lower endogenous levels of MLL-CBP will decrease the transcription of the 

oncoprotein’s target genes. Thus, inhibiting the association of MLL-CBP with chromatin 

should also induce differentiation, causing treated SN-1 cells to grow more slowly and 

produce less ATP per well compared to untreated SN-1 cells and other leukemia lines 

less directly dependent on CBP/P300 transcription factor function. Other lines chosen 

include Monomac 6, an MLL-AF9 acute monocytic leukemia (9), intended as a 

counterpoint to the SN-1’s MLL-CBP translocation, as well as two other acute myeloid 

leukemia lines KG-1 and HL-60 (10-12), to further verify that the intended probes are 

not generally cytotoxic and act specifically on CBP-dependent leukemia. 
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Introduction 

Chromatin contains important regulatory information for all DNA-based 

processes, including transcription, repair, and replication. Histone tails extruding from 

the nucleosome core are subject to multiple modifications including phosphorylation, 

acetylation, methylation, ubiquitination and sumoylation. These modifications regulate 

transcription by modulating higher-order chromatin structures. Pharmacological control 

of transcription is receiving a resurgence of interest due to the recognition that 

dysregulation of transcription is a fundamental driver in numerous diseases including 

cancer and inflammatory disease. After the successful drugging of transcription through 

nuclear hormone receptors, there was a general perception that targeting general 

transcription factors would lead to pleiotropic and non-therapeutically useful effects. 

Further discouraging the development of transcription-targeting therapeutics was the 

impression that transcription factors and protein-protein interactions were 

“undruggable.” Now, it is widely recognized that there are an abundance of 

posttranslational regulatory marks and corresponding enzymes that are druggable 

targets capable of modulating transcription; moreover, this modulation can have very 

specific effects due to the underlying transcriptional wiring in different cell types (1).   

Two types of enzymes are responsible for these modifications— epigenetic 

writers that place marks on histones and other transcription factors and epigenetic 

erasers that remove these marks. Recognition of these marks by epigenetic reader 

proteins is an essential step in these regulatory processes. One class of epigenetic 

readers that has received considerable attention over the past several years are the 

bromodomain ‘reader’ proteins that recognize acetylated lysine residues. There are 
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sixty-one distinct human bromodomains that have been categorized into eight 

subfamilies based on primary, secondary, and tertiary structures (2) Recently developed 

small molecule inhibitors of BRD4, a member of the bromodomain extra-terminal 

domain (BET) subfamily have validated bromodomain inhibition as a viable therapeutic 

strategy (2-4). Chemical probes for BRD4 have demonstrated that BET bromodomain 

inhibition is a promising approach to treat a number of human diseases, such as cancer, 

inflammation, and heart failure. Currently, multiple BET inhibitors are being tested in 

human clinical trials (5-8). 

Despite progress identifying drug-like BET inhibitors, there are relatively few 

small molecule inhibitors for non-BET bromodomains (4, 9), which has hindered the 

broad pharmacological interrogation of the bromodomain family. The discovery of small 

molecule inhibitors for diverse bromodomains has been limited in part by the absence of 

a broad, quantitative, and high-throughput biochemical assay platform to evaluate the 

potency and selectivity of small molecule collections across the bromodomain family. 

Current methods used to evaluate small molecule-bromodomain interactions include 

AlphaScreen (AS), Isothermal Titration Calorimetry (ITC), Differential Scanning 

Fluorimetry (DSF), and Surface Plasmon Resonance (SPR)— each of which has 

particular strengths but also limitations that preclude the high-throughput measurement 

of broad quantitative affinity and selectivity data.  SPR and ITC are ideal for the 

measurement of thermodynamic KD values but require large amounts of purified protein 

and are low throughput, interrogating only one family member at a time. AS is high-

throughput, but is difficult to implement in a comprehensive panel format and reports 

IC50 values as opposed to true thermodynamic KDs. In contrast, DSF assesses 
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selectivity in higher throughput, but the measured ΔTm data are semi-quantitative and 

most appropriate for defining relative potency. Here we report an assay platform 

(BROMOscan) that combines the quantitative features of SPR and ITC with the 

throughput of AS and the breadth of DSF. And we apply BROMOscan to rapidly 

discover and characterize novel bromodomain inhibitors with unprecedented selectivity 

profiles, to define selectivity for known bromodomain inhibitors and dual kinase-

bromodomain inhibitors as well as to discover and characterize a novel dual LRRK2 

kinase-bromodomain inhibitor. 
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Results 

The BROMOscan assay platform and panel 

BROMOscan expands upon our well-established KINOMEscan kinase screening 

platform, which has enabled the evaluation of inhibitor potency and selectivity across 

more than 80 percent of the human kinome (10-12). KINOMEscan, unlike traditional 

kinase enzyme activity assays, is a competitive inhibitor binding platform that does not 

measure enzyme activity, suggesting that the underlying principles should apply to non-

enzyme drug targets, including bromodomains. We thus applied this platform to develop 

a comprehensive panel of bromodomain ligand binding assays. The panel includes 

twenty-four unique bromodomains (40% coverage of family) from seven subfamilies 

(13) (Figure 3.1A), with only subfamily VI (containing two members) not represented.  

The BET subfamily (II) is fully represented; subfamilies III, IV, V, and VII are 

represented by multiple examples, and subfamilies I and VIII are each represented by 

one domain. 

BROMOscan assays include three components: 1) a bromodomain displayed on 

the surface of T7 phage particles; 2) magnetic affinity beads loaded with a known 

bromodomain-binding ligand (for example, a small molecule inhibitor or an acetylated 

peptide); 3) a test compound (or solvent control) (Figure 3.1B). In the absence of a test 

compound, the bromodomain interacts specifically with the affinity matrix and a 

significant number of phage particles is captured, and, after brief washing and elution 

steps, the number of phage particles captured is measured by qPCR of the phage 

genome. In the presence of a test compound that binds the targeted protein, the 

number of phage particles captured is reduced, resulting in a lower qPCR signal; 
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whereas for non-binding test compounds, the qPCR signal is unchanged relative to the 

solvent control. The assays are run at ultra-low (picomolar) protein concentrations, and 

the density of the capture ligands loaded on the magnetic affinity beads is carefully 

titrated to ensure the measurement of true thermodynamic binding constant (KD) values 

for test compounds that are independent of the protein-capture ligand interaction 

affinity, as described (14).  The bromodomain constructs and capture ligands used to 

build this assay panel are listed in Tables S3.1 and S3.2, respectively. 

 

BROMOscan assay validation 

We executed a multi-pronged assay validation approach that included: 1) 

measuring small molecule KD values; 2) demonstrating selectivity for an acetylated 

histone peptide over its unmodified counterpart; and 3) measuring binding affinities for 

the acetyllysine mimetic solvent N-Methyl-2-pyrrolidone (NMP) (Figure S3.1A). 

Measured ligand affinities and selectivities were compared to published benchmarks 

when available. Unlike the case for kinase assay validation, there are relatively few 

known bromodomain ligands, and a significant fraction of the data are novel interactions 

discovered herein. 

The BET assays were validated by testing the well-studied BET subfamily-

selective inhibitor JQ1 (13) (Figure 3.2A).  JQ1 has a stereogenic center, and the JQ1-S 

enantiomer is considerably more active than its enantiomer JQ1-R (13). Indeed, the KD 

values of JQ1 via BROMOscan against the N- and C-terminal BRD4 bromodomains 

(BRD4(1) and BRD4(2), respectively) showed a strong preference for S-enantiomer  
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over R-enantiomer, and the data are in good agreement with published ITC and DSF 

data (13). 

For the six subfamilies addressed outside of BET, dedicated small molecule 

inhibitors were limited when we initiated our assay development. Thus, assay validation 

was accomplished by testing cross-reactive BET inhibitors (for example PFI-1 (15, 16), 

a small published inhibitory fragment (GW334556X (17)), known or novel acetylated 

peptide ligands, and the promiscuous acetyllysine mimetic solvent NMP (18). Members 

of subfamilies I, IV, and VII were validated based on moderate- to high-affinity binding 

(nanomolar to low-micromolar) of GW334556X (Figure 3.2B). The subfamily III 

bromodomains CBP and EP300 bound with moderate affinity to PFI-1, consistent with 

an earlier report (15) and additional low affinity interactions measured for known 

inhibitors including JQ1 have literature precedent as well (13).  Subfamily V members 

TRIM24 and BAZ2B bound to previously reported acetylated histone peptides with 

affinities consistent with literature values (Figure S3.1B, C) (2). In contrast, BAZ2B does 

not bind the corresponding non-acetylated peptide, while TRIM24 (containing only a 

PHD domain and bromodomain) lacks measureable affinity for a related truncated and 

methylated control peptide known to not interact with the PHD- or bromodomains (19, 

20).  The subfamily VIII bromodomain PB1(2) is generally refractory to inhibitor binding 

but nevertheless shows potent NMP binding (KD = 0.05% v/v) and also has low but 

detectable GW334556X affinity (KD = 140 mM).   
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Quantitative interaction maps for known bromodomain inhibitors 

We generated interaction maps for several reported small molecule inhibitors by 

measuring KD values across all 24 bromodomains (Figure 3.3). The thienodiazepine 

JQ1 (1), as anticipated, is remarkably BET-selective with low nanomolar activity across 

this subfamily and equal affinities for the N- and C- terminal bromodomains (domains 

(1) and (2), respectively). Additional benzodiazepine type BET inhibitors, including the 

FDA-approved benzodiazepine Alprazolam (2); and the thienodiazepine or 

benzodiazepine derivatives I-BET (3) (21), OTX-15 (4), and CPI-203 (5) (22, 23) exhibit 

selectivity profiles similar to JQ1, and exhibited agreement with literature-reported 

binding affinities. Compared to Alprazolam, the C6 position substituents for compounds 

1 and 3-5 greatly increase potency of the thieno(benzo)diazepine core, which was 

suggested by co-crystal structures with BRD4 (24). These data confirm BET-selectivity 

for several widely used inhibitors across a broad and quantitative bromodomain assay 

panel. 

We then evaluated known inhibitors with diverse binding motifs to further explore 

structure-activity relationships (SAR). IBET-151 (6), which binds through its 1,3-

dimethylisoxazole ring, demonstrates potency and selectivity against the BET subfamily 

but, unlike the diazepines, also shows activity on subfamilies III (CBP,EP300) and IV 

(BRPF1) – a selectivity pattern that is largely recapitulated by the structurally distinct 

inhibitor PFI-1 (7). Two additionally known low-affinity inhibitors of BET bromodomains 

(BIC, (8)) or CBP (Ischemin, (9)) (25) showed little activity across the panel at the top 

concentration tested (10 micromolar). The BET inhibitor RVX-208 (10) (26) exhibits 

selectivity not only towards the BET subfamily but also for the second over the first  



Figure 3.4 Selectivity Profiling for Compound RVX-208 (10) (A) Chemical structure 
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tandem bromodomain in BET proteins (~10-fold preference), which is in agreement with 

published data (Figure 3.4)  (26).  Collectively, these data begin to identify scaffolds that 

have activity outside of the BET family, and the RVX-208 results further establish that 

BROMOscan assays detect moderate differences in binding affinity for closely related 

domains. 

 

Discovery and evaluation of novel bromodomain inhibitors  

 BET inhibition has attracted significant attention in recent years, and the list of 

novel small molecule inhibitors reported in the scientific and patent literature continues 

to grow.  We have evaluated a pyridilinone BET inhibitor, MT1 (11) (Figure 3.5A) 

recently described in the patent literature (27-29).  As expected, MT1 exhibits potent 

and selective BET activity (Figure 3.5B), with CBP identified as the only off-target. Most 

interestingly, MT1 demonstrates a strong preference for the first tandem BET 

bromodomain over the second (~10-fold) (Figure 3.5C), which is a novel selectivity 

pattern – and a pattern opposite of that for RVX-208. Since asymmetric potency against 

these tandem BET domains can affect pharmacology and presumably toxicity as well, 

our demonstration that domain 1-selective BET inhibitors are possible reveals 

opportunities for next generation inhibitor design. 

We solved a co-crystal structure of MT1 with BRD4(1) to define its binding mode.  

The lactam carbonyl group on the pyridilinone ring is the acetyllysine mimetic, 

interacting with the conserved Asn140 residue (Figure 3.5D and Figure S3.2A). The 

MT1 lactam functions similarly as the acetyllysine mimetics in JQ1 (triazole ring) and 

IBET-151 (1,3-dimethylisoxazole ring).  These results define yet another important BET  
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family inhibitor binding mode but do not explain the tandem domain selectivity— a 

question that has been difficult to answer for RVX-208 as well (26). 

 We next used BROMOscan to guide and evaluate internal medicinal chemistry 

efforts focused on developing potent and selective inhibitors for non-BET 

bromodomains, and we describe the discovery of potent and selective CBP and BRD9 

inhibitors. CBP contains a subfamily III bromodomain that has similarities to BET 

bromodomains and has potential roles in cancer (30). We initially developed parallel 

AlphaScreen assays for CBP, using a His6-tagged CBP bromodomain paired with a 

biotinylated acetylated peptide, and BRD4(1), pairing His6-tagged protein with 

biotinylated JQ1 (31) (Figure S3.2B). This assay pair enabled us to screen for potent 

CBP inhibitors selective over BRD4(1). From a screen of >2,000 compounds we 

identified compound 20 (Figure S3.2C) as equally potent hit on CBP and BRD4(1). We 

further optimized this scaffold 12 for selective CBP inhibition by establishing SAR 

(Figure 3.6A), and installing a side chain at position R4 on the core further improved 

CBP-selectivity. The resultant optimized compound KS2222 (13) (Figure 3.6B) is 10-fold 

selective against CBP over BRD4(1) in AlphaScreen assays (Figure 3.6D).  KS2222 

was then evaluated by the BROMOscan, which confirmed selectivity for CBP over 

BRD4(1) and also revealed a high degree of unanticipated promiscuity across the 

bromodomain family, with TAF1(2) and TAF1L(2) (subfamily VII) as high affinity off-

targets (Figure 3.6C). To further understand this novel selectivity profile, we modeled 

KS2222 by computational docking the compound into CBP and BRD4(1) crystal 

structures (Figure S3.3A, B). The CBP bromodomain binding pocket is narrower than 

the BRD4(1) pocket, and the small triazolophthalazine core unit enables KS2222 to be  
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Figure 3.7 Selectivity Profiling for Novel Bromodomain Inhibitors (A) Chemical 
structure of DB1 (14) (B) Interaction map for DB1 (C) DB1 Selectivity for BRD9 over 
BRD4(1) (D) Chemical structure of GW334556X (15) (E) Interaction map for 
GW334556X (F) GW334556X selectivity for BRD9 over BRD4(1)
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accommodated by both CBP and BRD4(1), but the phenyl side chain at position R4 

interacts with CBP Arg1173 and Arg1169 through its carbonyl and piperazine ring, 

respectively, which improves selectivity over BRD4(1) compared to the original hit. 

The relative promiscuity of KS2222 suggested that scaffold 12 may be a good 

starting point for discovering potent and selective inhibitors for diverse bromodomains. 

We thus generated BROMOscan interaction maps for multiple compound 12 

derivatives.  One such derivative with an R5 modification, DB1 (14) (Figure 3.7A, B), 

has excellent BRD9 potency (low nanomolar) and selectivity over BRD4(1) (30-fold) 

(Figure 3.7C). In addition, DB1, like KS2222, exhibits moderate to potent activity across 

four of the seven subfamilies addressed herein. Thus, we have identified scaffold 12 as 

a flexible starting point for the optimization of inhibitors for diverse bromodomains and 

demonstrate how the broad BROMOscan platform approach catalyzes discovery of 

novel chemical matter. 

The small fragment GW334556X (15) was first described as a moderately potent 

BET inhibitor (Figure 3.7D) (17). During the course of several internal studies, including 

BROMOscan assay validation, we measured potent GW334556X activity on several 

diverse bromodomains, suggesting that this fragment is a promiscuous scaffold for 

novel inhibitor discovery. Indeed, the BROMOscan interaction map shows that 

GW334556X has the broadest activity of all compounds profiled herein – with potent to 

moderate activity against bromodomains from six of the seven subfamilies addressed 

(Figure 3.7E, F). GW334556X demonstrates moderate BET activity (high nanomolar to 

low micromolar) as expected, but its primary target is BRD9 (KD = 24 nM); and despite 

this inhibitor’s overall promiscuity, its relative BRD9 affinity is outstanding, with a 30-fold 
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selectivity over the next most potently inhibited target (BRD2(2)). To help rationalize 

GW334556X’s selectivity profile, we developed a binding model based on the BRD9 

crystal structure (Figure S3.3C).  In this model, the small molecule ketone motif is the 

acetyllysine mimetic, interacting with Asn100 in the binding pocket. BRD9 has a more 

narrow binding pocket than BRD4(1), which enables GW334556X to interact with BRD9 

Tyr106 via π stacking deep in the binding site and may explain its BRD9 selectivity. 

These results show that small bromodomain inhibitory fragments can have remarkable 

ligand efficiencies as well as the potential to be optimized for the inhibition of diverse 

bromodomains. 

 

Identification and characterization of dual kinase-bromodomain inhibitors 

 It was recently shown that several well-studied kinase inhibitors potently cross-

react with BET bromodomains (32-34). We thus initiated a dual kinase-bromodomain 

inhibitor discovery campaign with the goals of: 1) identifying additional cross-reactive 

kinase inhibitors; 2) using BROMOscan to define quantitative bromodomain interaction 

maps for both known and novel cross-reactive kinase inhibitors; 3) applying structural 

methods to define novel binding modes. To achieve the first goal, we evaluated: 1) a 

large panel of known kinase inhibitors (LINCS panel) (35) using the BRD4(1) AS assay; 

and 2) a previously described mature inhibitor set (11) using our BRD4(1) AS assay 

(Figure 3.8A, S3.4A). These screens identified several previously described  (32, 33) 

diverse cross-reactive kinase-inhibitors, including the related PLK inhibitors BI-2536 and 

BI-6727/volasertib (18); the JAK2 inhibitor TG-101348; the related p38 inhibitors SB-

202190 (16) and SB-203590 (17) (Figure 3.8B); and the PI3K/mTOR inhibitor PP242.   
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Most interestingly, the LINCS panel screen identified the selective LRRK2 kinase 

inhibitor XMD11-50 (19) (36) as a novel potent dual kinase-BRD4(1) inhibitor, and this 

result is of significance since LRRK2 has been identified as a potential Parkinson’s 

Disease target (37), and XMD11-50 (19) is used pharmacologic probe compound for 

this indication. 

BROMOscan interaction maps for all identified dual kinase-bromodomain 

inhibitors show BET-selective patterns but also interactions with diverse bromodomains 

from multiple additional subfamilies.  In particular, the two closely related p38 inhibitors 

SB-202190 (16) and SB-203590 (17), which have identical kinome-wide inhibitory 

profiles (32), nevertheless show distinct interaction maps, where, remarkably, the subtle 

change from a hydroxyl in (16) to a sulfoxide in (17) confers potent TAF1(2) and 

TAF1L(2) activity (high nanomolar) (Figure 3.8B).  Although the bromodomain 

interaction maps for previously reported dual inhibitors are similar to those measured in 

an earlier study using DSF (32), the more sensitive BROMOscan method detects 

important additional interactions with TAF bromodomains that enable further SAR 

analysis. These data establish that it is possible to design dual kinase-bromodomain 

inhibitors with identical kinome-wide inhibitory profiles but different bromodomain 

inhibitory profiles— a finding complementary to the previous observation that it is 

possible to maintain a bromodomain inhibitory profile while changing the kinase 

selectivity (32). 

The PLK inhibitors and the LRRK2 inhibitor XMD11-50 (19) are particularly 

potent on the BET family, with double-digit nanomolar affinity in BROMOscan and 

potent activity in ITC (Figure 3.9A, B, 3.10A, B) as well, whereas the other inhibitors  
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Figure 3.10 Identification and Characterization of XMD11-50 (A) Interaction map of 
XMD11-50 (B) ITC with BRD4(1) and XMD11-50 (C) Co-crystal of BRD4(1) and 
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have low micromolar BET activity. We next solved BRD4(1) co-crystal structures for the 

clinically advanced PLK inhibitor BI-6727/volasertib (18) and the LRRK2 inhibitor 

XMD11-50 (19) to define the binding modes and to predict how these scaffolds further 

direct the medicinal chemistry effort around modifying the dual kinase-bromodomain 

inhibitory activity against either kinases or bromodomains. The BI-6727/volasertib (18) 

lactam ring carbonyl interacts with conserved Asn140, which, together with high shape 

complementarity, provide strong BET affinity and likely explain the moderate activities 

on non-BET bromodomains as well (Figure 3.9C, S3.4B). The XMD11-50 (19) co-crystal 

structure shows how the novel and much larger ring system is also accommodated by 

the binding pocket and that the amide in the seven member ring interacts with Asn140 

(Figure 3.10C, S3.4C). The binding affinity is likely enhanced by π-stacking between 

Trp81 and the inhibitor’s phenyl ring.  Despite XMD11-50 (19)’s large binding motif, it 

nevertheless retains moderate CBP activity and could be a valuable scaffold for 

developing selective inhibitors for this target. 

 

Cellular activity of dual kinase-bromodomain inhibitors 

To confirm that XMD11-50 (19) and BI-6727/volasertib (18) engage BRD4(1) in a 

cellular milieu, we employed InCELL Hunter™ assays, which monitor ligand binding-

induced protein stabilization in human cells (38).  Both BI-6727/volasertib (18) and 

XMD11-50 (19) show activities similar to the positive controls JQ1 (1) and its close 

derivative BI-2536, whereas control LRRK2 and PLK inhibitors lacking bromodomain 

affinity, NVP-TAE-684 and GSK-451364A, respectively, are inactive (Figure 3.11A). 
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Collectively, these data confirm potent cellular BRD4(1) engagement for XMD11-50 (19) 

and BI-6727/volasertib (18). 

In order to further define the cancer cell pharmacology of these dual kinase-

bromodomain inhibitors, the small molecules were examined in both the BRD4-

dependent midline carcinoma cell line 797 and in MOLM13, a leukemia cell line that is 

sensitive to bromodomain inhibition due to its exquisite Myc-dependence (3, 39). These 

kinase inhibitors exhibited a strong antiproliferation effect in both cell lines (Figure 

3.11B, S3.5A).  Because Myc down-regulation in the MOLM13 line is the signature of 

BRD4 bromodomain inhibition, we evaluated bromodomain inhibition of these molecules 

by determining cellular Myc levels after treatment (3, 39). At a 1 µM concentration, dual-

function kinase inhibitors down-regulated Myc as expected, but kinase-only inhibitors 

did not  (Figure 3.11C).  Interestingly, compound 18 at a low concentration (50 nM) did 

not appreciably down-regulate Myc, as this concentration has not yet reach 

bromodomain inhibition level. These data indicate that dual kinase-bromodomain 

inhibitors distinguish themselves from kinase-only inhibitors, such as GSK461364 and 

Ruxolitinib, in their function within cancer cells. Cell cycle studies in BRD4-dependent 

cell line 797 demonstrated the unique behavior of dual-function molecules. Kinase-

bromodomain inhibitors acted as bromodomain inhibitors— similarly to JQ1— at high 

concentrations, causing G1 arrest rather than the G2 arrest exhibited by kinase-only 

inhibitor treatment (Figure S3.5B).  

Through these experiments, we have utilized BROMOscan to discover novel 

bromdomain activity of kinase inhibitors.  The newly identified activity of kinase 

inhibitors can be used to further discover and develop bromodomain inhibitors with 
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different scaffolds. Moreover, evaluating the cellular functionality of these molecules is 

important for understanding dual-function inhibitors, and more importantly, it could 

potentially identify biomarkers for clinical study.  This discovery further proved that the 

BROMOscan is a powerful tool to identify novel activity of known compounds.  Overall, 

we have developed a set of phage display assays that can be utilized as a platform to 

assess the potency and selectivity of small molecule inhibitors against bromodomains. 

We have also demonstrated that we can use this assay platform to identify novel 

inhibitors and potentially facilitate the development of potent and selective 

bromodomain inhibitors. 
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Discussion 

Our cognizance of the extent to which epigenetic readers are involved in disease 

pathology— from cancer to inflammation to heart failure— has been crucially facilitated 

by the discovery and development of small molecule inhibitors (such as JQ1) for BET 

bromodomains. Because of a dearth of small molecule inhibitors, the depth of our 

understanding does not extend beyond the BET subfamily of bromodomains. 

Development of potent and selective small molecule inhibitors has been hampered by 

the absence of a comprehensive assay platform— a large panel of assays capable of 

evaluating small molecule potency and selectivity across a close family of proteins. 

There are multiple challenges in creating such an assay platform, including purifying a 

variety of proteins at large-scale, accurately assessing thermodynamic binding across a 

protein family, and maintaining a broad dynamic range in order to both sensitively 

identify low-potency inhibitors and differentiate high-potency inhibitors. 

To surmount these difficulties, we exploited phage display assay technology. 

Because most of the bromodomains are domains found within large multi-domain 

proteins— which are themselves part of much larger complexes— maintaining binding 

ability has made isolation of the bromodomain and subsequent purification difficult. Most 

biophysical characterization assays, such as SPR or ITC, require large quantities of 

protein. In using phage display, we eliminate arduous protein purification steps while 

maintaining the ability to accurately calculate thermodynamic binding over a broad 

dynamic range. The resulting BROMOscan platform has an attractive biochemical 

regime that confers significant advantages over other valuable assay formats such as 

AS, ITC, and DSF, including: 1) measurement of true thermodynamic KD values as 
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opposed to relative IC50s or DTm in AS and DSF, respectively; and 2) a broad dynamic 

range for accurate KD measurements (picomolar to millimolar) that avoids ITC’s “tight 

binding limit” for interactions where the protein concentration is significantly higher than 

the test compound KD. And because these phage display-based assays do not require 

painstaking protein purification steps, we have been able to extend our panel to include 

a large number and variety of bromodomains through rapid development and validation. 

We have fully validated the BROMOscan platform using several reported 

bromodomain inhibitors and substrate peptides with potencies ranging from nanomolar 

to high micromolar. Data generated using other assay formats, namely DSF and AS, 

corroborated our BROMOscan data. Additionally, the KD data generated by 

BROMOscan were in good agreement with literature reported KD data determined using 

biophysical measurements such as ITC and SPR. Thus, we have demonstrated that we 

can comprehensively evaluate compound potency and selectivity in agreement with 

commonly used assays. We are aware that the bromodomain field is young, and 

published KD values are limited.  Further expansion the platform coverage and 

validation of these assays with growing field of small molecule bromodomain inhibitors 

will be important to establish the credibility of our assay panel.    

After thorough validation, we demonstrated the BROMOscan platform’s flexibility 

in addressing a variety of scientific problems. Using BROMOscan, we were able to 

discover the inhibitory activity of small molecules against novel bromodomains other 

than their reported targets. The assay platform also informed our medicinal chemistry 

effort in developing novel scaffold into potent, selective inhibitors for non-BET 

bromodomain family members such as CBP and BRD9. This could be further extended 
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to other family members such as TAF1 and TAF1L. BROMOscan also enabled our 

discovery of novel biochemical activity against bromodomains of small molecules 

initially developed for kinases. Knowledge of the dual-function nature of these inhibitors 

has furthered our understanding of drug mechanism in cancer.  Through these 

experiments, we establish this assay platform as a powerful tool in chemical probe 

discovery and development and in clinical investigation through elucidating drug 

mechanisms in disease.  

Overall, we have developed an assay platform that can be used to evaluate 

accurate binding affinity as well as comprehensive selectivity. The panel can be 

considered as excellent counter-profiling platform for other assay formats.  The data 

generated by the assay are reliable with great reproducibility, and we foresee that our 

assay platform will facilitate small molecule inhibitor development for bromodomains as 

well as determine potential bromodomain activity of other non-obvious scaffolds.  

Evaluating the bromodomain activity of clinical compounds could also be useful in 

mechanism elucidation and discovering additional biomarkers of clinical compounds.   
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Methods 

All the compounds used in this study have been either synthesized in Bradner 

Laboratory or Gray Laboratory at Dana-Farber Cancer Institute or directly purchased 

from commercial vendors.  All the compound structures and batch purities (≥ 95%) has 

been confirmed by using standard analytical methods (HPLC/mass spectroscopy and 

NMR).  The proteins used in this study (BRD4(1) and CBP) was purified by following the 

detail description in supporting information.  The AlphaScreen assay development and 

condition can be found in detail as described in reported protocol (J Roberts, J Bradner, 

Current Protocol).  Cell line 797 and MOLM13 were cultured were cultured at 37°C in 

5% CO2 and grown in  RPMI  (Cellgro), supplemented with 2 mM L-glutamine,  50  

U/mL  penicillin,  50  U/mL  streptomycin  and  10%  fetal  bovine serum (FBS, all from 

Invitrogen). 

 

BROMOscan assays. T7 phage strains displaying bromodomains were grown using an 

E. coli host derived from the BL21 strain as described (10). Bromodomain constructs 

are listed in Table S3.1. Streptavidin-coated magnetic beads were treated with 

biotinylated small molecule or peptide ligands for 30 minutes at room temperature to 

generate affinity resins for bromodomain assays. Immobilized ligand – assay pairs are 

listed in Table S3.2. The experimental details were described in SI.  All ligand loading 

densities were optimized for the measurement of true thermodynamic test compound 

KDs as described (14). 
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Discovery of a CBP Bromodomain Inhibitor 

Kinase inhibitors have been recently discovered to inhibit bromodomains with up 

to nanomolar potencies (1-3). Among bromodomains, these molecules have 

demonstrated a high degree of selectivity for the BET family. However, through our 

studies in collaboration with DiscoveRx, we discovered kinase inhibitors that also 

demonstrate some activity against non-BET bromodomains, including CBP and P300 

(Figure 3.9, 3.10). Since we have previously found that modification off of a core 

scaffold has the potential to define bromodomain selectivity, we decided to mine kinase 

inhibitors for a lead on a CBP/P300-selective compound. Toward this goal, the assay 

platform designed around CBP in Chapter 2 and the novel bromodomain profiling 

platform in Chapter 3 work in concert to enable the discovery of small molecule 

inhibitors of the CBP/P300 bromodomain.  

 

Kinase library screening 

We collaborated with the Gray laboratory to screen a library of approximately 400 

kinase inhibitors, diverse in scaffold and biological target. Compounds were tested in 4-

point dose in AlphaScreen assays of both BRD4(1) and CBP in order to gain an 

approximate understanding of their selectivity. Of the compounds screened, the majority 

of compounds with dual kinase-bromodomain activity inhibited BRD4, and most of the 

small molecules that did inhibit CBP demonstrated inhibited BRD4 more strongly. 

However, several compounds in the same structural class as XMD11-50 (particularly, 

XMD12-70-2 and XMD12-3-2) showed a marked preference for CBP over BRD4 (Figure 

4.1). 
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Figure 4.2 AlphaScreen Assay of Cherry Picks (A) AlphaScreen assay of 
XMD12-70-2 against CBP and BRD4 (B) AlphaScreen assay of XMD12-3-2 against 
CBP and BRD4
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Selectivity profiling 

We then cherry picked these compounds and evaluated them further in both CBP 

and BRD4 AlphaScreen assays. Testing these compounds in 10-point dose response 

confirmed their selectivity for CBP over BRD4 (Figure 4.2). XMD12-70-2 was 

approximately 50-fold more selective for CBP (IC50 = 29.4 nM) over BRD4 (IC50 = 1.53 

µM), and XMD12-3-2 was approximately 8-fold more selective for CBP (IC50 = 565 nM) 

over BRD4 (IC50 = 4.64 µM). Based on these data, we chose XMD12-70-2 for further 

evaluation. The compound was resynthesized by Dennis Buckley and sent to 

BROMOscan to verify binding constants. The resynthesized compound demonstrated 

potent CBP binding (KD = 23 nM) and was approximately 8-fold more selective for CBP 

than for BRD4(1) (KD = 180 nM) (Figure 4.3).   

 

Cellular activity of XMD12-70-2 

 The compound was subsequently testing in the CBP bromodomain BRET assay 

in order to determine the ability of the small molecule to engage the CBP bromodomain 

in a cellular context. Cells were treated with 10 µM and 500 nM of XMD12-70-2. The 

literature reported CBP bromodomain inhibitor SGC-CBP30 (4) was used as a positive 

control in the assay. At 10 µM, XMD12-70-2 exhibited 26% inhibition. There was no 

significant difference in signal between 500 nM XMD12-70-2 and the DMSO control 

(Figure 4.4). 

 

  



Figure 4.3 Binding Constant Determination by BROMOscan Amount of bromo-
domain measured by qPCR is plotted against compound concentration in nM
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Figure 4.4 CBP Bromodomain BRET Assay Cells were treated with 10 μM and 500 
nM of XMD12-70-2. The literature reported compound SGC-CBP30 was used as a 
positive control. Asterisk denotes a p-value of <0.01 in a t-test compared to the vehicle 
control. 
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Further research 

Medicinal chemistry should be performed around the scaffold to determine 

structure-activity relationships and improve on CBP selectivity, if possible. Moreover, 

the compound should be modified in such a way as to remove kinase inhibition. While it 

is likely that the BET subfamily is the primary concern for compound promiscuity among 

bromodomains, a full BROMOscan panel needs to be performed to in order to 

determine CBP selectivity. The BRET studies should be expanded to include CBP 

bromodomain/histone acetyltransferase and full-length proteins in order to determine 

whether or not inhibition of the CBP bromodomain precludes chromatin binding.  
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Conclusion 

In this dissertation, two different types of assay platforms were developed and 

implemented. In Chapter 2, I discussed a chemical biology assay platform for the 

development of CBP bromodomain inhibitors, and it encompassed both biochemical 

and cellular assays. The platform was designed to assess small molecule inhibition of 

the CBP bromodomain in a robust, high-throughput manner, allowing for both screening 

and iterative medicinal chemistry. Promising compounds were more deeply scrutinized, 

ensuring target engagement within a cellular context. In Chapter 3, I discussed the 

development and validation of the BROMOscan assay platform and then its use in the 

discovery of non-BET family bromodomain inhibitors. As opposed to testing a large 

number of small molecules against a single bromodomain, BROMOscan enables the 

profiling of small molecules against bromodomains across each subfamily, yielding 

information about compound specificity.  

 Used in conjunction with one another, these two assay platforms are powerful 

tools in the development of potent, selective, and cellularly active small molecule 

inhibitors of CBP. The data discussed in this chapter establish that this is an effective 

strategy for the development of non-BET bromodomain inhibitors. The flexibility of the 

assays used enable this strategy to be adapted for other bromodomain targets in the 

future, providing a means to develop chemical probes for inhibitors across the 

bromodomain family. 
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Figure S3.1 BROMOscan Assay Validation Using Solvents and Acetylated Pep-
tides (A) Interaction maps demonstrating NMP and DMSO binding to bromodomains 
(B) TRIM24 binds to reported acetylated peptide but not to the corresponding 
non-acetylated peptide (C) BAZ2Bbinds to reported acetylated peptide but not to the 
corresponding non-acetylated peptide
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Figure S3.2 Discovery of Novel Bromodomain Inhibitors (A) Co-crystal of MT1 and 
BRD4(1) (B) Schematic of AlphaScreen assay (C) Chemical structure of compound 20, 
a screening hit in the CBP AlphaScreen assay
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Figure S3.3 Computation Docking into Crystal Structures (A) Docking of KS2222 
into CBP bromodomain (B) Docking of KS2222 into BRD4(1) bromodomain (C) Docking 
of GW334556X into BRD9 bromodomain
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Figure S3.4 Characterization of Dual Kinase-Bromodomain Inhibitors (A) Kinase 
inhibitors tested in BRD4(1) AlphaScreen assay (B) Ligand interaction diagram of 
BI-6727/volasertib and BRD4(1) in co-crystal structure (C) Ligand interaction diagram of 
XMD11-50 and BRD4(1) in co-crystal structure
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Figure S3.5 Cellular Activity of Dual Kinase-Bromodomain Inhibitors (A) Cellular 
viability of 797 cells treated with kinase inhibitor set (B) Cell cycle studies of kinase 
inhibitor set in BRD4-dependent 797 cells

A B
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Supplementary Table 1. Bromodomains studied in this report

Bromodomain
Entrez 
Gene 

Symbol

Accession 
Number

Amino Acid 
Start/Stop

Included in Initial 
10 μM Screen

BAZ2B BAZ2B NP_038478.1 S1858/S1972 Yes
BRD1 BRD1 NP_055392.1 E556/A688 Yes
BRD2(1) BRD2 NP_005095.1 K71/N194 Yes
BRD2(2) BRD2 NP_005095.1 E348/D455 Yes
BRD3(1) BRD3 NP_031397.1 P24/E144 Yes
BRD3(2) BRD3 NP_031397.1 G306/P416 Yes
BRD4(1) BRD4 NP_490597.1 N44/E168 Yes
BRD4(2) BRD4 NP_490597.1 K333/E460 Yes
BRDT(1) BRDT NP_001717.2 N21/E137 Yes
BRDT(2) BRDT NP_001717.2 K250/E382 Yes
CBP CREBBP NP_004371.1 R1081/G1197 Yes
TAF1(2) TAF1 NP_004597.2 D1521/D1656 Yes
ATAD2A ATAD2 NP_054828.2 Q981/R1108 No
ATAD2B ATAD2B NP_060022.1 Q955/R1082 No
BAZ2A BAZ2A NP_038477.2 M1792/L1905 No
BRD9 BRD9 NP_076413.2 L14/Q143 No
BRPF1 BRPF1 NP_004625.2 E627/G740 No
BRPF3 BRPF3 NP_056510.2 E588/G701 No
EP300 EP300 NP_001420.2 A1040/G1161 No
FALZ BPTF NP_872579.2 S2791/H2911 No
PBRM1(2) PBRM1 NP_060635.2 S178/E291 No
TAF1L(2) TAF1L NP_722516.1 Q1523/D1654 No
TRIM24(PHD,Bromo.) TRIM24 NP_003843.3 P790/P977 No
TRIM33(PHD,Bromo.) TRIM33 NP_056990.3 D882/A1087 No
WDR9(2) BRWD1 NP_061836.2 A1310/E1430 No
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Supplementary Table 2. Capture ligands used for BROMOscan assays
Bromodomain Bait Molecule Bait Molecule Type

BRD2(1)
BRD2(2)
BRD3(1)
BRD3(2)
BRD4(1)
BRD4(2)
BRDT(1)
BRDT(2)
BRD9 GW334556X
PBRM1(2) H3(11-31)K14acK18acK23acK27ac
BAZ2B H3(1-21)K4K9K14acK18
TRIM33(PHD,Bromo.) H3(1-23)K4K9me3K14K18acK23 
TRIM24(PHD,Bromo.) H3(1-33)K4K9K14K18K23acK27 
CREBBP
EP300
ATAD2A
ATAD2B
BAZ2A
BRD1
BRPF1
BRPF3
FALZ
TAF1(2)
TAF1L(2)
WDR9(2)

I-BET Small Molecule

Modified Histone Peptide

H3(47-65)K56acK64

H4(1-20)K5acK8acK12acK16ac
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