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ABSTRACT: 

The CREB (cAMP responsive element binding protein) binding protein (CBP) and its 

homolog EP300 have emerged as new therapeutic targets for the treatment of cancer and 

inflammatory diseases. Here we report the identification, optimization and evaluation of 

1-(1H-indol-1-yl)ethanone derivatives as CBP/EP300 inhibitors starting from 

fragment-based virtual screening (FBVS). A cocrystal structure of the inhibitor (22e) in 

complex with CBP provides a solid structural basis for further optimization. The most 

potent compound 32h binds to the CBP bromodomain and has an IC50 value of 0.037 µM 

in the AlphaScreen assay which was 2 times more potent than the reported CBP 

bromodomain inhibitor SGC-CBP30 in our hands. 32h also exhibit high selectivity for 

CBP/EP300 over other bromodomain-containing proteins. Notably, the ester derivative 

(29h) of compound 32h markedly inhibit cell growth in several prostate cancer cell lines 

including LNCaP, 22Rv1 and LNCaP derived C4-2B. Compound 29h suppresses the 

mRNA expression of full length AR (AR-FL), AR target genes and other oncogene in 

LNCaP cells. 29h also reduces the expression of PSA, the biomarker of prostate cancer. 

CBP/EP300 inhibitor 29h represents a promising lead compound for the development of 

new therapeutics for the treatment of castration-resistant prostate cancer. 
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cancer; AR, androgen receptor; BET, Bromodomain and extra terminal protein; FBVS, 

fragment-based virtual screening; SAR, structure-activity relationship; TSA, thermal 

stability shift assay 
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1. Introduction  

Prostate cancer (PCa) is the most common malignancy in men and remains the second 

leading cause of cancer mortality in men [1,2]. Androgen-deprivation therapy (ADT) 

represents the gold standard treatment for PCa. Despite the initial benefit, the majority of 

patients will progress to an incurable stage known as castration-resistant prostate cancer 

(CRPC) within 2−3 years. CRPC remains androgen receptor (AR) signaling dependent 

and responds to the recently approved androgen-signaling inhibitor enzalutamide and the 

androgen-synthesis inhibitor abiraterone acetate. However, most patients eventually 

develop resistance to these second-generation therapies as well. Therefore, an alternative 

strategy for the development of new therapeutic agents is urgently needed. One potential 

strategy is to disrupt AR upstream and/or downstream signaling without directly targeting 

the AR ligand binding domain (LBD). Recently, Chinnaiyan and others have shown that 

bromodomain-containing protein 4 (BRD4) inhibitors could disrupt the interaction 

between the N-terminal domain (NTD) of AR and BRD4 and block metastatic CRPC 

growth in animal models [3-5]. Sadar and others have shown that EPI-001 covalently 

binds to the AR NTD, blocking the transcriptional activity of AR and its splice variants 

and reducing the growth of CRPC xenografts [6-8]. We have shown that retinoic acid 

receptor-related orphan receptor γ (RORγ) acts upstream of AR as a key determinant of 

AR gene expression and that the RORγ antagonist XY018 can potently inhibit the growth 

of various AR-positive xenograft tumors in mice [9,10].  

 

CREB (cAMP responsive element binding protein) binding protein (CBP) and its 

homolog EP300 are two closely related transcriptional regulators bearing LXXLL motifs. 
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They act as steroid receptor co-activators for various nuclear receptors, including the 

retinoid X receptor (RXR), estrogen receptor (ER) and AR [11-15]. CBP and EP300 have 

been implicated in the development of various cancers, inflammatory conditions, and 

other diseases [16-23].  In the advanced prostate cancer, CBP is highly expressed, and 

its expression level has been found positively linked with cancer patient survival [24,25]. 

Mechanistically, CBP and EP300 interact with the AR NTD to potentially stabilize both 

N/C interactions and AR binding to AREs (AR response elements) [13]. Therefore, 

interrupting the CBP-AR NTD interaction through targeting the bromodomain of CBP 

may be an efficient strategy to block AR signaling, and the CBP bromodomain may 

represent a potential therapeutic target for prostate cancer. 

 

There has been significant progress in the development of small molecule inhibitors 

targeting the CBP bromodomain [20,25-35]. Among these inhibitors, compounds 1 and 2 

were reported by Zhou using NMR spectroscopy [25]. Compound 1 was discovered by 

screening a focused library of 200 compounds and was the first compound that was 

shown to inhibit the CBP-p53 interaction at 50 µM (Figure 1). Unzue and co-workers 

have developed acetyl benzene compound 3 (Figure 1) as an inhibitor of CBP by 

fragment-based docking and structure-guided optimization. Compound 3 showed 

moderate potency against CBP, with an IC50 of 8.7 µM as determined by TR-FRET [34]. 

Isoxazole derivatives were initially developed for targeting BET bromodomains and later 

optimized as CBP bromodomain inhibitor (4, SGC-CBP30, Figure 1) [20]. Recently, 

compound 5 (I-CBP112, Figure 1), with a 1,4-benzoxazepine scaffold, was reported as a 
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CBP chemical probe and displayed good selectivity for CBP over other bromodomains 

and good cellular activity [29].  

 

These studies enhance our understanding of the role of CBP in oncology, which could 

potentially pave the way for the development of therapeutics for various diseases. 

However, more chemotypes are still urgently needed in order to exploit the therapeutic 

potential of CBP inhibition in different human diseases such as prostate cancer.  

 

In the present study, we report the fragment-based virtual screening, structure-guided 

medicinal optimization and biological evaluation of 1-(1H-indol-1-yl)ethanone 

derivatives as potent and selective CBP/EP300 bromodomain inhibitors for the treatment 

of castration-resistant prostate cancer. 
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2. Results and discussion 

2.1 Identification and validation of 1-(1H-indol-1-yl)ethanone and 

1-(1H-indol-3-yl)ethanone scaffold.  

To obtain new scaffold of CBP inhibitors, a common virtual screening strategy [10,36-38] 

was used as shown in Figure 2A. The SPECS database was first filtered with a molecular 

weight threshold of less than 300. After that, the resulting set of fragments was screened 

through molecular docking-based evaluation. After cluster analysis and visual inspection, 

13 representative compounds were selected and purchased for biological evaluation. The 

inhibitory activity and structures of the 13 compounds were shown in Figure 2B, 

Supporting Information Table S1 and Figure S2. Using an AlphaScreen assay, 3 of the 13 

compounds showed micromolar-level activity, with IC50 values less than 50 µM. 

Compounds 6 (3-(3-acetyl-1H-indol-1-yl)propanoic acid) and 7 

(1-(4,6-dinitro-1H-indazol-1-yl)ethanone) showed IC50 values of 16.73, and 9.11 µM, 

respectively (Figure 2C). Not surprisingly, the 6 has a similar scaffold with the ligand of 

4TS8. The corresponding ligand efficiencies were approximately 0.4. These two 

compounds bear different scaffolds and represent good starting points for further 

optimization. To further evaluate the selectivity, 3 more bromodomain-containing 

proteins, BRD4(1), BAZ2B, and ATAD2, were tested to assess the activity of these two 

fragments by the AlphaScreen assay. The result showed that 7 displayed equipotent 

activities for all the bromodomain-containing proteins tested. However, 6 showed 

excellent selectivity for the CBP bromodomain over other bromodomain-containing 

proteins (Table S2). This result prompted us to choose 6 as a starting point for 

optimization. To design more potent derivatives, we also compared the binding modes of 
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6 and 7 bound to CBP (Figure 3A,B). The predicted binding mode of 7 bound to CBP 

showed that 7 interacts with the conserved residues Asn1168 and Tyr1125 through direct 

and water-mediated hydrogen bonds (Figure 3B). The binding model of 6 is characterized 

by the presence of a hydrogen bond between the carbonyl group of the 

1-(1H-indol-3-yl)ethanone ring and the Asn1168 side chain of CBP (Figure 3A). The 

carbonyl group also interacts with Tyr1125 through an indirect hydrogen bond via a 

conserved water molecule present in the ZA channel. In addition, the propionic acid 

group forms favorable hydrogen bonds with Arg1173. From the predicted binding mode 

analysis, we can see that the 1-(1H-indol-3-yl)ethanone moiety of 6 could serve as an 

acetylated lysine mimic and that three regions could be explored for further optimization 

of this lead compound (Figure 3A). The first area is the LPF shelf, the second area is the 

ZA channel, and the third area is the BC channel. 

 

2.2 Chemistry. 

The derivatives of 1-(1H-indol-1-yl)ethanone and 1-(1H-indol-3-yl)ethanone were 

designed and synthesized as shown in Schemes 1−3.  

 

Briefly, intermediates 21a−21b were prepared by acylation of secondary amines 20a−20b 

followed by reaction with 1-(1H-indol-3-yl)ethanone to produce 

1-(1H-indol-1-yl)ethanone derivatives 22b and 22c in good yields. Compounds 22d and 

22e were obtained by hydrolysis of compounds 22b and 22c, respectively. Compound 

22a was readily synthesized using a procedure similar to the one used to prepare 22b. 
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The synthesis of 25a−25e is illustrated in Scheme 2. 1-acetyl-1H-indole-3-carboxylic 

acid (24a) was first prepared by acetylization of 1H-indole-3-carboxylic acid (23a) with 

acetic anhydride, followed by condensation with various amines to yield the desired 

products. The ester 25c was hydrolyzed under basic conditions to yield the corresponding 

carboxylic acid (26), which was acetylated to afford compound 25e. 

 

Intermediates 27a−27l were prepared according to Scheme 3. The corresponding 

carboxylic acids 30a−l were prepared by deprotection of 27a−27l with TFA. Compound 

29a was directly demethylated with BBr3 to give 32b, which was subsequently etherified 

to generate final products 32c and 32d. 

 

Compounds 28a−28q and 29a−29h were prepared using the procedure outlined in 

Scheme 3, which is similar to the procedure used in the preparation of 27a−27l. 

Compounds 31a−31q, 32a and 32e−32h were prepared by a procedure similar to what 

was used for the synthesis of 30a−30l. The synthesis of compounds 32b−32d is also 

outlined in Scheme 3. 

 

Scheme 1. Synthesis of 1-(1H-indol-3-yl)ethanone Derivatives 22a−22ea 
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aReagents and conditions: (a) acetic anhydride, K2CO3, DCM, 5 h, rt, 60−80%; (b) 

1-(1H-indol-3-yl)ethanone, K2CO3, KI, 5 h, reflux, 70−80%; (c) NaOH, MeOH, rt, 2 h, 

57−80%. 

 

Scheme 2. Synthesis of 1-(1H-indol-1-yl)ethanone derivatives 25a−25ea 

 

aReagents and conditions: (a) acetic anhydride, Et3N, DMAP, DCE, 2 h, 60 ºC, 38−63%; 

(b) aliphatic amines, HATU, DIPEA, DCM, overnight, rt, 60−71%; or aryl amines, 

n-Bu3N, 2-chloro-1-methylpyridinium iodide, toluene, 16 h, 90 ºC, 30−68%; (c) NaOH, 

MeOH, overnight, rt, 83%; (d) Et3N, DMAP, DCE, 12 h, 60 ºC, 35%. 

 

Scheme 3. Synthesis of compounds 29a−29h, 30a−30l, 31a−31q, 32a−32ha  
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aReagents and conditions: (a) acetic anhydride, Et3N, DMAP, DCE, 2 h, 60 ºC, 38−63%; 

(b) aryl amines, n-Bu3N, 2-chloro-1-methylpyridinium iodide, toluene, 16 h, 90 ºC, 

35−68%; (c) TFA, DCM, 6 h, rt, 58−90%; (d) BBr3, DCM, 15 h, rt, 60% (for reactant 

29a); (e) bromoethane or iodopropane, K2CO3, KI, acetone, 12 h, 70 ºC，38−43%.  

 

2.3. Structure−activity relationship studies of the LPF shelf. 

To discuss the structure−activity relationships of the LPF shelf, we designed various 

compounds with substituents on the head group, 1-(1H-indol-3-yl)ethanone. The binding 

affinities of these compounds to CBP were determined and summarized in Table 1. To 

ensure that these compounds can reach the LPF shelf and form further interactions with 

CBP, the propionic acid group originally present in 6 was replaced with larger groups. As 

shown in Table 1, replacing the propionic acid group in 6 with the corresponding ethyl 
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ester yielded 22a, which was found to have a very weak binding affinity to CBP. 

Considering the flexibility of 22a, we designed and synthesized conformational 

constrained analogs 22b−22e. Compounds 22b and 22d exhibited potencies similar to 6. 

22c and 22e were 2-fold more potent than 6, and they exhibited IC50 values of 7.09 and 

6.80 µM, respectively. The results indicated that adding a substituent at the meta-position 

of the piperidine can improve ligand binding affinity. 

 

To understand the structural basis for the protein-ligand interactions, we determined the 

cocrystal structure of the 22e−CBP complex. As shown in Figure 4A and 4B, the binding 

mode of 22e is clearly defined by the electron density map. 22e plugs into the narrow 

pocket with its 1-(1H-indol-3-yl)ethanone group interacting with the conserved residues 

Asn1168 and Tyr1125. The 1-propionylpiperidine-3-carboxylic acid group can protrude 

out of the pocket and reach the LPF shelf, forming further interactions with CBP. The 

carboxyl group was involved in a canonical hydrogen bond with Arg1173. The crystal 

structure also revealed that the carbonyl of the 1-propionylpiperidine-3-carboxylic acid 

group interacts with Arg1173 through a water-mediated hydrogen bond. There are five 

water molecules located in the ZA channel. To obtain more potent compounds through 

water-mediated hydrogen bonds, the head group 1-(1H-indol-3-yl)ethanone was replaced 

with 1-(1H-indol-1-yl)ethanone with an amide linker attached.  

 

We synthesized compounds 25a and 25b, which showed weaker affinities than 22e (Table 

1). It seems that the flexibility of the attached group may be detrimental to CBP affinity. 

Replacing the alkyl group with an aromatic group led to 25c, which was found to bind to 
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CBP protein with an IC50 value of 3.39 µM and was twice as potent as 22e. The 

corresponding acid form of 25c was also synthesized (25e) and evaluated. Compound 25e 

showed a small increase in activity with IC50 value of 1.69 µM, while the acetyl analog 

25d showed a sharp decrease in potency (IC50 = 25.37 µM) relative to compound 25e. 

This finding demonstrated that the carboxyl group of 25e, also seen in 22e, was critical 

for compound activity. 

 

Analysis of the predicted binding mode of compound 25e in complex with the CBP 

bromodomain suggested that the NH group of the amide forms a new hydrogen bond 

with one of the conserved water molecule near the ZA channel. The phenyl group of 25e 

extends to the LPF shelf and forms VDW interactions with the hydrophobic residue 

Leu1109. The carboxyl group of compound 25e had the optimal orientation to form a 

very favorable hydrogen bond with the guanidinium group of Arg1173 of the CBP 

bromodomain (Figure 4C). It was indicated that a carboxyl group at the meta-position of 

phenyl ring was more favorable than other groups. 

 

2.4. Structure−activity relationship studies of the ZA channel. 

To investigate the SAR in the direction of the ZA channel, the preferred carboxyl group 

was maintained. The substitutions on the ortho- or meta-position (R3 or R4 in Table 2) 

were explored to improve the hydrophobic interactions with the ZA channel. First, 

short-chain alkyl groups were attached at the R3 position and yielded 30a−30c. 

Compound 30b, with a longer-chain substitution, showed a significant loss of activity 

compared with the parent compound 25e. The relatively small groups are well tolerated, 
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and the corresponding compounds showed activity similar to that of 25e. When the 

hydrophobic cycloalkyl groups (30d−30f) were used to occupy the hydrophobic pocket, a 

small increase in inhibition was observed. Analogs 30e and 30f demonstrated IC50 values 

of 1.89 and 1.67 µM, respectively. To determine the importance of hydrophobic 

interactions, polar atoms were introduced to the cycloalkyl group. If the substituent atom 

is an O, as in 30g, a 4-fold decrease in inhibition was observed. This result demonstrated 

that incorporation of a polar atom causes a reduction in the inhibitory activity. A flexible 

linker of one methylene carbon was used to attach polar substituents in hopes of 

improving activity (30h−30k). However, these compounds did not show improved 

activity. When a halogen atom (F) was introduced to the R3-position, significantly 

improved potency was achieved; Compound 30l was found to display an IC50 value of 

0.77 µM. As shown in Figure 5A, the predicted binding mode of compound 30l was 

similar to that of compound 25e. The size of F atom is critical and may contribute to the 

improved activity. This finding suggested that small substituents at the R3 position were 

favorable, while the larger groups may interfere with other residues around this pocket. 

 

For the meta-position (R4, Table 2), various substitutions were introduced to increase the 

binding affinity through improving close contact with the protein surface. The results are 

shown in Table 2. Compounds with alkyl or cycloalkyl groups did not improve the 

activity. Among these compounds, analog 31f was one of the best compounds with 

moderate biochemical activity (IC50 = 2.48 µM). Flexible linkers with 1 or 2 atoms (31g 

and 31h) were also used to attach polar substituents for improved activity. Not 

surprisingly, compound 31g demonstrated high potency, with an IC50 value of 1.0 µM.  
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To find more potent analogs based on the modeled structure of 25e in complex with CBP 

bromodomain, we designed compounds with various aromatic groups at the R4 position 

to explore the chemical space for affinity improvement (Table 2). The phenyl ring analog 

(31i) showed similar potency to 25e against CBP, with an IC50 value of 1.86 µM. The 

mono-substituted phenyl analogs were synthesized, leading to compounds 31j−31m. No 

significant potency improvement was obtained. When a chlorine atom was substituted at 

the meta-position (31k), the activity matched that of 31e. 

 

To investigate the importance of polar atoms, we synthesized compounds 31n−31q. 31n 

exhibited a slightly increased potency compared to compound 31i. Analog 31o was one 

of the most promising compounds with strong biochemical activity (IC50 = 0.65 µM). 

Compound 31p binds to CBP with IC50 value of 2.81 µM, which is one-fourth as strong 

as 31o. This finding may be due to the hydrophobic phenyl group of compound 31p 

being exposed to the solvent environment. Compound 31q showed comparable activity, 

with an IC50 value of 1.00 µM. Analysis of the predicted binding mode for compound 31o 

in complex with CBP protein (Figure 5B) suggested that the furan group orient along the 

ZA channel, increasing binding affinity through close contact with the protein surface. 

The O atom of the furan ring is exposed to the solvent environment, which is favorable 

for ligand binding. The results demonstrated that the furan group of 31o is a favorable 

group in the ZA channel. 

 

2.5. Structure−activity relationship studies of the BC channel. 
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Analysis of the predicted binding mode for compound 31o in complex with CBP 

bromodomain showed that there is still some space near the BC channel for further 

optimization. As shown in Table 2, we designed various substituents at the R5 position to 

explore the chemical space around the BC channel for affinity improvements. We 

synthesized compound 32b with a hydroxy group at the R5 position, which gave an IC50 

value of 0.17 µM, making it 4 times more potent than 31o. Expanding the size of alkoxy 

group, compounds 32a, 32c and 32d were prepared to improve the activity. Compound 

32a showed activity (IC50 = 0.14 µM) similar to that of 32b. However, compounds 32c 

and 32d have IC50 values of 3.89 and 26.19 µM, respectively. From the predicted binding 

mode, we can see that the substituent from this direction should also be exposed to 

solvent, so a larger alkyl group may decrease the potency. These results suggested that the 

optimal length of the substitution is approximately 1−2 heavy atoms. We next synthesized 

compounds 32e and 32f, which were found to bind to CBP with IC50 values of 0.29 and 

0.69 µM, respectively. From the data shown in Table 2, we can see that heterocyclic 

substituents at the R4 position are favorable. Changing the furan group in 32a to a 

1-methyl-1H-pyrazole led to 32g, which showed an activity (IC50 = 0.16 µM) similar to 

that of 32a (IC50 = 0.14 µM). The results demonstrated that the BC channel is also a 

critical region for potency (Figure 5B,C). Taken together, our modifications at the BC 

channel have yielded compounds 32a and 32g with much improved activities over the 

initial compounds 30l and 31o. 

 

Combining all the substituents at R3, R4 and R5 positions, we synthesized compound 32h. 

32h demonstrated significantly improved activity with an IC50 of 0.037 µM, which was 
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approximately 4 times more potent than 32g and 2 times more potent than compound 4 

The phenyl group with fluorine, carbonyl, and 1-methyl-1H-pyrazole substituents fit 

snugly in the pocket as shown in Figure 5D. The hydrogen bonding and polar interactions 

may contribute to the improved potency. 

 

2.6. Evaluation of bromodomains selectivity. 

To investigate the selectivity profile, representative compounds were tested against 8 

bromodomain-containing proteins from different subgroups of the bromodomain family 

using an AlphaScreen assay (Table 3). Most of the tested compounds showed excellent 

selectivity for the CBP bromodomain and its paralog EP300 over other 

bromodomain-containing proteins. Compounds 31o and 32a demonstrated high potency, 

with IC50 values of 0.65 and 0.14 µM for CBP, respectively; however, they also showed 

weak potency for some other bromodomain-containing proteins. Compounds 6, 25e, 30l, 

and 31g showed excellent selectivity. Among all the tested compounds, 32g and 32h 

showed best activity and selectivity profiles. To further confirm the selectivity over other 

bromodomain-containing proteins, compound 32g and 32h were evaluated against 8 

bromodomain-containing proteins using a thermal stability shift (TSA) assay (Figure 6). 

Similar to the AlphaScreen assay, the TSA assay confirmed that compounds 32g and 32h 

showed promising selectivity profiles. 

 

2.7. Inhibitory effect of cell growth, colony formation and gene expression in 

prostate cancer cells. 
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CBP and EP300 have been linked to the development of various diseases. CBP inhibitors 

have been evaluated for their therapeutic potential for the treatment of acute leukemia 

[28,39,40]. In this study, we tested our selective CBP inhibitors to determine if they 

possess any growth inhibition effects on prostate cancer cell lines. We selected 

AR-dependent prostate cancer cell lines such as LNCaP and 22Rv1 cells to test the 

cellular proliferation inhibition effects (Table 4). Enzalutamide, a second generation of 

AR antagonist, was chosen as positive control. The most potent compounds 32a, 32g, and 

32h did not show inhibition effect against LNCaP and 22Rv1 cells, which may be due to 

the highly polar carboxyl group found in 32a, 32g and 32h restricting cellular 

permeability. Therefore, the polarity of the acid group was masked with ester [41,42]. In 

this case, the tert-butyl ester derivatives 29a, 29g and 29h were obtained for 

corresponding carboxyl substituted compounds 32a, 32g, and 32h. In the AlphaScreen 

assay, the esters derivatives 29a, 29g and 29h were found to bind to CBP with IC50 values 

of 1.05, 1.04 and 0.42 µM, respectively. However, the esters derivatives 29a, 29g and 29h 

showed reasonable potency in prostate cells LNCaP and 22Rv1, with IC50 values of 

approximately 2.0 µM (Figure 7A,B). These antiproliferative activities were 

appoximately 17-fold potent than that of the positive control enzalutamide (Table 4).  

 

The antiproliferative activity of the compound 29h was also evaluated against a wide 

range of cancer cell lines (Table S4). Not surprisingly, the compound did not show 

obvious inhibition on the growth of AR-negative prostate cancer cells PC-3 (IC50 > 20 

µΜ). 29h also displayed very weak inhibitory activities against breast cancer cell lines 

MCF-7 (ER positive), Hs578T (triple negative) and MDA-MB-231 (triple negative) with 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

IC50 value of 7.46, 15.09 and 35.99 µΜ, respectively. The growth inhibitory activities of 

the compound against lung fibroblast HFL-1 cells and human normal liver HL7702 cells 

were also evaluated to monitor the potential toxic effects. As show in Table S4, 

compound 29h exhibited less cytotoxic effect against these two normal cells with IC50 

values of 100 µM and 40 µM, respectively, indicating that the cytotoxic effects of 29h 

was minimal. 

 

To further investigate the growth inhibition effects, colony formation assays were 

performed for representative compounds 32g and 32h and their tert-butyl ester 

derivatives 29g and 29h. Similar to the cell viability assay, compounds 32g and 32h show 

no inhibitory activity for colony formation. However, the ester derivatives 29g and 29h 

reduced colony formation in a dose-dependent manner (Figure 7C,D). Colony formations 

were reduced to less than 10% in 22Rv1 and C4-2B cells at 4 µM. Thus, 29g and 29h 

significantly inhibit growth of prostate cancer cells. Overall, 32g, 32h and their ester 

derivatives 29g and 29h have good profiles for further optimization.  

 

To investigate whether CBP inhibitors suppress the expression of full length AR, AR 

spliced variants, and AR-regulated target genes, qRT-PCR was performed in LNCaP cells. 

As shown in Figure 8A, compound 29h strongly inhibited mRNA expression of full 

length AR. The AR-regulated genes KLK2, PSA (also known as KLK3) and TMPRSS2 

were also inhibited upon 29h treatment. Myc, a known oncogenic driver in prostate 

cancer, was also strongly inhibited by 29h. Furthermore, western blot analysis indicated 
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that treatment of 22Rv1 cells with compound 29h resulted in down regulation of AR-FL 

and AR-V7 level (Figure S2). 

 

In a PSA luciferase reporter gene assay in LNCaP cells, both 29g and 29h significantly 

reduced the expression level of PSA in a dose-dependent manner (Figure 8B). These 

results indicated that targeting CBP may represent an alternative strategy for the 

treatment of CRPC. 

 

3. Conclusions  

In this study, we report the discovery of the 1-(1H-indol-1-yl)ethanone derivatives as 

CBP/EP300 bromodomain inhibitors for the treatment of CRPC through structure-based 

virtual screening, medicinal chemistry optimization, and biological evaluation. 

Determination of the high-resolution crystal structure of the inhibitor with the CBP 

provided guidance for structure-based optimization. The ester derivative 29h potently 

inhibited cell growth or colony formation in the prostate cancer cell lines LNCaP, 22Rv1 

and/or C4-2B. 29h also reduced the expression of AR, c-Myc and AR target genes. 

Further optimization of 29h may ultimately provide a new class of therapeutics for the 

treatment of CRPC.  
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4. Experimental section  

4.1. Computational methods.  

The crystal structure of CBP bromodomain (PDB ID: 4TS8.pdb) [34] was used for the 

molecular docking study. All of the ligand and protein preparation were performed with 

in Maestro (version 9.4, Schrödinger, LLC, New York, NY, 2013) implemented in the 

Schrödinger program (http://www. Schrödinger.com). The SPECS database 

(http://www.specs.net), containing more than 270,000 molecules, was filtrated with a 

molecular weight threshold of less than 300 Dalton. The resultant fragment dataset was 

submitted to molecular docking study. The molecular docking study was performed with 

the Glide program using the standard precision (SP) score mode. Top 5000 compounds 

were selected for cluster analysis and visual inspection. The molecules, which bear a 

carbon bond and form hydrogen bond with conserved Asn1168, were selected and 

submitted for subsequent biological evaluation. 

 

4.2 General chemistry.  

All commercial reagents and anhydrous solvents were purchased and used without 

purification, unless otherwise specified. Flash chromatography was performed using 

silica gel (300−400 mesh). All reactions were monitored by TLC, using silica gel plates 

with fluorescence F254 and UV light visualization. All products were characterized by 

their NMR and MS spectra. 1H NMR spectra were recorded using a Bruker AV-400 

spectrometer at 400 MHz or 500 MHz and 13C NMR spectra were recorded using a 

Bruker AV-500 spectrometer at 500 MHz. Coupling constants (J) are expressed in hertz 

(Hz). Chemical shifts (δ), which relative to internal control (TMS), are reported in parts 
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per million (ppm) units. The low resolution of ESI-MS was recorded on an Agilent 1200 

HPLC-MSD mass spectrometer. The purities of compounds were determined to be over 

95% by reverse-phase high performance liquid chromatography (HPLC) analysis. HPLC 

instrument: Dionex Summit HPLC (column: Inertsil ODS-SP, 5.0 µm, 4.6 mm × 250 mm 

(GL Sciences Inc.); detector, UVD170U; injector, manual injector; pump, P680; detection 

wavelength, 254 nm; flow rate, 1.0 mL/min. 

 

4.2.1 Procedure a of scheme 1. 

A mixture of methyl piperidine-4-carboxylate (2 g, 14 mmol) (20a), 2-chloroacetyl 

chloride (1.16 mL, 15.4 mmol) and K2CO3 (5.8 g, 42 mmol) in DCM was stirred for 5 h 

at rt. Upon completion, the solvent was removed in vacuo. Water was added and the 

mixture was extracted with ethyl acetate (20 mL × 3). The organic layer was washed with 

water, 1 N HCl and brine, dried over Na2SO4, and evaporated. The compound 21a 

(methyl piperidine-4-carboxylate) was obtained as a yellow oil (2.072 g, 67.4% yield). 

This oil was used in the next step without further purification. MS (APCI), m/z for 

C9H14ClNO3 ([M + H]+): Calcd 219.67, found 220.1. 

 

4.2.2 Procedure b of scheme 1.  

To a solution of compound 21a (437.48 mg, 2 mmol) in acetone (50 mL) was added 

1-(1H-indol-3-yl)ethanone (264 mg, 1.66 mmol), K2CO3 (688 mg, 4.98 mmol) and KI 

(42 mg, 0.252 mmol). The mixture was heated under reflux for 5 h. The aqueous layer 

was extracted with ethyl acetate (50 mL × 3), and the organic layer was washed with 

water and brine, dried over Na2SO4 and concentrated under reduced pressure. The residue 
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was purified by chromatography on silica gel to afford methyl 

1-(2-(3-acetyl-1H-indol-1-yl)acetyl)piperidine-4-carboxylate (22b) (397 mg, 70% yield) 

as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 8.24 (s, 1H), 8.18 (d, J = 6.9 Hz, 1H), 

7.44 (d, J = 7.2 Hz, 1H), 7.20 (s, 2H), 5.29 (d, J = 4.7 Hz, 2H), 4.17 (d, J = 12.5 Hz, 1H), 

3.94 (d, J = 12.9 Hz, 1H), 3.64 (s, 3H), 3.24 (t, J = 12.1 Hz, 1H), 2.80 (t, J = 11.7 Hz, 

1H), 2.69 (t, J = 10.7 Hz, 1H), 2.42 (s, 3H), 1.94 (d, J = 11.6 Hz, 1H), 1.86 (d, J = 12.6 

Hz, 1H), 1.71 (d, J = 10.5 Hz, 1H), 1.44 (d, J = 9.9 Hz, 1H). 13C NMR (125 MHz, 

DMSO-d6) δ 192.05, 174.28, 164.91, 138.48, 137.57, 125.49, 122.55, 121.73, 121.27, 

115.98, 110.75, 51.50, 47.40, 43.48, 40.86, 28.02, 27.50, 27.16, 18.48. MS (APCI), m/z 

for C19H22N2O4 ([M + H]+): Calcd 342.39, found 343.1. HPLC analysis: MeOH − H2O 

(80:20), 5.20 min, 99.68% purity. The synthesis of 22a and 22c can refer to 22b (for 

details, see Supporting Information). 

 

4.2.3 Procedure c of scheme 1.  

Methyl 1-(2-(3-acetyl-1H-indol-1-yl)acetyl)piperidine-4-carboxylate (284 mg, 0.83 mmol) 

in a mixture of MeOH (8 mL) was treated with 1 N NaOH (4 mL, 4.15 mmol) and stirred 

for 2 h at room temperature. Then concentrated to remove MeOH and cooled to room 

temperature in an ice bath and neutralized with 1 N HCl. The solid precipitate was 

collected by filtration, washed with water and dried. 

1-(2-(3-acetyl-1H-indol-1-yl)acetyl)piperidine-4-carboxylic acid (22d) (156 mg, 57.2% 

yield) was white solid. 1H NMR (400 MHz, DMSO-d6) δ 12.32 (s, 1H), 8.23 (s, 1H), 8.20 

– 8.09 (m, 1H), 7.46 (dd, J = 21.2, 7.4 Hz, 1H), 7.27 – 7.14 (m, 2H), 5.36 – 5.22 (m, 2H), 

4.16 (d, J = 13.0 Hz, 1H), 3.94 (d, J = 13.4 Hz, 1H), 3.27 – 3.19 (m, 1H), 2.81 (t, J = 11.1 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Hz, 1H), 2.61 – 2.55 (m, 1H), 2.43 (s, 3H), 1.98 – 1.89 (m, 1H), 1.85 (d, J = 11.2 Hz, 1H), 

1.69 (d, J = 10.6 Hz, 1H), 1.43 (d, J = 9.9 Hz, 1H), 1.24 (s, 1H). 13C NMR (125 MHz, 

DMSO-d6) δ 192.12, 175.49, 164.92, 138.58, 137.59, 125.50, 122.58, 121.75, 121.28, 

115.97, 110.80, 47.45, 43.63, 41.02, 41.02, 27.18. MS (APCI), m/z for C18H20N2O4 ([M 

+ H]+): Calcd 328.36, found 329.1. HPLC analysis: MeOH (1‰ TFA) − H2O (90:10), 

4.15 min, 96.64% purity. The synthesis of 22e can refer to 22d (for details, see 

Supporting Information). 

 

4.2.4 Procedure a of scheme 2. 

1H-indole-3-carboxylic acid (23a) (1.5 g, 9.3 mmol), Et3N (4 mL, 27.9 mmol) and 

DMAP (0.114 g, 0.93 mmol) were dissolved in DCE (12 mL). Then acetic anhydride (2.8 

mL, 27.9 mmol) was added and the mixture was stirred for 2 h at 60 ºC. Upon completion, 

the solvent was evaporated. The residue was dissolved in EtOAc, extracted with saturated 

NaHCO3 solution (20 mL × 3), the aqueous phase was cooled to 0 °C and then acidified 

with 1 N HCl. The precipitated solid was collected by filtration, washed with water and 

dried in vacuum to obtain the desired compound 1-acetyl-1H-indole-3-carboxylic acid 

(24a) (1.2 g, 63% yield) as white solid. 1H NMR (400 MHz, DMSO-d6) δ 8.42 (s, 1H), 

8.35 (dd, J = 6.9, 1.8 Hz, 1H), 8.08 (dd, J = 6.5, 2.1 Hz, 1H), 7.44 – 7.28 (m, 2H), 2.73 (s, 

3H). 

 

4.2.5 Procedure b of scheme 2.  

The N-(2-aminoethyl)acetamide (153 mg, 0.74mmol), HATU (218 mg, 0.74 mmol) and 

DIPEA (191 mg, 1.48 mmol) were dissolved in DCM. The mixture was stirred at rt for 
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30 min. The 1-acetyl-1H-indole-3-carboxylic acid (24a) (100 mg, 0.49 mmol) was then 

added, the reaction mixture was stirred overnight at rt. The aqueous layer was extracted 

with EtOAc (30 mL × 3), and the organic layer was washed with water and brine, dried 

with Na2SO4, and evaporated. The residue was purified by silica gel to yield 

N-(2-acetamidoethyl)-1-acetyl-1H-indole-3-carboxamide (25a) (100 mg, 71% yield) as 

white solid. 1H NMR (400 MHz, CDCl3) δ 8.51 – 8.43 (m, 1H), 8.12 – 8.05 (m, 1H), 8.02 

(s, 1H), 7.46 – 7.37 (m, 2H), 7.17 (s, 1H), 6.34 (s, 1H), 3.64 (dd, J = 10.7, 5.0 Hz, 2H), 

3.55 (dd, J = 10.9, 5.5 Hz, 2H), 2.70 (s, 3H), 2.03 (s, 3H). 13C NMR (125 MHz, 

DMSO-d6) δ 170.68, 170.39, 164.24, 135.96, 129.65, 129.04, 126.03, 124.87, 122.46, 

116.61, 116.59, 39.42, 39.36, 24.70, 23.58. MS (APCI), m/z for C15H17N3O3 ([M + H]+): 

Calcd 287.32, found 288.1. HPLC analysis: MeOH − H2O (80:20), 5.26 min, 98.69% 

purity. 

 

The synthesis of 25b can refer to 25a (for details, see Supporting Information). 

 

4.2.6 Another procedure b of scheme 2.  

The methyl 3-aminobenzoate (288 mg, 1.55 mmol), 1-acetyl-1H-indole-3-carboxylic acid 

(300 mg, 1.86 mmol) (24a), 3-chloro-1-iodo-2-methylpyridin-1-ium (950 mg, 3.72 mmol) 

and n-Bu3N (1379 mg, 7.44 mmol) were dissolved in toluene. Under nitrogen, the 

reaction mixture was stirred overnight at 90 °C. It was concentrated and redissolved in 

EtOAc. The organic phase was extracted with saturated NH4Cl solution, saturated 

NaHCO3 solution, 1 N HCl and brine. The combined organic phase was dried over 

Na2SO4 and concentrated under reduced pressure. The resulting crude product was 
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purified by silica gel chromatography to yield methyl 

3-(1-acetyl-1H-indole-3-carboxamido)benzoate (25c) (185 mg, 30% yield) as white solid. 

1H NMR (400 MHz, DMSO-d6) δ 10.28 (s, 1H), 8.83 (s, 1H), 8.39 (s, 1H), 8.36 (s, 1H), 

8.27 (d, J = 7.1 Hz, 1H), 8.14 (d, J = 7.9 Hz, 1H), 7.70 (d, J = 7.7 Hz, 1H), 7.54 (t, J = 

7.9 Hz, 1H), 7.40 (dq, J = 13.8, 6.8 Hz, 2H), 3.89 (s, 3H), 2.76 (s, 3H). 13C NMR (125 

MHz, DMSO-d6) δ 170.80, 167.04, 163.01, 140.40, 136.03, 131.02, 130.77, 130.16, 

129.03, 126.31, 125.17, 125.15, 124.84, 122.46, 121.20, 116.73, 116.03, 53.11, 24.82. 

MS (APCI), m/z for C19H16N2O4 ([M − H]−): Calcd 336.35, found 334.6. HPLC analysis: 

MeOH − H2O (80:20), 10.71 min, 99.45% purity. The synthesis of 22d can refer to 25c 

(for details, see Supporting Information). 

 

4.2.7 Procedure c of scheme 2.  

Methyl 3-(1-acetyl-1H-indole-3-carboxamido)benzoate (25c) (100 mg, 0.3 mmol) in a 

mixture of MeOH (10 mL) was treated with 1 N NaOH (1.5 mL, 1.5 mmol) and stirred 

for overnight at room temperature. Then concentrated to remove MeOH and cooled to 

room temperature and acidified with 1N HCl. The solid was collected by filtration, rinsed 

with water and dried, the 3-(1H-indole-3-carboxamido)benzoic acid was obtained (25e). 

1H NMR (400 MHz, DMSO-d6) δ 12.91 (s, 1H), 11.75 (s, 1H), 9.89 (s, 1H), 8.39 (s, 1H), 

8.34 (d, J = 3.0 Hz, 1H), 8.21 (d, J = 7.4 Hz, 1H), 8.07 (d, J = 8.1 Hz, 1H), 7.62 (d, J = 

7.7 Hz, 1H), 7.47 (d, J = 7.3 Hz, 1H), 7.44 (d, J = 7.9 Hz, 1H), 7.26 – 7.08 (m, 2H). 

 

4.2.8 Procedure d of scheme 2.  
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A mixture of 3-(1H-indole-3-carboxamido)benzoic acid (26) (67 mg, 0.23 mmol), Et3N 

(68.68 mg, 0.68 mmol) and DMAP (2.8 mg, 0.023 mmol) in DCE (10 mL). Acetic 

anhydride (69.36 mL, 0.68 mmol) was added and stirred for 12 h at 60 ºC. Then 

concentrated to remove DCE and diluted with EtOAc, the organic phase was extracted 

with saturated NaHCO3 solution, 1 N HCl and brine. The combined organic phases were 

dried over Na2SO4 and concentrated under reduced pressure. The expected compound 

3-(1-acetyl-1H-indole-3-carboxamido)benzoic acid (25e) was obtained (26 mg, 35% 

yield) as white solid; 1H NMR (400 MHz, DMSO-d6) δ 12.99 (s, 1H), 10.24 (s, 1H), 8.84 

(s, 1H), 8.37 (dd, J = 9.7, 1.5 Hz, 2H), 8.27 (dd, J = 6.5, 1.3 Hz, 1H), 8.11 (dd, J = 8.1, 

1.1 Hz, 1H), 7.68 (d, J = 7.8 Hz, 1H), 7.51 (t, J = 7.9 Hz, 1H), 7.40 (pd, J = 7.2, 1.4 Hz, 

2H), 2.76 (s, 3H). 13C NMR (125 MHz, DMSO-d6) δ 169.74, 167.09, 161.96, 139.21, 

135.05, 131.30, 129.66, 128.86, 128.07, 125.26, 124.10, 123.85, 121.46, 120.59, 115.70, 

115.18, 23.76. MS (APCI), m/z for C18H14N2O4 ([M + H]+): Calcd 322.32, found 323.0. 

HPLC analysis: MeOH (1‰ TFA) − H2O (90:10), 4.95 min, 99.12% purity.  

 

4.2.9 Procedure a of scheme 3. 

The synthesis of compound 1-acetyl-5-methoxy-1H-indole-3-carboxylic acid (24b) (38% 

yield) can refer to 1-acetyl-1H-indole-3-carboxylic acid (24a). The solid was white. 1H 

NMR (400 MHz, DMSO-d6) δ 8.39 (s, 1H), 8.24 (d, J = 9.1 Hz, 1H), 7.55 (d, J = 2.6 Hz, 

1H), 7.00 (dd, J = 9.1, 2.6 Hz, 1H), 3.81 (s, 3H), 2.71 (s, 3H). 

 

4.2.10 Procedure b of scheme 3. 
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The tert-butyl 3-amino-5-(furan-2-yl)benzoate (450 mg, 1.74 mmol), 

1-acetyl-5-methoxy-1H-indole-3-carboxylic acid (485 mg, 2.08 mmol) (24b), 

3-chloro-1-iodo-2-methylpyridin-1-ium (1.07 g, 4.17 mmol) and n-Bu3N (1.54 g, 8.4 

mmol) were dissolved in toluene. The reaction mixture was stirred under N2 atmosphere 

for 16 h at 90 °C. Afterwards the solvent was evaporated, water was added and extracted 

with EtOAc (3 x 50 mL). The combined organic layer was dried over Na2SO4 and 

concentrated under reduced pressure. The residue was purified by silica gel 

chromatography to provide the desired compound tert-butyl 

3-(1-acetyl-5-methoxy-1H-indole-3-carboxamido)-5-(furan-2-yl)benzoate (29a) (370 mg, 

45.1%) as white solid. 1H NMR (400 MHz, DMSO-d6) δ 10.31 (s, 1H), 8.82 (s, 1H), 8.45 

(s, 1H), 8.25 (d, J = 9.0 Hz, 1H), 8.19 (s, 1H), 7.92 (s, 1H), 7.84 (d, J = 1.2 Hz, 1H), 7.78 

(d, J = 2.6 Hz, 1H), 7.01 (m, 2H), 6.66 (dd, J = 3.3, 1.8 Hz, 1H), 3.84 (s, 3H), 2.74 (s, 

3H), 1.60 (s, 9H). HRMS (ESI) for C27H26N2O6 [M + H]+, calcd: 474.1790, found: 

475.1828. 

 

27a−27l, 28a−28q, 29b−29h were prepared by the method similar to that of 29a (for 

details, see Supporting Information). 

 

4.2.11 Procedure c of scheme 3.  

Tert-butyl 3-(1-acetyl-5-methoxy-1H-indole-3-carboxamido)-5-(furan-2-yl)benzoate (29a) 

(50 mg, 0.011 mmol) was dissolved in DCM (10 mL) and trifluoroacetic acid (1 mL). 

The mixture was stirred at rt for 5 h. The solvent was removed and the reside was 

recrystallized with petroleum/ethyl acetate to afford the desired compound 
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3-(1-acetyl-5-methoxy-1H-indole-3-carboxamido)-5-(furan-2-yl)benzoic acid (32a) (36 

mg, 78.3% yield) as white solid. 1H NMR (400 MHz, DMSO-d6) δ 13.19 (s, 1H), 10.28 

(s, 1H), 8.84 (s, 1H), 8.44 (s, 1H), 8.32 (s, 1H), 8.25 (d, J = 9.0 Hz, 1H), 7.98 (s, 1H), 

7.83 (d, J = 1.2 Hz, 1H), 7.80 (d, J = 2.5 Hz, 1H), 7.06 (d, J = 3.3 Hz, 1H), 7.01 (dd, J = 

9.0, 2.6 Hz, 1H), 6.65 (dd, J = 3.3, 1.8 Hz, 1H), 3.84 (s, 3H), 2.74 (s, 3H). 13C NMR (125 

MHz, DMSO-d6) δ 169.63, 166.98, 162.36, 156.53, 152.11, 143.50, 140.03, 132.13, 

131.10, 130.37, 129.74, 129.30, 119.37, 119.11, 118.17, 116.66, 114.73, 114.26, 112.37, 

106.87, 103.76, 55.38, 23.66. MS (APCI), m/z for C23H18N2O6 ([M − H]−): Calcd 418.41, 

found 416.3. HRMS (ESI) for C23H18N2O6 [M + H]+, calcd: 418.1165, found: 419.1241. 

HPLC analysis: MeOH (1‰ TFA) − H2O (90:10), 9.34 min, 99.09% purity.  

 

Other 1-(1H-indol-3-yl)ethanone derivatives 30a−30l, 31a−31q and 32e−32h were 

synthesized by using the procedure similar to that of 32a (for details, see Supporting 

Information). 

 

4.2.12 Procedure d of scheme 3.  

To a stirred solution of tert-butyl 3-(1-acetyl-5-methoxy-1H-indole-3-carboxamido)- 

5-(furan-2-yl)benzoate (29a) (50 mg, 0.11 mmol) in dry DCM (20 mL), boron tribromide 

(70.15 mg, 0.28 mmol) was dropwise added at 0 °C. The reaction mixture was warmed to 

room temperature and stirred for 15 h. Then the reaction was quenched with water at 0 °C, 

followed by extraction with DCM (20 mL x 3). The combined extracts were dried over 

anhydrous MgSO4. The solvent was evaporated in vacuo, and the resulting crude product 

was purified by recrystallization to provide 

3-(1-acetyl-5-hydroxy-1H-indole-3-carboxamido)-5-(furan-2-yl)benzoic acid (32b) (26 
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mg, 60% yield) as white solid. 1H NMR (500 MHz, DMSO-d6) δ 13.15 (s, 1H), 10.25 (s, 

1H), 9.40 (s, 1H), 8.78 (s, 1H), 8.45 (s, 1H), 8.29 (s, 1H), 8.15 (s, 1H), 7.97 (s, 1H), 7.83 

(s, 1H), 7.67 (s, 1H), 7.04 (s, 1H), 6.86 (s, 1H), 6.65 (s, 1H), 2.72 (s, 3H). 13C NMR (125 

MHz, DMSO-d6) δ 169.23, 166.79, 162.24, 154.36, 152.06, 143.31, 139.95, 132.02, 

130.93, 129.95, 129.31, 128.87, 119.30, 118.17, 116.33, 114.67, 114.19, 112.16, 106.59, 

106.34, 106.47, 23.45. MS (APCI), m/z for C22H16N2O6 ([M − H]−): Calcd 404.38, found 

403.1. HPLC analysis: MeOH (1‰ TFA) − H2O (90:10), 4.73 min, 95.35% purity.  

 

4.2.13 Procedure e of scheme 3. 

A mixture of commercially available 

3-(1-acetyl-5-hydroxy-1H-indole-3-carboxamido)-5-(furan-2-yl)benzoic acid (32b) (200 mg, 

0.49 mmol), K2CO3 (202 mg, 1.47 mmol) and bromoethane (0.05 mL, 0.73 mmol) in 

acetone (20 mL) is stirred at 70 °C. After the reaction was completed, the reaction 

mixture was cooled to room temperature. The reaction mixture was extracted with EtOAc 

(50 mL × 2). The organic layer was washed with brine and dried over Na2SO4. The 

solid was filtered off, and the filtrate was concentrated under reduced pressure. The 

resulting crude product was purified by silica gel chromatography to afford 

3-(1-acetyl-5-ethoxy-1H-indole-3-carboxamido)-5-(furan-2-yl)benzoic acid (32c) as 

white solid (80 mg, 37.9% yield). 1H NMR (500 MHz, DMSO-d6) δ 11.89 (s, 1H), 10.06 

(s, 1H), 8.50 (s, 1H), 8.42 (d, J = 2.3 Hz, 1H), 8.31 (s, 1H), 7.92 (s, 2H), 7.83 (s, 1H), 

7.49 (d, J = 8.7 Hz, 1H), 7.02 (d, J = 3.0 Hz, 1H), 6.96 (d, J = 8.6 Hz, 1H), 6.65 (s, 1H), 

4.29 (t, J = 6.6 Hz, 2H), 2.29 (s, 3H), 1.01 (t, J = 7.4 Hz, 3H). 13C NMR (125 MHz, 

DMSO-d6) δ 169.88, 165.54, 163.33, 152.12, 145.20, 143.47, 140.79, 133.99, 131.10, 
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131.04, 130.25, 126.77, 118.90, 118.38, 118.14, 116.84, 113.46, 112.52, 112.32, 110.19, 

106.77, 61.03, 20.88, 14.25. MS (APCI), m/z for C24H20N2O6 ([M − H]−): Calcd 432.43, 

found 430.8. HPLC analysis: MeOH (1‰ TFA) − H2O (90:10), 5.95 min, 97.54% purity. 

  

Compound 32d was synthesized through an analogous procedure to that used for the 

synthesis of 32c (for details, see Supporting Information). 

 

4.3. Biological evaluation.  

4.3.1. Protein expression and purification. 

The bromodomains were expressed as a His6-fusion protein with a TEV cleavage site 

between His6 and bromodomain using the pET24a expression vector (Novagen). cDNA 

encoding bromodomain of human BRD4(1) (residues N44-E168), EP300 (residues 

A1040-G1161), CBP (residues R1081-G1197), BRD9 (residues L14-Q134), PCAF 

(residues G715-D831), BAZ2B (residues S1858-S1972), TIF(1) (residues G896-E1014) 

and TAF1(1) (residues R1377-D1503) were synthesized by Genscript. BL21 (DE3) cells 

transformed with these expression plasmids were grown in LB broth at 25 °C to an OD600 

of approximately 1.0 and then induced with 0.1 mM 

isopropyl-β-D-1-thiogalactopyranoside (IPTG) at 16 °C for 16 h. Cells were harvested by 

centrifugation (6000 g for 15 min at 4 °C, JLA 81000 rotor, on a Beckman Coulter Avanti 

J-20 XP centrifuge) and were frozen at −80 °C as pellets for storage. Cells were 

resuspended in extract buffer (50 mM HEPES, pH 7.5 at 25 °C, 500 mM NaCl, 5 mM 

imidazole, 5% glycerol, and 0.5 mM TCEP (Tris(2-carboxyethyl)phosphine 

hydrochloride)) and high-pressure homogenized using an JN3000 PLUS high pressure 
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homogenizer (JNBIO, Guangzhou, China) at 4 °C. The lysate was collected on ice and 

centrifuged at 12000 g for 40 min. The supernatant was loaded onto a 5 mL 

NiSO4-loaded HisTrap HP column (Ni-NTA, GE Healthcare, NJ). The column was 

washed with 20 mL of extract buffer (50 mM HEPES, pH 7.5 at 25 °C, 500 mM NaCl, 50 

mM imidazole). The protein was eluted with a 50−500 mM imidazole gradient in elute 

buffer with 50 mM HEPES, pH 7.5 at 25 °C, 500 mM NaCl, 500 mM imidazole. The 

protein was concentrated and further purified by a gel filtration column (HiLoad, 

Superdex 75, 16/60, GE Healthcare). The sample purity of each fraction was examined 

by SDS-PAGE, and the sample concentration was determined by Bradford assay. Purified 

proteins were concentrated and stored in the gel filtration buffer (10 mM Hepes pH 7.5 at 

25 °C, 150 mM NaCl, 0.5 mM TCEP) and were used for crystallization or stored at 

−80 °C for AlphaScreen, TSA, or ITC assay. 

 

4.3.2. AlphaScreen assay.  

Interactions between bromodomain-containing proteins (BCP) and ligands were assessed 

by luminescence-based AlphaScreen technology (Perkin Elmer) as previously described 

in references [9,10,37] using a histidine detection kit from PerkinElmer (Norwalk, CT). 

All of the reactions contained bromodomain-containing protein bound to nickel acceptor 

beads (5 µg/mL) and biotinylated acetylated histone H4 peptide bound to streptavidin 

donor beads (5 µg/mL) in the presence or absence of the indicated amounts of control 

compound SGC-CBP30 (4), or candidate compounds. The C-terminal biotinylated 

tetra-acetylated histone peptide H4 (bH4KAc4) sequence was 

H-SGRGK(Ac)GGK(Ac)GLGK(Ac)GGAK(Ac)RHRK-Biotin-OH (synthesized by 
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Genscript). The experiments were conducted with various protein/peptide ratio as follows 

for sensitive signal: BRD4(1) : bH4KAc4 = 50 nM : 50 nM; CBP : bH4KAc4 = 150 nM : 

50 nM; EP300 : bH4KAc4 = 150 nM : 50 nM; BRD9 : bH4KAc4 = 150 nM : 50 nM; 

ATAD2 : bH4KAc4 = 100 nM : 100 nM; BAZ2B : bH3K14Ac = 150 nM : 100 nM；

TAF1 = 150 nM: 50 nM; TIF1 = 500 nM : 100 nM; PCAF = 150 nM : 50 nM. All 

reagents were diluted in the buffer (50 mM MOPS, pH 7.4, 50 mM NaF, 50 µM CHAPS, 

and 0.1 mg/mL bovine serum albumin) and allowed to equilibrate at room temperature 

prior to addition to low-volume 384-well plates (ProxiPlate-384 Plus, PerkinElmer, USA). 

Plates were foil sealed to protect from light, incubated at room temperature for 2.5 h and 

read on an EnSpire plate reader (PerkinElmer, USA). When excited by a laser beam of 

680 nm, the donor beam emits singlet oxygen that activates thioxene derivatives in the 

acceptor beads, which releases photons of 520–620 nm as the binding signal. All 

experiments were carried out in triplicate on the same plate. The results were based on an 

average of three experiments with standard errors typically less than 10% of the 

measurements. 

 

4.3.3. Thermal stability shift assay (TSA).  

Thermal stability shift assays were carried out using the Bio-Rad CFX96 Real-Time PCR 

system. All reactions were buffered in 10 mM HEPES, pH 7.5, 150 mM NaCl at a final 

concentration of 10 µM proteins and 200 µM compounds. The 20 µL reaction mix was 

added to the wells of 96-well PCR plate. SYPRO Orange (ABI, Sigma) was added as a 

fluorescence probe at a dilution of 1:1000 and incubated with compounds on ice for 30 

min. Total DMSO concentration was restricted to 1% or less. Excitation and emission 
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filters for the SYPRO Orange dye were set to 465 and 590 nm, respectively. The 

temperature was raised with a step of 0.3 °C per minute from 30 to 75 °C, and 

fluorescence readings were taken at each (0.3 °C) interval. All experiments were 

performed in triplicates. Melting temperatures (Tm) were calculated by fitting the 

sigmoidal melt curve to the Boltzmann equation using GraphPad Prism. ∆Tm is the 

difference in Tm values calculated for reactions with and without compounds. 

 

4.3.4. Cell culture, cell viability and cell colony formation assays. 

LNCaP, 22Rv1 and C4-2B prostate cancer cells were cultured in RPMI1640, plus 10% 

FBS; Cells were grown at 37 °C in 5% CO2 incubators. For cell viability, cells were 

seeded in 384-well plates at 500−1000 cells per well (optimum density for growth) in a 

total volume of 20 µL of media. After 12 h, 10 µL chemical compounds with 2-fold serial 

dilution was added in a final volume of 30 µL of media each well with final concentration 

from 5 nM to 100 µM. The measurement was conducted 96 h after seeded, 25 µL of 

Cell-Titer GLO reagents (Promega) was added, and luminescence was measured on 

GLOMAX microplate luminometer (Promega), according to the manufacturer’s 

instructions. The estimated in vitro half-maximal inhibitory concentration (IC50) values 

were calculated using GraphPad Prism 6 software. 

 

For colony formation assay, 1500 and 2000 cells per well were seeded in a 6-well plate 

for C4-2B and 22Rv1, respectively. Cells were cultured with vehicle or indicated 

concentrations of compounds for 14 days with 3 mL medium. When the cell colony grew 

visible, the medium was removed and the plates were washed with 2 mL PBS for one 
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time. The cell colonies were stained with 2.5% crystal violet (in MeOH) for 2 h. The 

plates were scanned with a HP scanner. 

 

4.3.5. RNA isolation and quantitative real-time PCR. 

LNCaP cells were seeded in RPMI containing 10% FBS in 12-well plates. Cells were 

treated with vehicle or 29h (5 µM) for 48 hours. Total RNA was then isolated with the 

Eastep ® Super Total RNA Extraction Kit and cDNA was synthesized from 1,000 ng total 

RNA using the All-in-oneTM First-Strand cDNA Synthesis Kit. qPCRs were performed 

in triplicate using standard SYBR green reagents. Full length AR, AR-V7, PSA (KLK3), 

KLK2, TMPRSS2, MYC and ERG gene expression levels were assessed by real-time 

PCR, normalizing to the β-Actin. The primer sequences for qPCR used are as follows: 

AR-FL_fwd, ACA TCA AGG AAC TCG ATC GTA TCA TTG C;  

AR-FL_rev, TTG GGC ACT TGC ACA GAG AT;  

PSA_fwd, CAC AGG CCA GGT ATT TCA GGT;  

PSA_rev, GAG GCT CAT ATC GTA GAG CGG;  

KLK2_fwd, CAA CAT CTG GAG GGG AAA GGG;  

KLK2_rev, AGG CCA AGT GAT GCC AGA AC;  

TMPRSS2_fwd, CAA GTG CTC CAA CTC TGG GAT;  

TMPRSS2_rev, AAC ACA CCG ATT CTC GTC CTC;  

C-MYC_fwd, GGC TCC TGG CAA AAG GTC A;  

C-MYC_rev, CTG CGT AGT TGT GCT GAT GT;   

β-Actin_fwd, GAG AAA ATC TGG CAC CAC ACC;  

β-Actin_rev, ATA CCC CTC GTA GAT GGG CAC. 
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4.3.6. PSA luciferase reporter gene assay. 

LNCaP cells were seeded in 24-well plates and transiently transfected using 

Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. 200 ng 

PSA-Luc reporter plasmid and 10 ng renilla luciferase expression plasmid per well were 

cotransfected into LNCaP cells. Chemicals were added 24 h after transfection. The cells 

were harvested after another 24 h for a luciferase assay using the dual-luciferase reporter 

assay system (Promega). Luciferase activities were normalized to Renilla activity, which 

was co-transfected as an internal control. All of the assays were performed in triplicate, 

and the standard deviations were calculated accordingly. 

 

4.3.7. Crystallization, data collection, and structure determination. 

The purified and concentrated (10−15 mg/mL) CBP protein was incubated with ligands at 

a molar ratio of 1:3 for 40 min on ice. All crystallizations were carried out using the 

sitting drop vapor diffusion method in 24-well plate at 4 °C. Crystals of CBP with ligands 

were grown by mixing 1 µL of the protein (10−15 mg/mL) with 1 µL of reservoir solution 

containing various well buffers. Crystals of CBP with 22e were grown with reservoir 

solution containing 0.2 M MgCl2, 0.1 M Tris HCl, pH 8.5 and 30% PEG3350.  

 

Crystals were cryoprotected using the well solution supplemented with additional 

ethylene glycol and were flash frozen in liquid nitrogen. All diffraction data were 

collected on beamlines BL18U1 at Shanghai Synchrotron Radiation Facilities (SSRF) at 

100 K. Data sets were processed (indexing and integration) using the program MOSFLM 
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[43] and scaled using Aimless from the Collaborative Computational Project 4 (CCP4) 

program suite [44]. Molecular replacement was performed with the CCP4 program 

Phaser [45] using known CBP complex structure (PDB ID: 4NYX) as a search model. 

The model was refined using CCP4 program REFMAC5 [46] and rebuilt with COOT 

[47]. The quality of the models was checked using MolProbity [48]. Structure figures 

were prepared using the program PyMOL [49]. The statistics of data collection and the 

model refinement are summarized in Supporting Information, Table S3. Crystals of 22e 

with CREBBP diffracted to resolutions of 1.62 Å. 
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Appendix A: Supplementary data  

Supplementary date associated with this article can be found in the online version at 

http://dx.doi.org/xxxxxx. These data include MOL files and InChiKeys of the most 

important compounds described in this article, virtual screening results and primary 

biological evaluation, statistics of the data sets and structure refinement, chemistry part of 

synthesis and characterization. 
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Figure Legends 

Figure 1. Structures of representative CBP bromodomain inhibitors. IC50 values for the 

inhibitors are shown with the method used.  

 

Figure 2. Virtual screening and experimental validation for CBP bromodomain inhibitors. 

(A) The flowchart of virtual screening for CBP bromodomain inhibitors. (B) The 

inhibition rate of all tested compounds (4 (SGC−CBP30) was used as positive control). 

(C) The inhibitory curves of 6 and 7. 

 

Figure 3. Predicted binding modes of 6 (A) and 7 (B) in complex with CBP protein. The 

ligands and important residues are shown as sticks. Water molecules are shown as red 

spheres. The hydrogen bonds are shown as yellow dashed lines. Figures were prepared 

using PyMOL. 

 

Figure 4. Complex structures from co-crystal or prediction for compounds 22e and 25e. 

(A) Co-crystal structure of compound 22e with CBP (PDB ID: 5XXH). (B) The omit 

Fo−Fc electron density map for compound 22e shown as grid contoured at 3σ. (C) 

Predicted binding mode of 25e in complex with CBP protein. The ligands are shown as 

sticks. The electrostatic potential surfaces are shown in transparent for clarity. The 

binding site residues are shown as lines. Hydrogen bonds interactions are indicated by 

dashed lines in yellow. Compounds are well-defined by the electron density. 

 

Figure 5. Predicted binding modes for compounds 30l (A), 31o (B), 32g (C), and 32h 

(D). The ligands are shown as sticks, the binding site residues are shown as lines. The 
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electrostatic potential surfaces are shown in transparent for clarity. The water molecules 

are shown as sphere in red. Hydrogen bonds interactions are indicated by dashed lines in 

yellow.  

 

Figure 6. Compounds 32g and 32h are selective CBP inhibitors. The bromodomains 

selectivity profiles were determined by thermal shift assay. Compound concentration, 200 

µM; protein concentration, 10 µM. Heat map shows the relative ∆Tm values. Red 

indicates large ∆Tm, and green indicates small ∆Tm.  

 

Figure 7. Growth inhibition effects of CBP inhibitors in different prostate cancer cell 

lines. (A) IC50 curves of 29a, 29g and 29h toward the LNCaP cell line. (B) IC50 curves of 

29a, 29g and 29h toward the 22Rv1 cell line. (C) Compound 29g inhibits C4-2B and 

22Rv1 cancer cell colony formation. (D) Compound 29h inhibits C4-2B and 22Rv1 

cancer cell colony formation. 

 

Figure 8. (A) qRT–PCR analysis for mRNA expression of AR and AR-related genes in 

LNCaP cells treated with vehicle (DMSO) or with 29h (1 or 5 µM) for 48 h. (B) LNCaP 

cells were transfected with PSA-luc and treated with vehicle or with 0.4, 2.0 or 10 µM of 

29g and 29h. Cells were lysed and assayed for luciferase activity. Data are expressed as 

the mean ± s.e.m. (n = 3). NS, not significant. *p < 0.05 , **p < 0.01. 
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Table 1. Structure-activity relationship studies of the LPF shelf. 

 

No. R1 R2 
AlphaScreen 

(µM)a 
cLogPb LEc 

4 − − 0.08 4.420 0.33 

6 
 

− 16.73 1.829 0.39 

22a 
 

− 39.55±0.89 2.82 0.32 

22b 
 

− 19.84±0.71 1.34 0.26 

22c 
 

− 7.09±0.41 2.50 0.29 

22d 
 

− 13.62±0.23 0.96 0.28 

22e 
 

− 6.80±1.53 2.04 0.30 

25a − 
 

33.85±4.89 0.51 0.30 

25b − 
 

32.64±4.10 0.58 0.27 

25c − 
 

3.39±0.29 3.33 0.31 

25d − 
 

25.37±1.50 2.80 0.27  

25e − 
 

1.69±0.17 2.93 0.34 

aThe IC50 was calculated from the AlphaScreen assay. The data were expressed as the 

means ± SD, representing the data from at least two independent experiments. bcLogP 

values were calculated using ChemBiodraw Ultra12.0. cLE (Ligand Efficiency) = 1.4 

(pIC50/heavy atoms). 
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Table 2. Structure-activity relationship studies of the ZA and BC channels. 

 

No. R3 R4 R5 AlphaScreena (µM) 

30a  -H -H 6.56±0.74 

30b 
 

-H -H >50 

30c 
 

-H -H 2.33±0.35 

30d  -H -H 4.84±0.37 

30e  -H -H 1.89±0.03 

30f 
H
N

 
-H -H 1.67±0.03 

30g  -H -H 8.50±0.03 

30h 
H
N

 
-H -H 21.58±3.96 

30i 
 

-H -H 2.33±0.91 

30j 
 

-H -H 6.36±0.57 

30k 
 

-H -H 4.11±1.42 

30l -F -H -H 0.77±0.20 
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31a -H -Br -H 4.70±0.19 

31b -H  -H 2.8±0.24 

31c -H 
 

-H 3.39±0.93 

31d -H  -H 2.74±0.32 

31e -H  -H 2.99±0.38 

31f -H  -H 2.48±0.38 

31g -H 
 

-H 1.00±0.27 

31h -H 
 

-H 1.96±0.13 

31i -H  -H 1.86±0.12 

31j -H 
 

-H 3.52±0.18 

31k -H 
 

-H 1.44±0.11 

31l -H 
 

-H 4.05±0.13 

31m -H 
 

-H 2.07±0.03 

31n -H 
 

-H 1.69±0.44 

31o -H  -H 0.65±0.06 

31p -H 
 

-H 2.81±0.35 

31q -H 
 

-H 1.00±0.11 
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32a -H 
 

-OMe 0.14±0.01 

32b -H 
 

-OH 0.17±0.04 

32c -H 
 

-OEt 3.89±0.56 

32d -H 
 

-OPr 26.19±2.98 

32e -H 
 

-OMe 0.29±0.06 

32f -H 
 

-OMe 0.69±0.09 

32g -H 
 

-OMe 0.16±0.01 

32h -F 
 

-OMe 0.037±0.01 

aThe IC50 was calculated from the AlphaScreen assay. The data were expressed as the 

means ± SD, representing the data from at least two independent experiments.  
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Table 3. 1-(1H-indol-1-yl)ethanone derivatives are selective CBP inhibitors. 

No. CBP EP300 BRD4(1) TAF1 BAZ2B BRD9 TIF1 PCAF 

4 0.08 0.23 > 20 > 20 > 20 > 20 > 20 > 20 

25e 1.69 5.55 > 20 > 20 > 20 > 20 > 20 > 20 

30l 0.77 4.45 > 20 > 20 > 20 > 20 > 20 > 20 

31g 1.00 2.51 > 20 > 20 > 20 > 20 > 20 > 20 

31o 0.65 0.97 2.19 > 20 1.69 > 20 10.44 > 20 

32a 0.14 1.78 >20 > 20 12.16 > 20 > 20 > 20 

32g 0.16 0.51 > 20 > 20 > 20 > 20 > 20 > 20 

32h 0.046 0.049 > 20 > 20 > 20 > 20 > 20 > 20 

The bromodomains selectivity profiles were determined by AlphaScreen. All IC50 

values are reported as means of values from at least two determinations. 

 

 

Table 4. Anti-proliferation effects against cell lines LNCaP and 22Rv1. 

No. 
IC50 (µM) 

LNCaPa 22Rv1b 

Enzalutamidec 33.84 36.66 

4 NA NA 

32a NA NA 

32g NA NA 

32h NA NA 

29a 1.76 ± 0.70 4.31 

29g 1.28 ± 0.01 2.22 

29h 2.01 ± 0.63 2.13 

The IC50 was calculated from cell viability assay by Cell-Titer GLO (Promega). aThe 

data were expressed as the means ± SD, representing at least two independent 

experiments. bThis data was expressed from single experiment. cEnzalutamide is AR 

antagonist which was used as standard drug for prostate cancer. 
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Figure 6

Cmpd/Protein CBP EP300 PCAF BRD9 TAF1 BAZ2B TIF1 BRD4

32g 5.7 5.7 -1.5 -0.9 0.9 1.5 -0.3 1.1

32h 8.7 7.2 -0.3 0.9 0.6 0.3 0 1.2
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Highlights: 

Fragment-based virtual screening and optimization yielded selective CBP BRD 

inhibitors 

CBP inhibitors potently suppress the expression of AR, AR-V7 in prostate cancer cells 

CBP inhibitors markedly inhibit the growth and colony formation of prostate cancer 

cells 

Targeting CBP represents a promising and alternative strategy for treatment of CRPC 


