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Abstract

CREB-binding protein (CBP) is a large multi-domain protein containing a HAT domain

catalyzing transacetylation and a bromodomain responsible for acetylated lysine recognition.

CBPs could act as transcription co-activators to regulate gene expression and have been

shown to play a significant role in the development and progression of many cancers. Herein,

through in silico screening two hit compounds with tetrahydroquinolin methyl carbamate

scaffold were discovered, among which DC-CPin7 showed an in vitro inhibitory activity with

the TR-FRET ICs, value of 2.5 + 0.3 uM. We obtained a high-resolution co-crystal structure

of the CBP bromodomain in complex with DC-CPin7 to guide following structure-based

rational drug design, which yielded over ten DC-CPin7 derivatives with much higher potency,

among which DC-CPin711 showed approximately 40-fold potency compared with hit

compound DC-CPin7 with an in vitro TR-FRET ICsq value of 63.3 £ 4.0 nM. Notably,

DC-CPin711 showed over 150-fold selectivity against BRD4 bromodomains. Moreover,

DC-CPin711 showed micromolar level of anti-leukemia proliferation through G1 phase cell

cycle arrest and cell apoptosis. In summary, through a combination of computational and

crystal-based structure optimization, DC-CPin711 showed potent in vitro inhibitory activities

to CBP bromodomain with a decent selectivity towards BRD4 bromodomains and good

cellular activity to leukemia cells, which could further be applied to related biological and

translational studies as well as serve as a lead compound for future development of potent and

selective CBP bromodomain inhibitors.
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1.Introduction

Adenovirus ElA-associated 300-kD protein (EP300, P300) and CREB-binding protein
(CREBBP, CBP) are sequence and evolutionary conserved mammalian-specific histone
acetyltransferases, and hence they are always been mentioned together[1-3]. CBP/P300
(hereinafter referred to as "CBP") is a large multi-domain protein [3]. In addition to its
catalytic HAT domain, which weakens the association between positively charged histones
and negatively charged DNA by acetylating the N-terminal histone tail, it also contains a
bromodomain that recognizes and binds to the acetylated histones[4]. CBP bromodomain is
an important member of the non-BET bromodomain family, which could participate in
transcription regulating programs and regulate gene expression by functioning as transcription
co-activators. Besides, CBP bromodomain has been proven to regulate MYC[5, 6], a
transcription factor and oncogene widely overexpressed in varieties of cancers [7-10],
shedding light on the potential therapeutic effects of CBP bromodomain inhibition on cancers
like hematologic malignancies. An increasing amount of studies are devoted to the
development of CBP bromodomain inhibitors in the light of good interplay between the
development of BET chemical probes and biological studies of BET bromodomains.
SGC-CBP30 was optimized from known BET inhibitor scaffolds 5- and
6-isoxazolylbenzimidazoles, which could potently bind to CBP with a TR-FRET ICs, of
21nM[11]. Steven Magnuson’s group adopting a fragment-based screening or high
throughput screening followed iterative chemical optimization has discovered highly potent

CBP bromodomain inhibitors CP1-736[12], GNE-272[13]and GNE-781[14].A figure



summary of the structures and activities of selected CBP bromodomain inhibitors reported in
the literature was included in the Supplementary Figure 1. All these inhibitors could provide
high-quality chemical probes for further biological function of CBP bromodomain and
promote the development of therapeutic agents of CBP-related malignancies.

Herein, through in silico screening we identified two CBP bromodomain hit compounds
with micromolar level of inhibitory activities. Based on a co-crystal of DC-CPin7 and CBP
bromodomain we obtained, structure-based chemical optimization strategies were
successfully used to attain DC-CPin711, a potent inhibitor with a 40-fold inhibitory activity
against CBP bromodomain compared with hit compound DC-CPin7. Notably, DC-CPin711
showed over 150-fold selectivity against BRD4 bromodomains. Moreover, DC-CPin711
could significantly inhibit cell proliferation and decrease c-Myc level in a dose-dependent
manner in MV4-11 leukemic cells. Further experiments validated its leukemic cell-killing
activity through G1 phase cell cycle arrest and cell apoptosis. DC-CPin711 represents a

promising lead compound of CBP bromodomain for further optimization.

2.Results

2.1. Discovery and preliminary biological evaluation of hit compound DC-CPin6

and DC-CPin7

In silico screening as a powerful computational approach to identify hit compounds by
predicting the affinity of large libraries of chemical structures binding to the desired drug
target, can reduce the actual number of compounds needed to be screened. It has emerged as

an important tool to improve hit compound discovery efficiency. This strategy has been



successfully applied in the discovery of inhibitors targeting varieties of proteins including

GLUTS5[15],GTPase[16] as well as CBP histone acetyltransferase domain[17, 18]. Previous

literature has reported an in silico screening of 1413 fragments against CBP bromodomain to

obtain two micromolar fragments with favorable ligand efficiency[19]. In this study, we

utilized molecular docking-based in silico screening trying to identify novel inhibitors of CBP

bromodomain from an in-house chemical database containing approximately 364,000 diverse

and PAINS filtered compounds (Figure 1A). Standard Precision (SP) mode and flexible

ligand sampling in Glide module was been adopted to conduct molecular docking-based in

silico screening and score ligands in the chemical database. The top 1000 compounds were

picked out to perform further cluster analysis and visual inspection to ensure the chemical

diversity of candidate compounds to be purchased. The CBP bromodomain inhibitory

activities of the 105 candidates selected were tested by homogeneous time resolved

fluorescence assays. Among them, DC-CPin6 and DC-CPin7 showed moderate CBP

bromodomain inhibitory activities, with the ICsy value of 10.5 = 1.0 uM and 2.5 £ 0.3 uM

respectively (Figure 1B and 1C). The in vitro activities of DC-CPin6 and DC-CPin7 were

further investigated via ligand-based NMR spectroscopy and protein thermal shift assays. In

the Carr-Purcell-Meiboom-Gill (CPMG) NMR experiment, the addition of CBP bromodomain led

to a dose-dependent decrease of NMR signal in DC-CPin6 and DC-CPin7, suggesting the direct

binding between CBP bromodomain and the two hits (Figure 1D and 1E).

Then, in the protein thermal shift assays, DC-CPin6é and DC-CPin7 induced Tm shifts

for 2.3°C and 4.1°C respectively (Figure 1F). The greater Tm shift induced by DC-CP71 was

in accordance with their ICsy values. Taken together, these biophysical data validated



DC-CPin6 and DC-CPin7 could bind to CBP bromodomain directly. Moreover, DC-CPin7
showed a greater in vitro inhibitory activity, which served as the hit for our further

optimization.
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Figure 1. The discovery of DC-CPin6 and DC-CPin7 as moderate CBP bromodomain inhibitor. (A)
The flowchart of molecular docking-based in silico screening. (B) The chemical structure of
DC-CPin6 and DC-CPin7. (C)The in vitro activities of DC-CPin6é and DC-CPin7 measured by
HTREF. (D-E) The CPMG NMR spectrum of DC-CPin6 and DC-CPin7 respectively. (F) The protein
thermal shift assays of DC-CPin6 and DC-CPin7 on CBP bromodomain.

2.2 The binding mode of DC-CPin7 and CBP bromodomain

To accurately illustrate the binding mode of DC-CPin7 and to depict its interactions with
CBP bromodomain, we determined the X-ray crystal structure of the CBP bromodomain (amino
acids 1,082-1,197) in complex with DC-CPin7, at 2.46 A resolution (Figure 2, data collection
shown in Table 1). The inhibitor was well defined by its electron density facilitating the mapping

of its binding mode.
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Figure 2. The binding mode of DC-CPin7 to CBP bromodomain. (A) The X-ray crystal structure of
the CBP bromodomain (amino acids 1,082—1,197) in complex with DC-CPin7 (PDB code 6LQX).
(B) Enlarged view of the DC-CPin7 binding site in the CBP bromodomain in cartoon animation. The
2F,—F, electron density map calculated at 2.46 A for DC-CPin7 is contoured at 1c. (C) Enlarged
view of DC-CPin7 interacting with the electrostatic surface of CBP bromodomain generated by
APBS tools. (D) The 3D interaction map between DC-CPin7 and representative residues around 4
A. (E) The 2D interaction map between DC-CPin7 and representative residues around 4 A generated
by Maestro. (F) The coordinate alignment of DC-CPin7 in co-crystal (green) with DC-CPin7 in
docking result (purple).

As shown in the interaction maps of DC-CPin7 and CBP bromodomain (Figure 2B-2E), as
expected, the N-methoxycarbonyl at the head of DC-CPin7 binds in the KAc (acetylated lysine)
binding site. The amide carbonyl at the head makes a direct hydrogen bond to Asn1168 and an
additional water-mediated hydrogen bond to Tyr1125. The several water molecules sitting in the
binding pocket were also consistent with previous bromodomain crystal structures[20].
Meanwhile, the tail of DC-CPin7 lies near a hydrophobic pocket formed by Leul109, Pro1110
and Phel111, and the cyclohexene ring makes van der Waals interactions with Pro1110.Notably,

the binding mode of DC-CPin7 observed in the co-crystal structure was successfully predicted in



our in silico screening docking result (Figure 2F).

Table 1. Data collection and refinement statistics.

Wavelength
Resolution range

Space group
Unit cell
Total reflections
Unique reflections
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
CC1/2
Reflections used in refinement
Reflections used for R-free
R-work
R-free
Number of non-hydrogen atoms
macromolecules
ligands
solvent
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor
macromolecules
ligands

solvent

0.9785

34.39 - 2.46 (2.548 - 2.46)

P1211

44.89 68.789 76.669 90 91.748 90

116080
16809 (1643)
98.36 (97.33)

2.500

26.29

0.117

0.879

16808 (1643)
784 (57)
0.1701 (0.2302)
0.2607 (0.3392)
4054

3838

32

184

455

0.009

1.23

97.54

2.24

0.22

2.78

13.18

28.67

28.57

39.06

29.05

Statistics for the highest-resolution shell are shown in parentheses.



2.3 Chemical modification of DC-CPin7

From the co-crystal structure of DC-CPin7, we found two areas in the binding site that could

further improve potency: the head in the KAc binding site and the tail near the hydrophobic

regions. First, we successfully obtained compound DC-CPin701 by replacing N-methoxycarbonyl

with N-methylurea to reinforce electrostatic interactions, meanwhile replacing the 6- position

cyclohexene with 7- position phenyl ring to enhance hydrophobic interactions and molecular

rigidity. It turned out the inhibitory potency of DC-CPin701 was slightly increased. Next, we

focused on optimization of the tail. Our hypothesis for improving potency of DC-CPin701 was

substituting benzoic acid with benzamide at benzene ring (Table 2), which might increase

hydrophobic interactions with Pro1110. Apparently, benzamide substituents were more potent

than DC-CPin701 might be the result of van der Waals interactions between amide and Pro1110.

Meanwhile, extension of the methyl substituent of compound DC-CPin702 to isopropyl

(DC-CPin706) resulted in 4-fold increase in potency, which most likely was due to the increased

van der Waals interaction of the propyl substituent with an additional residue Val1109. Though

molecular docking analysis, we found that the urea moiety of DC-CPin706 was deeper into the

KAc binding pocket and closer to Asn1168 and the water molecule than the carboxylate moiety of

DC-CPin7, so that the urea group could form several strong hydrogen bonds. The tail lay in the

hydrophobic pocket, and sandwiched between Leul120 and Prol1110, making van der Waals

interactions with Leul109, Pro1110 and Leul120.

Table 2. The inhibitory activities of benzamide derivatives based on DC-CPin701



Compound R ICso (uM)?
DC-CPin701 COOH 2.48
DC-CPin702 CONHCH; 0.778
DC-CPin703 CON(CHs;), 0.936
DC-CPin704 CONHCH,CHj; 0.410
DC-CPin705 CONHCH,CH,CHj; 0.482
DC-CPin706 CONHCH(CH3;), 0.223

@ All ICs, values are reported as means of values from at least two determinations.

Next, we replaced the amide group with phenyl ring at the 2- or 3- position (Table 3) to

determine the most suitable location in the hydrophobic pocket and improve molecular rigidity

which could restrict internal rotation of the tail. Compound DC-CPin707 showed the same

inhibitory potency compared to DC-CPin706, which was better than all the amide derivatives

synthesized previously. However, compound DC-CPin708 gave a dramatic loss in potency



compared to DC-CPin707, revealing that residues of the hydrophobic pocket might clash with

2-position derivatives which occupied as much space as the phenyl ring.

Table 3. The inhibitory activities of phenyl substituted derivatives

Compound R ICso (UM)?
DC-CPin706 2-CONHCH(CH3;), 0.223
DC-CPin707 3-Ph 0.213
DC-CPin708 2-Ph 8.41

@ All ICs, values are reported as means of values from at least two determinations.

We raised a hypothesis that the tail sitting in the hydrophobic pocket could form a hydrogen

bond with residues around the hydrophobic pocket, which might increase binding affinity and

selectivity. Various pyridyl analogues at the 2- or 3-position (Table 4) were synthesized to further

explore the hydrophobic pocket and support our hypothesis. It turned out that almost all

substituents had an increase in inhibitory potency compared to DC-CPin707. However, we

noticed that DC-CPin714 lost inhibitory potency which had comparable potency to DC-CPin708,

further validated our hypothesis. Generally, moving the pyridine from the 2-position to the

3-position resulted in a good increase in inhibitory potency, which was likely because the pyridyl



moiety at the 3-position was more suitable in the hydrophobic pocket. Importantly, DC-CPin711
garnered our attention for its strong potency compared to other heterocyclic derivatives
(approximately 3-fold potency over DC-CPin707). Modeling analysis of DC-CPin711 (Figure 3E
and 3F) showed that N-methylurea moiety occupied the KAc binding site, making multiple
hydrogen bonds with Asn1168, Pro1110 and Tyr1125. The tail of DC-CPin711 was sandwiched
between Vall174 and Leull09, while the phenyl ring and pyridyl ring made van der Waals
interactions with the hydrophobic pocket formed by Leul109 and Pro1110. The pyridine ring sat
in the hydrophobic pocket where nitrogen atom made a hydrogen bond with Argl173 and formed
a 7 stacking interactions with the pyrrolidinyl moiety of Prol1110. Taken together, the docking
results rationalized the SAR and established a reasonable binding mode for further structural
modification.

Table 4. The inhibitory activities of pyridyl analogues DC-CPin707-DC-CPin714

H
N (@)
-
R2
SOR N

Compound R, R, ICso (uM)?

DC-CPin707 H %4@ 0.213

DC-CPin709 H % / 0.103

DC-CPin710 H é‘@ 0.106



DC-CPin711 H g \ /N 0.0626

DC-CPin712 § \_ H 0.105
N/

DC-CPin713 § _/ H 0.485
EN

DC-CPin714 § \ N H 5.08

@ All ICsq values are reported as means of values from at least two determinations.
Chemistry. Compound DC 3 was prepared as depicted in Scheme 1. Treatment of
tetrahydroquinoline 1 with chloroformate 2 yielded DC_1, then followed by methylamine
hydrochloride produced urea DC_2. Hydrogenation of DC_2 afforded key intermediate DC_3
from which all the compounds were formed.

Scheme 1. Synthesis of Key Intermediate DC_3.

0.0
H
3 NO. a /©/ \NI// NO

1 DC_1

N H
/N\I&O /N\fo
DC_2 DC_3
Reagents and conditions: (a) 4-nitrophenyl chloroformate, TEA, DCM, 0 °C; (b) methylamine

hydrochloride, K,COs3;, MeCN, 60 °C; (c) H,, Pd/C, MeOH, rt.



Scheme 2 shows key intermediate DC_3 was used to produce compounds DC-CPin701 to
DC-CPin706. Treatment of amine DC_3 with phthalic anhydride afforded acid DC-CPin701, and
compounds DC-CPin702 to DC-CPin706 could be accessed with amide coupling of appropriate
amine.

Scheme 2. Synthesis of Compounds DC-CPin701-DC-CPin706.

/H o /H (0] _N_O
\f a \f H b \( H

N NHy — N N\H/Q —_— (N/\©/N

DC_3 DC-CPin701 DC-CPin702 R = NHCH;
DC-CPin703 R = N(CHj),
DC-CPin704 R = NHCH,CHj
DC-CPin705 R = NH(CH,),CHs
DC-CPin706 R = NHCH(CH),

Reagents and conditions: (a) phthalic anhydride, THF, rt; (b) amine, DIPEA, HATU, DCM, rt.
Amide coupling of DC_3 with 3-biphenylcarboxylic or 2-biphenylcarboxylic acid provided
DC-CPin707 and DC-CPin708 in Scheme 3.

Scheme 3. Synthesis of Compounds DC-CPin707 and DC-CPin708.

X

@@—@@NO

DC-CPin707 R = 3-Ph
DC-CPin708 R = 2-Ph

Reagents and conditions: (a) DIPEA, HATU, DCM, rt.

The synthesis of aryl analogues DC-CPin709 to DC-CPin714 is outlined in Scheme 4. Acids
DC 4 to DC_ 9 were formed from Suzuki coupling of 3-Carboxyphenylboronic acid 11 or
2-Carboxyphenylboronic 12 acid with appropriate aryl bromides. Subsequent amide coupling with

intermediate DC_3 yielded DC-CPin709 to DC-CPin714.



Scheme 4. Synthesis of Compounds DC-CPin709-DC-CPin714.

N._0O
~
e

COOH R.Br COOH

H
DC_3 N0
, - T ow
b N N
B(OH), _— R — R
o

11 (3-B(OH),) DC_4 R = 3-(2-pyridyl) DC-CPin709 R = 3-(2-pyridyl)
12 (2-B(OH),) DC_5 R = 3-(3-pyridyl) DC-CPin710 R = 3-(3-pyridyl)
DC_6 R = 3-(4-pyridyl) DC-CPin711 R = 3-(4-pyridyl)
DC_7 R = 2-(2-pyridyl) DC-CPin712 R = 2-(2-pyridyl)
DC_8 R = 2-(3-pyridyl) DC-CPin713 R = 2-(3-pyridyl)
DC_9 R = 2-(4-pyridyl) DC-CPin714 R = 2-(4-pyridyl)

Reagents and conditions: (a) DME/ water, Na,CO3, Pd(dppf)Cl,, 100 °C; (b) DIPEA, HATU,

DCM, tt.

2.4 In vitro activity of DC-CPin711

The in vitro activities of DC-CPin7 derivatives were measured by HTRF as previously,
among which DC-CPin711 showed the greatest potency with the ICs, value of 63.3 + 4.0 nM,
while DC-CPin708 was the weakest derivative with the ICs, value of 8.4 £ 0.9 uM (Figure
3A),which was selected as negative compound facilitating to prove the on-target effects of
drug of interest. To further validate the direct binding of DC-CPin711, we preformed CPMG
and STD NMR experiments to validate direct binding of DC-CPin711 to CBP bromodomain,
the results were included in Supplementary Figure 3. Furthermore, microscale thermophoresis
(MST) experiments were used to measure the Ky value of DC-CPin711 with CBP
bromodomain. The Ky value calculated by a Ky fitting model of microscale thermophoresis
trace of DC-CPin711 bound to CBP bromodomain was 74.4 nM (Figure 3C), which
confirmed the strong interactions between DC-CPin711 and CBP bromodomain. Besides, we

utilize molecular docking to obtain its 3D and 2D interaction map with CBP bromodomain



(Figure 3D and 3E). The binding mode of DC-CPin711 has been discussed in chemical

optimization section. The selectivity of CBP inhibitors has become an important issue of

current non-BET family bromodomain inhibitor development. Hereby, ALPHAScreen assays

were adopted to test the inhibitory activities of DC-CPin711 to BRD4 bromodomains.The

result showed that DC-CPin711 showed over 150-fold selectivity to BRD4

bromodomains(Figure 3F). Previous molecular molecular dynamics and metadynamics

simulations suggested that Argl173, as the unique residue for CBP, may be responsible for

the selective binding[21], which indicate the selectivity of DC-CPin711 may partly due to the

hydrogen bond between pyridine of DC-CPin711 and Argl173.
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Figure 3. The in vitro activity of DC-CPin711. (A) The ICsy curve of DC-CPin711 against CBP
bromodomain tested by HTRF. CPI-637 was used as positive control. (B) Microscale thermophoresis
trace of DC-CPin711 binding to CBP bromodomain. (C) The K4 fitting curve of DC-CPin711 binding
to CBP bromodomain using K4 fitting model. (D) The 3D interaction map between DC-CPin711 and
representative residues around 4 A (E) The 2D interaction map between DC-CPin711 and

representative residues around 4 A generated by Maestro. (F) The inhibitory activities of DC-CPin711

on two BRD4 bromodomains.CPI-637 was used as positive control.



2.5 Cellular activity of DC-CPin711

Since CBP is involved in the etiology and progression in varieties of human cancers, we
evaluated the cell proliferation inhibitory activities of DC-CPin711 across 12 cancer cell
lines for 96h (Table 5 and Supplementary Figure 4). The broadest sensitivity was observed in
hematological malignancies, where DC-CPin711 exhibited potent inhibitory activities against
all acute myeloid leukemia cell lines tested, among which MV4-11 cells were the most
sensitive cancer cells with an ICs, value of 1.2 pM. By contrast, many solid tumor cell lines
tested including renal cancer, pancreatic cancer, lung cancer, triple-negative breast cancer and
androgen receptor-negative prostate cancer were insensitive to DC-CPin711 except that
androgen receptor-positive prostate cancer cells (22Rv-1 cell line) were also sensitive with a
ICsy value of 13.0 uM. These anti-proliferation activities tested were in accordance with
previous reported results[13, 22, 23]. We also investigated the cell proliferation inhibition of
negative compound DC-CPin708 in MV4-11 cell line, which turned out to show little
anti-proliferation effects in MV4-11 cell line (Figure 4A). Moreover, the cytotoxicity of
DC-CPin711 to HUVEC and MRC-5 normal cell lines was also inspected. Barely any
inhibition was observed in these two normal cell lines (Figure 4B and 4C). We chose the most
sensitive cell line MV4-11 cell line to study its anti-tumor mechanism. Previous studies have
shown that inhibition of the CBP bromodomain could regulate the expression level of c-Myc
and thus alters cell cycle , cell apoptosis and metabolism[5, 6, 24]. Western blot analysis was
been used to detect the changes of c-Myc expression levels after treatment of DC-CPin711
(0, 1.25, 2.5, 5, 10 uM) for 48h. As evidenced in figure 4D, DC-CPin711 was able to

significantly decrease c-Myc expression levels at a dose-dependent manner in MV4-11 cells,



the densitometric result was also provide in Figure 4E. Considering the significant inhibition of

c-Myc expression by DC-CPin711, we investigated the potential mechanism of DC-CPin711

induced MV4-11 cell proliferation inhibition. To this end, MV4-11 cells were exposed to

different concentrations of DC-CPin711 (0, 1.25, 5, 10 uM). Cell cycle distribution was then

determined by flow cytometry after 48h of treatment. DC-CPin711 significantly arrested cell

cycle progression at G1 phase (Figure 4F and Supplementary Figure 5A). Exposure to 10 uM

of DC-CPin711 arrested 73.3% of the MV4-11cells in G1 phase, compared with 53.1% in

control cells. We then continued to evaluate the effects of DC-CPin711 on MV4-11 cells. As

shown in Figure 4F, DC-CPin711 induced dose-dependent apoptosis in MV4-11 cells: 35.7%

of MV4-11 cells after 96h treatment of 10 uM of DC-CPin711 were apoptotic, while the

untreated control cells were 1.3% (Supplementary Figure 5B). These results demonstrated

that DC-CPin711 as a novel CBP bromodomain inhibitor could induce G1 phase cell cycle

arrest and cell apoptosis, thereby inhibiting the proliferation of MV4-11 acute myeloid

leukemia cells.

Table 5. Cell proliferation inhibition I1Cs, of DC-CPin711

KMS THP ,
Cell . MDA-MB-231 DU-145 22RV-1 Panc-1 PC-9 786-O Jurkat DHL-4 = % " Kasumi-1

MV4

IC50
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Figure 4. Cellular activity of DC-CPin711 on MV4-11 cells. (A) The cell proliferation inhibition of
DC-CPin711 and negative compound DC-CPin708 on MV4-11 cells for 96h. (B-C) Normalized cell
viability of HUVEC and MRCS5 cells after 96h of DC-CPin711 treatment using DMSO control. (D)
The c-Myc protein expression levels after 48h of DC-CPin711 or DC-CPin708 treatment. (E)The
normalized densitometry analysis of figure 4E using Image] software, DMSO control was used to
normalize the relative density. (F) The cell cycle alterations of MV4-11 cells after 48h of
DC-CPin711 treatment. (G) The cell apoptosis changes of MV4-11 cells after 96h of DC-CPin711
treatment. (**P<0.01, ***P<0.001 as compared with control cells)



3.Conclusion

Herein by the means of in silico screening DC-CPin7 was been identified as a hit, which

showed micromolar potency toward CBP bromodomain. A series of biochemical and

biophysical experiments validated the direct binding of the hit to CBP bromodomain. The

co-crystal of CBP bromodomain in complex with DC-CPin7 we obtained guided the rational

drug design of CBP bromodomain inhibitors targeting KAc binding site and the hydrophobic

pocket. With the replacement of the urea group in the head, we focused on modifications in

the tail. We optimized the tail from benzamide derivatives to pyridyl substituents and

eventually managed to obtain DC-CPin711 with the ICs, value of 63.3 = 4.0 nM, displaying

approximately 40-fold potency over DC-CPin7 with the ICs, value of 2.5 £ 0.3 uM. Notably,

DC-CPin711 showed over 150-fold selectivity to BRD4 bromodomains. Moreover,

DC-CPin711 showed moderate anti-leukemia and anti-AR-positive prostate cancer cells

effects. The discovery of DC-CPin711 may serve as a reliable lead compound to guide

further optimization of hydrophobic pocket occupying tail and facilitate the development of

potent and selective CBP bromodomain inhibitors, which may be utilized as potential potent

anti-leukemia and anti-AR-positive prostate cancer drugs. These results demonstrated how in

silico screening and molecular docking cooperating with rational chemical optimization could

play a significant role in the drug discovery and development progress.



4.Experimental Section

4.1 Chemistry

4.1.1 General Methods.

Unless otherwise stated, all solvents and reagents were used as obtained. All products were
confirmed by NMR spectra and high-resolution mass spectra. NMR analysis was performed in a
deuterated solvent with a Bruker Avance 400 MHz or Varian Inova 400 MHz or Bruker Avance
600 MHz spectrometer referenced to trimethylsilane. Proton coupling patterns were described as
broad (b), singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) and all coupling constants (J
values) are reported in hertz (Hz). Mass spectra were measured with a triple TOF 5600+ MS/MS
system (AB Sciex, Concord, Ontario, Canada) in the negative or positive ESI mode. Reactions
were monitored by thin-layer chromatography (UV detection at 254 nm) or UPLC-MS (Waters
Acquity UPLC H-class with Waters SQ Detector 2) analysis. Column chromatography was
performed on silica gel (200-300 mesh). All tested compounds were purified to 295% purity as
determined by ultra-performance liquid chromatography (UPLC). The following analytical
method was used to determine chemical purity of final compounds: Waters UPLC H-Class with
ACQUITY UPLC BEH C18 reversed-phase column (2.1 mm x 50 mm, 1.7 um, flow rate = 0.5

mL/min). Mass analysis was performed by waters SQD?2 single quadrupole mass detection system.

4.1.2 Synthesis and Characterization of
7-amino-N-methyl-3,4-dihydroquinoline-1(2H)-carboxamide (DC_3). Step [: 4-nitrophenyl
7-nitro-3,4-dihydroquinoline-1(2H)-carboxylate (DC_1). To a solution of

7-nitro-1,2,3,4-tetrahydroquinoline (4 g, 22.45 mmol) in anhydrous DCM (50 mL) was added dry



TEA (6 mL, 43.17 mmol) and 4-nitrophenyl chloroformate (5 g, 24.81 mmol) carefully at 0°C, the

resulting mixture was then stirred at room temperature for 12 h. The solvent was removed under

reduced pressure and the crude product was purified by column chromatography (petroleum

ether/EtOAc = 5:1) to obtain the title compound (DC_1, 5.526 g, 72%) as a red oil. LCMS m/z (M

+H) 344.

Step 2: N-methyl-7-nitro-3,4-dihydroquinoline-1(2H)-carboxamide (DC _2). To a solution of

4-nitrophenyl 7-nitro-3,4-dihydroquinoline-1(2H)-carboxylate (DC_1, 5.526 g, 16.1 mmol) in

MeCN (50 mL) was added methylamine hydrochloride (2.174 g, 32.2 mmol) and K,COj5 (6.675g,

48.3 mmol). The mixture was stirred at 60°C for 6 h and cooled to room temperature, then filtered

and evaporated to dryness. The residue was purified by column chromatography (DCM/MeOH =

40:1) to yield the title compound (DC_2, 3.106 g, 82%) as a pale yellow solid. 'H NMR (400

MHz, Chloroform-d) 5 8.34 (d, J = 2.4 Hz, 1H), 7.87 — 7.81 (m, 1H), 7.26 (d, J = 8.2 Hz, 1H), 4.98

(s, 1H), 3.74 (t, J = 6.0 Hz, 2H), 2.90 (d, /= 4.8 Hz, 3H), 2.82 (t, J = 6.5 Hz, 2H), 1.98 (p, J = 6.1

Hz, 2H). LCMS m/z (M + H) 236.

Step 3: 7-amino-N-methyl-3,4-dihydroquinoline-1(2H)-carboxamide (DC_3).

N-methyl-7-nitro-3,4-dihydroquinoline-1(2H)-carboxamide (DC_2, 3.106 g, 13.2 mmol) and 10%

Pd/C (3.106 g) were added in methanol (20 mL). The mixture was stirred at room temperature

under H, atmosphere for 6 h. The mixture was filtered by using Celite and concentrated in vacuo.

The residue was purified by column chromatography (DCM/MeOH = 30:1) to produce the title

compound (DC_3, 1.855 g, 68%) as a brown oil. 'H NMR (600 MHz, Chloroform-d) & 6.92 (d, J

= 8.0 Hz, 1H), 6.61 (d, J = 2.4 Hz, 1H), 6.42 (dd, J = 2.4, 8.1 Hz, 1H), 5.26 (s, 1H), 3.71 (t, J =

6.1 Hz, 2H), 2.99 (s, 2H), 2.82 (d, J = 4.7 Hz, 3H), 2.63 (t, J = 6.8 Hz, 2H), 1.86 (d, J = 6.1 Hz,



2H). LCMS m/z (M + H) 206.

4.1.3 Syntheis and Characterization of

N'-methyl-N2-(1-(methylcarbamoyl)-1,2,3,4-tetrahydroquinolin-7-yl)phthalamide

(DC-CPin702). Step I:

2-((1-(methylcarbamoyl)-1,2,3,4-tetrahydroquinolin-7-yl)carbamoyl)benzoic acid (DC-CPin701).

To a solution of 7-amino-N-methyl-3,4-dihydroquinoline-1(2H)-carboxamide (DC_3, 411 mg, 2

mmol) in THF (5 mL) was added phthalic anhydride (444 mg, 3 mmol). The residue was stirred at

rt for 3 h, then concentrated in vacuo. The crude product was purified by column chromatography

(DCM/MeOH = 10:1) to yield the title compound (DC-CPin701, 643 mg, 91%) as a brown solid.

'"H NMR (400 MHz, Methanol-dy) 8 8.05 (d, J= 7.7 Hz, 1H), 7.73 — 7.64 (m, 2H), 7.62 — 7.56 (m,

2H), 7.32 — 7.26 (m, 1H), 7.15 (d, J = 8.2 Hz, 1H), 3.70 (t, J = 6.2 Hz, 2H), 2.80 (s, 3H), 2.77 (t, J

= 6.6 Hz, 2H), 1.94 (p, J = 6.4 Hz, 2H). LCMS m/z (M + H) 354. HRMS m/z 354.1452 (M + H",

C19H19N304, requires 354, 1448)

Step  2:  N'-methyl-N*~(1-(methylcarbamoyl)-1,2,3,4-tetrahydroquinolin-7-yl)phthalamide

(DC-CPin702). To a solution of

2-((1-(methylcarbamoyl)-1,2,3,4-tetrahydroquinolin-7-yl)carbamoyl)benzoic acid (DC-CPin702,

35 mg, 0.1 mmol) in DCM & mL) was added

O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU, 57 mg,

0.15 mmol), N,N-diisopropylethylamine (DIPEA, 39 mg, 0.3 mmol) and stirred at rt for 0.5 h

before methylamine hydrochloride (14 mg, 0.2 mmol) was added. The mixture was stirred for 2 h

at rt and concentrated to dryness. The crude residue was purified by silica gel chromatography

(DCM/MeOH = 20:1) to give the title compound (DC-CPin702, 24 mg, 65%) as a pale yellow



solid. "H NMR (400 MHz, Methanol-dy) & 7.88 — 7.84 (m, 1H), 7.70 (d, J = 2.1 Hz, 1H), 7.68 —

7.64 (m, 1H), 7.61 — 7.58 (m, 2H), 7.30 (dd, J = 2.1, 8.2 Hz, 1H), 7.14 (d, J = 8.2 Hz, 1H), 3.69 (t,

J = 6.1 Hz, 2H), 2.90 (s, 3H), 2.80 (s, 3H), 2.75 (t, J = 6.6 Hz, 2H), 1.93 (p, J = 6.6 Hz, 2H).

LCMS m/z (M + H) 367. HRMS m/z 389.1583 (M + Na*, C,0H,N4O3, requires 389.1584).

4.14 Syntheis and Characterization of

7-([1,1'-biphenyl]-3-carboxamido)-N-methyl-3,4-dihydroquinoline-1(2H)-carboxamide

(DC-CPin707). To a solution of 3-biphenylcarboxylic acid (40 mg, 0.2 mmol) in DCM (5 mL)

was added O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate

(HATU, 114 mg, 0.3 mmol), N,N-diisopropylethylamine (DIPEA, 78 mg, 0.6 mmol), then stirred

at rt for 0.5 h before 7-amino-N-methyl-3,4-dihydroquinoline-1(2H)-carboxamide (DC_3, 42 mg,

0.2 mmol) was added. The mixture was stirred at room temperature for 3 h and concentrated in

vacuo. The crude residue was purified by silica gel chromatography (DCM/MeOH = 25:1) to give

the title compound (DC-CPin707, 38 mg, 49%) as a yellow solid. 'H NMR (600 MHz,

Methanol-dys) 6 8.17 (t, J= 1.9 Hz, 1H), 7.90 (d, /= 7.8 Hz, 1H), 7.84 (d, /= 8.3 Hz, 1H), 7.73 (d,

J=2.1Hz, 1H), 7.70 (d, J = 7.2 Hz, 2H), 7.59 (t, /= 7.7 Hz, 1H), 7.47 (t,J = 7.7 Hz, 2H), 7.38 (t,

J=7.4Hz, 1H), 7.34 (dd, /= 2.1, 8.2 Hz, 1H), 7.14 (d, J = 8.2 Hz, 1H), 3.65 (t, J = 6.2 Hz, 2H),

2.80 (s, 3H), 2.72 (t, J = 6.6 Hz, 2H), 1.91 (p, J = 6.4 Hz, 2H). LCMS m/z (M + H) 386. HRMS

m/z 386.1866 (M + H, Co4H23N30,, requires 386.1863).

4.1.5 Synthesis and Characterization of

N-methyl-7-(3-(pyridin-2-yl)benzamido)-3,4-dihydroquinoline-1(2H)-carboxamide

(DC-CPin709). Step 1: 3-(pyridin-2-yl)benzoic acid (DC _4). To a solution of 2-bromopyridine

(166 mg, 1 mmol) in DME (12 mL) and 2N Na,COj3; (4 mL) was added 3-Carboxyphenylboronic



acid (237 mg, 1.5 mmol), [1,1’-bis(diphenylphosphino)ferrocene]-dichloropalladium(Il) (73 mg,

0.1 mmol). The reaction mixture was protected by N, and heated to 100 °C for 4 h. The mixture

was then cooled to rt, filtered and concentrated in vacuo. The residue was purified by silica gel

chromatography (DCM/MeOH = 20:1) to produce the title compound (DC_4, 148 mg, 74%) as a

colorless oil. LCMS m/z (M + H) 200.

Step  2:  N-methyl-7-(3-(pyridin-2-yl)benzamido)-3,4-dihydroquinoline- 1 (2H)-carboxamide

(DC-CPin709). In a similar procedure to DC-CPin707, compound DC-CPin709 was prepared

from 3-(pyridin-2-yl)benzoic acid (DC 4, 40 mg, 0.2 mmol) and

7-amino-N-methyl-3,4-dihydroquinoline-1(2H)-carboxamide (DC_3, 42 mg, 0.2 mmol). The

crude residue was purified by silica gel chromatography (DCM/MeOH = 50:1) to give the title

compound (DC-CPin709, 34 mg, 44%) as a yellow oil. '"H NMR (400 MHz, Chloroform-d) 3 8.87

(d, J=11.1 Hz, 1H), 8.68 (d, J = 4.8 Hz, 1H), 8.51 (t, J = 1.9 Hz, 1H), 8.10 (d, J = 7.8 Hz, 1H),

7.99 (d, J=7.7 Hz, 1H), 7.87 — 7.80 (m, 2H), 7.71 (d, J = 2.0 Hz, 1H), 7.58 (t, J = 7.8 Hz, 1H),

7.35 —7.29 (m, 2H), 7.10 (d, J = 8.3 Hz, 1H), 5.59 (d, J = 4.9 Hz, 1H), 3.78 — 3.62 (m, 3H), 2.85

(d, J = 4.6 Hz, 3H), 2.71 (t, J = 6.6 Hz, 2H), 1.90 (p, J = 6.3 Hz, 2H). LCMS m/z (M + H) 387.

HRMS m/z 387.1808 (M + H, C23H»0N40,, requires 387.1816).

4.2 Structure-based in silico screening

The in-house small molecule compounds database containing approximately 364,000

compounds was prepared by Maestro (Maestro, version 9.1; Schrodinger, LLC: New York, 2010)

Ligand Preparation module was used to generate ionized 3D low-energy conformations in pH

range of 7.4 + 2.0. The crystal structure of CBP bromodomain (PDB Code: 4OUF) was prepared



by Protein Preparation module with standard protocols. The receptor grid was defined as the
enclosing box centered at crucial residue N1168 with the box size of 20.0 A. Then molecular
docking-based in silico screen was finished at the glide standard precision (SP) mode with flexible
ligand sampling. Top 1000 candidates were picked out for cluster analysis using Pipeline Pilot

(Pipeline Pilot, version 7.5, Accelrys Software Inc.).

4.3 Biology

4.3.1 Protein Expression and Purification

The DNA fragment encoding CBP bromodomain (residue 1082-1197) was cloned in a
glutathione S-transferase tag-containing pGEX-6p-1 vector. The desired protein was
overexpressed in E. coli BL21 (DE3) cells after inducing overnight at 16 °C using 0.4 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells were collected and then resuspended and
sonicated in buffer A (20 mM HEPES, pH 7.4, 100 mM NacCl). The supernatant was loaded onto
the GST affinity column (GE Healthcare) after ultracentrifugation. The recombinant CBP
bromodomain proteins were eluted with buffer B (20 mM HEPES, pH 7.4, 100 mM NacCl and 20
mM reduced L-glutathione), and were further purified by molecular size exclusion
chromatography using a Superdex 75 10/300GL column (GE Healthcare) in 25 mM HEPES, pH
7.4, 150 mM NaCl. Protein-containing fractions were combined, concentrated, and stored at

-80 °C for further experiments.

4.3.2 Homogeneous time resolved fluorescence assay
The final volume of reaction is 20 pL. All components in this assay were diluted in a buffer

of 20 mM HEPES pH 7.4 , 150 mM NaCl, 0.1% bovine serum albumin (w/v), 0.01%Triton



X-100(v/v), and then 5ul of compound solution were transferred to 384-well plates

(PerkinElmer). Add 2.5ul of GST-CBP bromodomain protein with a final concentration of 10nM

to a 384-well plate and react with compounds for 30min at room temperature. Then, add 2.5ul of

tetra-acetylated substrate peptide [SGRG-K (Ac) -GG-K (Ac)-GLG-K (Ac) -GGA-K (Ac)

-RHRKVGG-K (biotin)] (ChinaPeptides) with a final concentration of 100nM and incubate at

room temperature for 30min. Finally add 10ul of a mixed solution of two HTRF fluorophores

beads (Anti GST-Eu cryptate donor beads and Streptavadin-XL665 acceptor beads (Cisbio, Cat#

61GSTKLB and 610SAXLB)) and 800mM KF and incubate for 90min. After stopping reaction,

the fluorescence signal was detected and collected by EnVision microplate reader (PerkinElmer,

LANCE/DELFIA Dual/Bias mirror, Eu ex 337nm, Eu em 615nm; XL665 em 665/10 nm).

Finally, the results were calculated by GraphPad Prism 6.0.

4.3.3 Protein Thermal Shift Assay

CBP bromodomain protein mixed with SYPRO Orange Dye (Sigma-Aldrich, S5692) was

diluted to 5 uM in the assay buffer (25mM PIPES pH 6.2, 150mM NaCl) and transferred to assay

plates. Then different concentrations of compounds or 1 pL. DMSO were added to the protein

assay solution. Quant Studio 6 Flex Real-Time PCR system (Applied Biosystems) was been used

to test the protein stabilization of all samples. Following calculation of thermal shift values were

finished by protein thermal shift software (version 1.3, Applied Biosystems).

4.3.4 Nuclear Magnetic Resonance Experiments

Bruker AVANCE III 600 MHz spectrometer was been used to perform ligand based NMR

spectroscopy as previously described [25, 26]. For CPMG NMR experiments, compounds were

dissolved to a final concentration of 200 uM in the presence of 5% DMSO-d; and a gradient of 5,



10, 20 p M CBP bromodomain proteins. For saturation transfer difference (STD) experiments, 10

uM CBP bromodomain protein was been used.

4.3.5 Crystallization

The crystal was grown at 4 °C using the sitting drop vapor diffusion technique. The

crystal was grown using CBP bromodomain at approximately 1.5 mM concentration that was

equilibrated with 20% (w/v) Polyethylene glycol 3,350, 0.2 M sodium phosphate monobasic

monohydrate PH 4.7, and then a 1:1 mixture of paraffin oils and paratone was used to protect

the crystal before it was frozen in liquid nitrogen. Structural data of DC-CPin7 in complex

with CBP bromodomain have been deposited in the Protein Data Bank with the accession

code 6LQX.

4.3.6 Microscale Thermophoresis

The binding affinity of DC-CPin711 was tested against CBP bromodomain protein using

label-free microscale thermophoresis. The final concentration of the CBP bromodomain protein

was kept constant at ca. 10 nM concentration, while the concentration of the compound

DC-CPin711 was varied from 500 nM, and further diluted to 1:1 12 times in MST buffer (25 mM

HEPES, pH 7.4, 150 mM NaCl, and 0.1% (v/v) pluronic). The samples were incubated for 5 min

before they were loaded into label-free capillaries (Nanotemper Technologies). Data was collected

at 25 °C in Monolith NT. Automated (Nanotemper Technologies). The excitation wavelength used

was 280nm and the detection wavelength was 330nm. Data was analyzed using MO. Affinity

Analysis software (Nanotemper Technologies) and GraphPad Prism. The Ky values were



determined in the MO. Affinity Analysis software (Nanotemper Technologies), using a K4 Fitting

model.

4.3.7 Amplified Luminescent Proximity Homogeneous Assay

The amplified luminescent proximity homogeneous assays were performed as previously

described[27]. The nickel chelate acceptor and streptavidin donor beads used in this assay were

purchased from Perkin Elmer. The sequence of biotin-labelled H4 substrate peptide was

SGRG-K(Ac)-GG-K(Ac)-GLG-K(Ac)-GGA-K(Ac)-RHRKVGG-K-Biotin ~ (China  Peptide,

purity > 95%). The assay was performed in 20 pL of assay buffer containing 20 mM HEPES, pH

7.4, 0.1% bovine serum albumin (w/v), 1 mM DTT and 0.01% Triton X-100. All brodomains

tested were incubated with compounds at room temperature for 15 min, biotin-labelled H4 peptide

was added into OptiPlate-384 plate for 10 min. The final concentration of bromodomains and

biotin-labelled H4 peptide were both 0.025uM in this assay. Then the mixture of acceptor and

donor beads were added and incubated for 60 min. The signals were then measured by EnVision

microplate reader (PerkinElmer) and analyzed by GraphPad Prism 6.0.

4.3.8 Cell Lines

All cells were bought from the American Type Culture Collection (ATCC). All cells were

maintained in the medium recommended by ATCC.org website at 37 °C with 5% CO,.

4.3.9 Cell Proliferation Assays

All adherent cells were seeded in 96-well plates and allowed to adhere overnight. All

suspension cells were transferred to 96-well plates and incubate for 1h before compound

treatment. The cells were exposed with compounds for 96h. The fraction of viable cells was then



evaluated using CellTiter-Glo luminescent assays according to the manufacturer’s instructions

(Promega, G7572).

4.3.10 Western blot analysis

Cells were transferred to six-well plates and treated with DMSO or desired concentrations of

compound for 48 h. The cells were fully lysed with SDS cell lysis buffer. SDS-polyacrylamide gel

electrophoresis was performed to separate different proteins in the cell lysates and then the desired

proteins were transferred to nitrocellulose membranes. The membranes were blocked using 5%

skimmed milk in TBST for 30 minutes at room temperature and incubated with anti-c-Myc (Cell

Signaling Technology, Cat # 5605S) and anti-GAPDH (Cell Signaling Technology, 5174S)

primary antibody at 4 ° C overnight. Then, the blots were incubated with HRP-conjugated

anti-rabbit IgG secondary antibody at room temperature for 1 h. After washing with TBST for 3

times, the bands were detected with an Amersham Imager 600 imaging system (GE Healthcare).

4.3.11 Cell Cycle and Apoptosis Assay

For the cell cycle assay, cells were transferred to 6-well plates and treated with or specified

concentrations of DC-CPin711 or DMSO. Cells were collected and then washed 3 times with 800

pL of pre-cooled PBS after 48h of treatment. The cell pellet was resuspended by pre-cooled 70%

(v/v) ethanol and fixed at 4 ° C overnight. The cells were washed again with PBS and then

resuspended by propidium iodide / RNase solution (BD Pharmingen) for following cell cycle

analysis. For the cell apoptosis analysis, cells were collected after 96h of exposure, and Annexin

V-FITC Apoptosis Detection Kit (Keyen Biotech) was been used to detect cell apoptosis



according to the manufacturer's procedure. All samples were measured by FACSCalibur (BD

Pharmingen), and data were analyzed by Modfit or FlowJo.

4.3.12 Statistical Analyses
Statistical analyses were conducted using GraphPad Prism 7.0. Unpaired two-tailed student’s
t test was used for the calculation of statistical significance. *P<0.05, **P < 0.01, ***P < 0.001,

N.S. P>0.05.
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Two hit compounds of CBP bromodomain were discovered through virtual screening
A co-crystal of DC-CPin7 with CBP bromodomain was obtained

Crystal based chemical optimization were applied to improve potency

DC-CPin711 improved ~ 40-fold potency by chemical optimization

DC-CPin711 showed decent anti leukemia effects



