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Discovery of Benzo[d]imidazole-6-sulfonamides as
Bromodomain and Extra-Terminal Domain (BET) Inhibitors
with Selectivity for the First Bromodomain

Alessandra Cipriano*,”” Ciro Milite*,”) Alessandra Feoli,” Monica Viviano,” Giacomo Pepe,”
Pietro Campiglia,” Giuliana Sarno,” Sarah Picaud,” Satomi Imaide, Nikolai Makukhin, ¢
Panagis Filippakopoulos,® Alessio Ciulli,'” Sabrina Castellano,* and Gianluca Sbardella®

The bromodomain and extra-terminal (BET) family of proteins
includes BRD2, BRD3, BRD4, and the testis-specific protein,
BRDT, each containing two N-terminal tandem bromodomain
(BRD) modules. Potent and selective inhibitors targeting the
two bromodomains are required to elucidate their biological
role(s), with potential clinical applications. In this study, we
designed and synthesized a series of benzimidazole-6-sulfona-

Introduction

Among all the proteins able to “read” the epigenetic code,
bromodomains (BRDs) are specialised protein domains respon-
sible for the recognition and binding of N-acetyl lysine residues
(KAc) on histone and non-histone proteins. The human
proteome encodes 61 different BRDs belonging to 42 proteins."
Among these, the bromodomain and extra terminal (BET) family
has been extensively studied, establishing a central role in
transcription which is perturbed in several pathological con-
ditions, including cancer and inflammation.” The BET family
includes four members, BRD2, BRD3, BRD4 and BRDT, each
containing two highly homologous N-terminal bromodomain
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mides starting from the azobenzene compounds MS436 (7 a)
and MS611 (7b) that exhibited preference for the first (BD1)
over the second (BD2) BRD of BET family members. The most-
promising compound (9a) showed good binding potency and
improved metabolic stability and selectivity towards BD1 with
respect to the parent compounds.

modules, namely BD1 and BD2, that are responsible for the
recognition and binding to KAc (Figure 1).

Since the identification of the first potent and selective
ligands, (+)-JQ1 (1) and I-BET (2),®' several small molecule
classes have been developed as BET inhibitors (iBETs)™ leading
to further clinical development with applications in oncology.”
However, the majority of these inhibitors show no selectivity
towards individual BET family members, thus hampering their
scope as chemical probes for the clear definition of the
physiopathological role of individual BET proteins. It is not
surprising that side effects reported in clinical trials involving
BET inhibitors are believed to stem from their lack of
selectivity.”

Recent evidence suggests that BD1 is related to the
maintenance of gene expression and, therefore, linked to
antitumor effects. On the other hand, BD2 selective inhibition
specifically affects the induction of gene expression whilst
leaving the maintenance of established transcription programs
largely unaltered. In clinical oncology, these results are of
particular interest considering that both pan-BET and BD1
selective inhibitors have similar efficacy, however BD1-selective
inhibition could achieve the desired clinical outcomes while
limiting on-target side effects.”

It is therefore not surprising that the development of novel
BD1-selective BET inhibitors has gained a lot of attention.
Development of site-selective inhibitors is challenging because
of the extremely high sequence identity shared between BET
bromodomains, leading to only a small number of high
selective compounds reported to date (Figure 2). Nevertheless,
data from recent literature show considerable progress in the
field. Starting from promising chemical scaffolds, several
strategies have been reported for enhancing selectivity and
potency of these early discovered compounds.”®

One of the first examples of BD1 selective inhibitors was
reported by Zhou and co-workers. Starting from a tetrahydro-

© 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Figure 1. Bromodomain phylogenetic tree and domain structure of BET family.
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Figure 2. Structures of selected BET ligands.

pyrido indole scaffold, previously identified as inhibitor of the
CBP BRD,” a series of 1-substituted- 2,3,4,5-tetrahydro-pyrido-
[4,3-blindol-1-ones was designed and tested as BET inhibitors.
Olinone (3) showed a moderate affinity (K;=3.4 uM) but a
preferential binding for BD1 over BD2 of all BET proteins."” A
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fragment-based screen identified the benzo[cd]indol-2(1H)-one
core as promising scaffold for the development of BD1-selective
BET inhibitors. A subsequent series of structural modifications
led to derivative LT052 (4), which exhibited high potency
towards BD1 (IC;,=87.7 nM) and over 100-fold selectivity for

© 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH
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BD1 over BD2 when tested against BRD3 and BRD4.'" Recently,
GlaxoSmithKline published two selective BD1 inhibitors:
GSK778 (5) and GSK789 (6). Compound 5 showed a high
inhibitory activity (ICs, from 41 nM to 75 nM) towards BD1 of all
BET proteins with a good degree of selectivity (20-150 fold) for
BD1 over BD2 of all the BET proteins. Despite the poor
pharmacokinetic properties, 5 was used to demonstrate that
selective BD1 inhibitors may be equally effective as pan-BET
inhibitors in cancer cells.”” Compound 6 showed a 1000-fold
selectivity for BD1 over BD2 in all BET proteins with an
inhibition in the low nanomolar range (IC;,=30 nM). Moreover,
6 showed the ability to inhibit cell growth of MV4-11, HL60, and
THP-1 cell lines with IC;, values of 25, 390, and 258 nM,
respectively. Despite the good biological activity, compound 5
suffers of high metabolic instability, probably due to the
presence of an N-methyl and electron-rich aromatic portion,
that prevented its further development.''”

The azobenzene core has also been identified as a
promising scaffold to develop selective iBETs. MS436 (7a) has
nanomolar activity towards BD1 (BRD4 estimated K =30-
50 nM), with 10-fold selectivity over BD2, while showing no
selectivity between BD1 and BD2 of BRD2 and BRD3."*! MS611
(7b) exhibited better selectivity between BDs in the case of
BRD4 (K;=0.41 uM and 41.3 uM for BD1 and BD2, respectively),
but showed almost no difference in binding affinity between
BD1 and BD2 of BRD2 and BRD3."°"* Although promising,
these scaffolds have not been further developed, probably due
to the presence of the azo-moiety, which represent a metabolic
hot spot™ besides the photoisomerization properties."

Given our interest in the development of novel scaffolds for
epigenetic modulators,"” we considered the azobenzene-based
compounds as a starting point to identify a novel chemotype as
BD1 selective inhibitors with improved pharmacokinetic pro-
files. Here, we report the design, synthesis, and biochemical
evaluation of novel benzimidazole-based bromodomain BD1-
selective ligands. In addition, we evaluate the pharmacokinetic
profile and in-cell activity of the best performing compound.

Results and Discussion
Design, initial screening, and properties evaluation

From a structural point of view, we speculated that the
azobenzene group in 7a and 7b (Figure 2) could be deemed as
an open benzimidazole and, therefore, could be bioisosterically
replaced by the latter. Benzimidazole, a privileged chemotype
in medicinal chemistry, is metabolic stable and synthetically
accessible."® Moreover, it has been already proved to be an
effective scaffold for the discovery of BRD ligands." In fact, GSK
recently described a class of highly potent BET inhibitors
featuring a dimethylphenol benzimidazole scaffold, identified
by means of a DNA encoded library. The 3,5-dimethylphenol
portion contained in the compounds was identified as a
metabolic hotspot and conveniently replaced with a 3,5-
dimethylpyridone. Further decoration of the benzimidazole
scaffold finally yielded compound 8 (I-BET469, Figure 2). This
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molecule showed a high activity in vitro (plCs, of 7.9 on BD1 of
BRD4), a 20 fold selectivity for BD1 over BD2 of BRD2, BRD3 and
BRD4, and an efficient ability to engage BET proteins in vivo,
inducing potent immunomodulatory effects."® However, de-
spite these evidences, only few other reports describe benzimi-
dazoles as BET ligands.”*

Taking into account these considerations, we resolved to
replace the azobenzene moiety of MS compounds (7a and 7 b)
with a benzimidazole scaffold, with the goal to explore the
effect of this bioisosteric substitution on potency, selectivity
and pharmacokinetic properties (Figure 3).

First, we synthesized and evaluated compounds 9a and 9b
(Figure 4 and Scheme 1), which feature the benzimidazole
moiety substituted with the 3,5-dimethyl-4-phenolic group and
a pyridine- (9a) or a p-cyanophenyl- sulfonamide (9b), distinc-
tive of compounds 7a and 7 b, respectively.

The binding profile of these compounds was preliminary
evaluated using a protein stability shift assay (AT,,) against BET
BD1/BD2 domains as well as against three representatives of
diverse BRD families (CREBBP, PB1 and PCAF), in order to
evaluate off-target interactions (Figure 4). AT,, has emerged as
a rapid and cost effective early screening method for the
identification of BRD ligands and has been shown to correlate
quite well with binding constants determined by other direct
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Figure 3. Design strategy.
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Figure 4. Results of AT,, screening of compounds 9a-i at 10 pM against BD1
and BD2 of BET proteins (BRD2, BRD3, BRD4 and BRDT) and three selected
non-BET bromodomain-containing proteins (CREBBP, PB1 and PCAF).
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9b: R = -4-cyanophenyl; Ry, Rs = -H; Ry, Ry, = -CH3; Rg = -OH

9d: R = -methyl; Ry, Rs = -H; Ry, R4, = -CH3; R3 = -OH
9e: R = -2-picolyl; R, R = -H; Ry, R4, = -CH3; R3 = -OH
9f: R = -3-picolyl; Ry, Rs = -H; Ry, Ry, = -CH3; R3 = -OH

9g: R = -cyclopropyl; R4, Rs = -H; Ry, R4, = -CH3; Rz = -OH
9h: R = -cyclopentyl; Ry, Rs = -H; Ry, R4, = -CH3; Rz = -OH

9i: R = -cyclohexyl; Ry, Rs = -H; Ry, R4, = -CH3; Rz = -OH
9j: R = -2-pyridinyl; Ry, Rq, Rs,= -H; Ry, = -CH3; R3 = -OH
9k: R = -2-pyridinyl; Ry, R4 = -H; Ry, Rs, = -CH3; R3 = -OH
9l: R = -2-pyridinyl; Ry, Ry Ry, Rs, = -H; R3 = -OH
9m: R = -2-pyridinyl; Ry, R3 Ry, Rs, = -H; Ry = -OH
9n: R = -2-pyridinyl; Ry, Ry, R4, Rs, = -H; Rz = -Cl
90: R = -2-pyridinyl; Ry, Rg, Rs, = -H; Ry, R3 = -OH
9p: R = -2-pyridinyl ;Ry, R4 Rs, = -H; Ry, R3 = -OH

f,: 10: R = -tert-butyl; Ry, Rs = -H; Ry, Ry, = -CHg; Rz = -OH
9c: R =-H; Ry, Rs = -H; Ry, Ry, = -CH3; R3 = -OH

e crr
c o)
Q /C[ R. .S NO,

a-S NO, R-NH,
0 14a-i

13 15a-i

15a,16a: R = -2-pyridinyl

15b,16b: R = -4-cyanophenyl
15¢,16¢: R = -methyl

15d,16d: R = -2-picolyl d
15e,16e: R = -3-picolyl

15f,16f. R = -cyclopropyl

159,169: R = -cyclopentyl

15h,16h: R = -cyclohexyl

15i,16i: R = -tert-butyl

0 R NS
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17a: Ry, Rs = -H; Ry, Ry, = -CH3; Rs = -OH
17b: R1, R4’ R5,= -H, R2, = -CH3; R3 =-OH
17c: R,, R4 = -H; R4, Rs, = -CH3; R3 = -OH
17d: Ry, R, Ry, Rs, = -H; R3 = -OH

17e: R1, R3Y R4, R5, = -H, R2 =-OH

17f: R1, R2’ R4, Rs, = -H, R3 =-Cl

179: Ry, R4' Rs, =-H; Ry, Rz =-OH

17h: Ry, Ry Rs, = -H; Ry, Ry = -OH

Scheme 1. Synthesis of compounds 9a-p. Reagents and conditions: (a) Ethyl chlorooxoacetate, Et,0, r. t., 18 h (98 %); (b) CISO;H, 80°C, 3 h (99%); (c) pyridine,
0°C tor. t. for compounds 15a,b (35-40%) or dry THF, r. t., 18 h for compounds 15 c—i, (60-85 %); (d) Zn dust, AcOH, 4 h for compounds 16a,b (64-84 %) or H,
(1 atm, balloon), Pd/C (10 wt% on activated carbon), EtOH, 18 h for compounds 16 c-i (89-97 %); (e) 17 a-h, Na,S,0;, dry DMF, 80°C, 18 h (54-85 %); (f) DCM/

TFA (1:1), r.t. 18 h (74 %).

[3a,21

biophysical methods.?**"! The compounds were tested at 10 uM
fixed dose and the pan-BET inhibitor 1 was used as a reference
compound.?? The results obtained from this screening sup-
ported our design strategy. Indeed, compounds 9a and 9b are
responsible for an increase in the melting temperature of all
BET proteins while showing a certain degree of selectivity for
the first bromodomain of BRD4.

These encouraging results led us to a preliminary inves-
tigation of the structure —activity relationship (SAR) on the
sulfonamide nitrogen (compounds 9c-i, Figure 4). In accord-
ance with the SAR of the azobenzene MS series,"” the removal
of the aromatic moiety from the sulfonamide nitrogen was
detrimental both for affinity and selectivity. In fact, the primary
sulfonamide (9¢) and the methyl sulfonamide (9d) showed a
definitely lower affinity than 9a and 9b toward all the BET

ChemMedChem 2022, 17, €202200343 (4 of 14)

domains investigated. The detachment of the pyridine ring
from the sulfonamide function, as in the picolyl derivatives 9e
and 9f, resulted in complete loss of activity. On the other hand,
the substitution of the pyridine moiety with an aliphatic ring
shifted the activity also to non-BET proteins. The insertion of a
cyclopentyl or a cyclohexyl group (9h and 9i, respectively)
yielded compounds with an affinity toward BETs similar to 9a
and 9b but with a strong binding to BD2 of BRDT and other
non-BET bromodomain-containing proteins. It is worth to note
that the substitution of an aromatic moiety with a cyclopropyl
group (99) resulted in strong off-target binding together with a
partial loss of affinity toward BETs, while retaining binding only
towards the BD2 of BRDT.

© 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Physiochemical properties of
2-aryl-benzimidazole-6-sulfonamides ligands

Proved our design strategy, in order to select the best derivative
for further development, we evaluated key properties of
benzimidazole compounds 9a and 9b that could affect
pharmacokinetics. Results are reported in Table 1. Azobenzene
derivatives 7a and 7 b were also evaluated for comparison.

Determination of metabolic properties of bioactive mole-
cules is one of the most important steps during the drug
development process. The CYPs play an important role in drug
oxidative metabolism and they are capable of converting
molecules to more polar metabolites using NADPH as the
cofactor.”® The UGT superfamily of enzymes catalyzes the
conjugation of D-glucuronic acid by transferring a glucuronic
acid moiety from the cofactor uridine 5'-diphosphoglucuronic
acid (UDPGA) to substrates containing an accepting group.” It
is more common that glucuronidation occurs after xenobiotics
are metabolized by phase | enzymes such as CYPs. This
metabolic reaction forms water-soluble compounds that readily
excreted via urine or bile.

In this study, the CYPs and UGTs “dual-activity” microsomal
stability assay was carried out to follow the loss of the test
compounds over time under CYP- and UGT-mediated metabolic
pathways. In detail, the compounds were added to human liver
microsomes in the presence of alamethicin, NADPH and UDPGA
as cofactors.” Alamethicin, a pore-forming peptide, was used
to activate UGTs in human liver microsomes. Testosterone was
used as positive control while the negative control was
prepared by incubation of the compounds without cofactors up
to 60 min. The negative control is essential to detect problems
such as non-specific protein binding or heat instability. Notably,
all compounds showed no binding to proteins and high
stability in absence of cofactors.

Results summarized in Table 1 indicate that compound 9a
was very stable, showing a percentage of the parent compound
turnover of 1.04+0.3%, significantly lower than other com-
pounds tested. Unpredictably,? the p-cyanophenyl substituent
(9b) led to poor metabolic stability, even lower than the related
azobenzene analogue 7b.

Next, using nephelometric measurements, we determined
the solubility profile of these compounds in aqueous solutions
with 1% DMSO. All compounds displayed good solubility

Table 1. Physiochemical Properties of 7a, 7b, 9a, 9b.

# CYPs and UGTs Solubility® Pampa P, cLogP"
“dual-activity” [cm/s]
microsomal stability™
7a 7.8+0.5 100 uM 1.03x10°% 2.50
7b  75+10 50 UM 110x10°° 393
9a 1.0+0.3 100 uM 1.07x1077 2.82
9b 16.3+£0.5 50 uM 9.09%x 1078 3.35

[a] Microsomal stability of compounds in the presence of alamethicin,
NADPH and UDPGA cofactors. Value expressed as the percentage of the
parent compound turnover. [b] Highest concentration of the compound
where no precipitate was detected. [c] Calculated with SWISSADME
(http://www.swissadme.ch/).
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profiles at 50 uM; however, when tested at 100 pM, only
compounds 9a and 7 a were still soluble.

Membrane permeability was estimated by the well-vali-
dated parallel artificial membrane permeability assay (PAMPA)
technique."”?” To establish and validate our in-house assay, the
highly permeable propranolol (P,,,=1.91x107°cm/s) and the
poor permeable furosemide (P,,,=1.01x10"* cm/s) were used
as positive and negative controls, respectively. Compounds 7a
and 7b were evaluated for comparison. Data reported in
Table 1 indicated that the two azo-benzene compounds
showed respectively the lowest (1.03x107%cm/s) and the
highest (1.10x10°° cm/s) P,,, value among the selected com-
pounds. On the other hand, benzimidazole compounds 9a and
9b were comparable in terms of apparent permeability, both
showing values (1.07x1077 and 9.09x10°® cm/s, respectively)
that were higher than that of compound 7a. As compound 7a
showed good cellular efficacy, it can be speculated that also
our benzimidazole derivatives could have an acceptable cellular
permeability.

Finally, the calculation of cLogP proved that 9a showed also
a good cLogP value of 2.82, comparable to the one of 7a and
lower than 9b. This is a highly desirable feature as a compound
with a cLogP lower than 3 has less chance to give undesired
side effects in vivo.””!

Taken together, these results supported our hypothesis of
bioisosterically replacing azobenzene with benzimidazole and
indicated 9a as the most attractive compound.

Further structure — activity relationship studies

In a second round of structure-activity studies, we kept the
pyridine sulfonamide moiety of 9a and explored the effect of
structural modifications on the phenyl ring in position 2 of the
benzimidazole (compounds 9j-p, Figure 5 and Scheme 1). At
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Figure 5. AT, results for compounds 9a, 9j-p at 10 uM against BD1 and
BD2 of BET proteins (BRD2, BRD3, BRD4 and BRDT) and three selected non-
BET bromodomain-containing proteins (CREBBP, PB1 and PCAF).
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this stage, we explored the effect of substitution patterns on
phenol moiety to get insights on the structure requirement for
this warhead.

AT, confirmed that the 3,5-dimethyl-4-phenolic substitution
is responsible of the activity profile of compound 9a and that
all the other modifications negatively affected both activity
and/or selectivity. This is consistent with previous observations
that the 2,6-dimethylphenol moiety mimics the KAc group."®*
Indeed, removal of the 5-methyl (9j) as well as the formal shift
of methyl groups to the 2,6 positions (9k) resulted in a marked
loss of activity. The unsubstituted phenol derivative (91) is still
active but significantly less selective. In addition, the presence
and the correct position of the phenolic substitution are both
important for the activity. For example, shifting to the 3-
position (9m) or its substitution with a chlorine (9n) resulted in
almost completely inactive products. Moreover, the catechol
substitution is not tolerated (90) while the 2,4-diphenolic
substitution (9p) furnished an active but non-selective com-
pound.

Binding validation of 9a to BD1 and selectivity

To quantify the affinity for BRD4 BD1 protein, isothermal
titration calorimetry (ITC) was used. This biophysical method
confirmed the binding of 9a (Figure 6), showing a K, value of
70 nM, which is comparable to the one of the azobenzene
series."

To define the selectivity profile of 9a we employed a time-
resolved fluorescence resonance energy transfer (TR-FRET)
displacement binding assay using an AlexaFluor647 dye
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Figure 6. (a) ITC binding curve of 9a to BRD4 BD1; (K, =70.4 + 3.7 nM) (b)
TR-FRET curves of 9a with BD1 and BD2 domains of BET proteins (BRD2,
BRD3, BRD4). The compound was tested in 11-concentration ICs, mode with
3-fold serial dilutions starting from a concentration of 100 uM. Data were
analysed using GraphPad Prism software (version 8.0) for curve fitting, using
a sigmoidal concentration — response with a variable slope equation.
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conjugated to 1, as previously described.” The curves (Fig-
ure 6) and the IC;, values (Table 2) showed that compound 9a
is at least 150-fold selective for the BD1 (IC5,=0.126 pM)
domain of BRD2 over BD2 (IC5,=22 uM). This good BD1/BD2
selectivity profile was confirmed also for BRD3 and BRD4, even
if at a lesser extent (40- and 10-fold respectively).

If compared with the results reported for 7a and 7b,
compound 9a displayed a better selectivity profile towards all
BD1 of BETs. In fact 7a and 7b, despite the good BD1 activity
profile, showed almost no selectivity between each BDs domain
of BRD3 and BRD2."*"*'¥

Effect on cell viability and protein expression regulated by
BRD

The good preliminary data obtained for compound 9a combin-
ing different techniques prompted us to investigate the effect
of this compound in human cells. First, to determine the proper
concentration to be used for the evaluation of BET inhibitory
activity in cellular contest, the cellular toxicity of compound 9a
was assessed in Hela cells, using compound 7a as a reference
(Figure 7).

Cells were incubated with different compound concentra-
tions (50 uM, 5 uM and 0.5 uM) for different times (24, 48 and
72 h) and cellular viability was determined performing an MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide) assay. Results obtained clearly showed a survival of
the cells at all the tested concentrations and times and only a
slight decrease of cell viability (around 30%) was detected after
treatment with 9a at the highest concentration (50 uM) for
72 h.

Table 2. Selectivity profile of 9a.

Target protein 9a [IC5, pM] BD1 selectivity index
BRD2(BD1) 0.126 +:0.019 170
BRD2(BD2) 22+8
BRD3(BD1) 0.18+0.02 40
BRD3(BD2) 7.0+3.0
BRD4(BD1) 0.2524+0.041 10
BRD4(BD2) 22+1.0
140 2ah
3120 1171 TIR TR I ' if:
£ 100 . . T F I
2 80
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Figure 7. Cell toxicity of compounds 9a and 7 a in Hela cell line. Cells were
treated for 24, 48, and 72 h with compounds 7a and 9a at the
concentrations of 50, 5, and 0.5 pM. Cell viability was assessed by measuring
the mitochondrial-dependent reduction of MTT to formazan. Data are
reported as mean £ SD of at least three independent experiments.
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Thereafter we evaluated the ability of compound 9a to
inhibit BET protein activity in cells measuring the protein levels
of c-Myc, a well-established BET transcriptional target.*”

Hela cells were incubated with 50 uM of 9a and 7 a for 24,
48 and 72 h. Cells were lysed and immunoblotted with a c-Myc
specific antibody. GAPDH was used for normalization and for
checking equal loading. As shown in Figure 8, even if lower
than related compound 7 a, derivative 9a induced a reduction
(from 20% to 40%) of the c-Myc expression levels at all the
tested times.

Chemistry

The compounds 9a—-p were prepared as depicted in Scheme 1.
Key intermediates for the preparation of target compounds 9a-
p are the 3,4-diaminobenzenesulfonamides 16a-i which were
synthetized as previously reported by us.”" Briefly, treatment
with ethyl chlorooxoacetate of the 2-nitroaniline 11 in diethyl
ether (Et,0) furnished the protected amino compound 12. The
reaction of the latter with the chlorosulfonic acid at 80°C,
yielded the unprotected sulfonyl chloride 13 after an aqueous
workup. The subsequent reaction with the appropriate amines
(14 a-i), gave the corresponding N-substituted-4-amino-3-nitro-
benzenesulfonamides (15a-i). Noteworthy, the preparation of
N-aryl sufonamides 15a,b in approximately 40% yield required
the use of pyridine as a solvent at 0°C. On the other hand,
preparation of N-alkyl sulfonamides 15c-i proceeded in good
yields (60-85 %) using dry THF as solvent at room temperature.
From nitro derivatives 15a-i, zinc dust reduction in acetic acid

a
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Figure 8. Western blot images (a) and densitometric analysis (b) of lysates
derived from Hela cells treated with compound 9a at 50 uM for 24, 48 and
72 h on the levels of c-Myc. GADPH was used to check for equal loading.
Compound 7a (50 uM) was used as a reference compound. Signals were
detected using the ImageQuant LAS 4000 (GE Healthcare, Waukesha, WI)
digital imaging system and quantified by ImageQuantTL software.
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(AcOH) or palladium-catalysed hydrogenation furnished the
corresponding  3,4-diaminobenzenesulfonamides 16ab and
16 c—i, respectively. Finally, cyclocondensation-dehydrogenation
of the di-amino derivatives with commercially available alde-
hydes 17a-h in dry DMF at 80°C afforded the benzimidazole-
based compounds 9a, 9b, 9d-9p and 10. Deprotection under
acidic conditions (DCM/TFA 1:1) of the intermediate 10
furnished the primary sulfonamide 9c.

Conclusion

In this manuscript, we reported the design, synthesis, and
biological evaluation of a series of benzimidazole-6-sulfona-
mides as BET ligands. Starting from 7a and 7b, ligands that
exhibited a preference for BD1 of BET family members, the
novel active compounds have been developed by the bioisos-
teric replacement of the unfavorable azobenzene moiety, that
could give rise to toxic metabolites in particular in hypoxic
tumor microenvironments, with a benzimidazole ring.

The most promising compound (9a) showed good potency
in binding BET proteins and a good degree of selectivity
towards BD1 of all BETs with respect to the parent compounds.
9a is soluble, cell-permeable and features in vitro metabolic
stability. Moreover, it is able to reduce the level of c-Myc
transcription in Hela cells, without showing significant cytotox-
icity. Taken together, these results confirmed the benzimidazole
as useful bioisostere of azobenzene moiety and endorse
benzimidazole-6-sulfonamide as a viable chemical template to
obtain compounds with improved selectivity towards the first
bromodomains of BET family proteins.

Experimental Section

Chemistry. General directions. All chemicals, purchased from Merck
KGaA and Fluorochem Ltd., were of the highest purity. All solvents
were reagent grade and, when necessary, were purified and dried
by standard methods. All reactions requiring anhydrous conditions
were conducted under a positive atmosphere of nitrogen in oven-
dried glassware. Standard syringe techniques were used for
anhydrous addition of liquids. Reactions were routinely monitored
by TLC performed on aluminum-backed silica gel plates (Merck
KGaA, Alufolien Kieselgel 60 F254) with spots visualized by UV light
(A=254, 365 nm) or using a KMnO, alkaline solution. Solvents were
removed using a rotary evaporator operating at a reduced pressure
of ~10 Torr. Organic solutions were dried over anhydrous Na,SO,.
Analytical high performance liquid chromatography (HPLC) was
performed on a Shimadzu SPD 20A UV/VIS detector (A=220 and
254 nm) using C-18 column Phenomenex Synergi Fusion — RP 80 A
(75%4.60 mm; 4 um) at 25°C using a mobile phase A (water+0.1%
TFA) and B (ACN+0.1% TFA) at a flow rate of 1 mL/min. 'H spectra
were recorded at 400 MHz on a Bruker Ascend 400 spectrometer
while C NMR spectra were obtained by distortionless
enhancement by polarization transfer quaternary (DEPTQ) spectro-
scopy on the same spectrometer. Chemical shifts are reported in &
(ppm) relative to the internal reference tetramethylsilane (TMS).
Due to the existence of tautomers, some 'H and "C NMR signals
could not be detected for some of the prepared benzimidazoles so
only the distinct signals are reported. Low resolution mass spectra
were recorded on a Finnigan LCQ DECA TermoQuest mass
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spectrometer in electrospray positive and negative ionization
modes (ESI-MS). High resolution mass spectra were recorded on a
ThermoFisher Scientific Orbitrap XL mass spectrometer in electro-
spray positive ionization modes (ESI-MS). All tested compounds
possessed a purity of at least 95% established by HPLC unless
otherwise noted. Compounds 12 and 13 were prepared as
previously described by us.®"

2-(4-hydroxy-3,5-dimethylphenyl)-N-(pyridin-2-yl)-1H-
benzo[d]limidazole-6-sulfonamide (9a). To a solution of 3,4-
diamino-N-(pyridin-2-yl)benzenesulfonamide 16a (200 mg,
076 mmol) in dry DMF (6.0 mL), 4-hydroxy-3,5-dimeth-
ylbenzaldehyde 17a (114 mg, 0.76 mmol) and Na,S,0; (188 mg,
0.99 mmol) were added, and the resulting mixture was heated at
80°C for 18 h. After cooling at room temperature, water was added.
The brown precipitate formed was filtered and washed with water.
Compound 9a (255 mg, 85%) was obtained as light-yellow solid
after recrystallization from EtOH. 'H NMR (400 MHz, DMSO-d,) 6
8.97 (s, TH, exchangeable with D,0), 8.07-8.00 (m, 2H), 7.78 (s, 2H),
7.73-7.68 (m, 2H), 7.68-7.63 (m, 1H), 7.18 (d, J=8.6 Hz, 1H), 6.90-
6.83 (m, 1H), 2.26 (s, 6H).”C NMR (101 MHz, DMSO-d,) & 156.11,
154.44, 139.92, 127.30, 124.82, 120.69, 119.28, 113.39, 16.69. HRMS
(ESI): m/z [M+H]" calcd. for C,oHsN,O;S+H": 395.1172. Found:
395.1157.

N-(4-cyanophenyl)-2-(4-hydroxy-3,5-dimethylphenyl)-1H-
benzo[dlimidazole-6-sulfonamide (9b). Compound 9b (86 mg,
66%) was obtained as a white solid from derivative 16b (89 mg,
0.31 mmol) and 4-hydroxy-3,5-dimethylbenzaldehyde 17a (47 mg,
0.31 mmol) according to the procedure described for 9a. '"H NMR
(400 MHz, DMSO-d,) 6 10.99 (s, TH, exchangeable with D,0), 8.99 (s,
1H, exchangeable with D,0), 8.00-7.97 (m, 1H), 7.77 (s, 2H), 7.72-
7.62 (m, 4H), 7.27 (d, J=8.8 Hz, 2H), 2.26 (s, 6H).”>C NMR (101 MHz,
DMSO-dg) 6 156.40, 154.66, 142.48, 133.65, 132.48, 127.45, 124.89,
120.70, 118.70, 118.41, 105.21, 16.68. HRMS (ESI): m/z [M+H]"
calcd. for C,,H;gN,05S+H":419.1172. Found: 419.1161.

2-(4-hydroxy-3,5-dimethylphenyl)-1H-benzo[d]imidazole-6-sulfo-
namide (9c¢). N-(tert-butyl)-2-(4-hydroxy-3,5-dimethylphenyl)-1H-
benzo[d]imidazole-6-sulfonamide 10 (134 mg, 0.36 mmol) was dis-
solved in 4 mL of DCM/TFA (1:1) and the mixture was stirred at
room temperature. After 18 h, the solvent was evaporated, and the
title compound (85 mg, 74 %) was obtained as a light-brown solid
after crystallization from EtOH. 'H NMR (400 MHz, DMSO-d;) 6 12.98
(s, TH, exchangeable with D,0), 8.87 (s, TH, exchangeable with
D,0), 8.06-7.87 (m, 1H), 7.79 (s, 2H), 7.74-7.56 (m, 2H), 7.30-7.21
(m, 2H, exchangeable with D,0), 2.26 (s, 6H). *C NMR (101 MHz,
DMSO-d,) 6 155.72, 155.62, 154.88, 154.37, 146.02, 143.16, 137.55,
137.45, 137.06, 134.14, 127.10, 124.72, 120.29, 119.57, 119.21,
118.16, 116.11, 111.02, 109.10, 16.70. HRMS (ESI): m/z [M+H]*
calcd. for C;5H5N;05S +H™: 318.0907. Found: 318.0899.

2-(4-hydroxy-3,5-dimethylphenyl)-N-methyl-1H-
benzo[dlimidazole-6-sulfonamide (9d). Compound 9d (60 mg,
73%) was obtained as a white solid from derivative 16c¢ (50 mg,
0.25 mmol) and 4-hydroxy-3,5-dimethylbenzaldehyde 17a (38 mg,
0.25 mmol) according to the procedure described for 9a. '"H NMR
(400 MHz, DMSO-d;) 6 13.02 (s, 1H, exchangeable with D,0), 8.98 (s,
1H, exchangeable with D,0), 7.97-7.86 (m, 1H), 7.79 (s, 2H), 7.68 (d,
J=85Hz, 1H), 7.57 (dd, J=8.5, 1.7Hz, 1H), 7.36-7.28 (m, 1H,
exchangeable with D,0), 2.40 (d, J=4.8 Hz, 3H), 2.27 (s, 6H). '*C
NMR (101 MHz, DMSO-d,) 6 155.75, 132.12, 127.15, 124.72, 120.20,
28.74, 16.70. HRMS (ESI): m/z [M+H]" calcd. for CygHy,N;055+H*:
332.1063. Found: 332.1052.

2-(4-hydroxy-3,5-dimethylphenyl)-N-(pyridin-2-ylmethyl)-1H-
benzo[d]imidazole-6-sulfonamide (9e). Compound 9e (245 mg,
56%) was obtained as a light-yellow solid from derivative 16d
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(299 mg, 1.07 mmol) and 4-hydroxy-3,5-dimethylbenzaldehyde 17 a
(161 mg, 1.07 mmol) according to the procedure described for 9a.
'H NMR (400 MHz, DMSO-ds) 6 13.01 (s, 1H, exchangeable with
D,0), 8.88 (s, 1H, exchangeable with D,0), 8.43-8.39 (m, 1H), 8.15-
8.08 (m, TH, exchangeable with D,0), 8.04-7.85 (m, 1H), 7.80 (s, 2H),
7.74-7.67 (m, 1H), 7.65-7.55 (m, 2H), 7.37 (d, J/=7.9 Hz, 1H), 7.25-
7.18 (m, 1H), 4.05 (d, J=5.8 Hz, 2H), 2.27 (s, 6H).”>C NMR (101 MHz,
DMSO-dg) 6 157.30, 155.72, 148.65, 136.60, 133.32, 127.13, 124.70,
122.27,121.57, 120.19, 48.03, 16.69. HRMS (ESI): m/z [M+H]* calcd.
for C,;H,0N,05S +H™: 409.1329. Found: 409.1313.

2-(4-hydroxy-3,5-dimethylphenyl)-N-(pyridin-3-ylmethyl)-1H-
benzo[dlimidazole-6-sulfonamide (9f). Compound 9f (68 mg,
72%) was obtained as a light-yellow solid from derivative 16e
(64 mg, 0.23 mmol) and 4-hydroxy-3,5-dimethylbenzaldehyde 17a
(34 mg, 0.23 mmol) according to the procedure described for 9a.
'H NMR (400 MHz, DMSO-d;) 6 13.02 (s, 1H, exchangeable with
D,0), 8.89 (s, 1H, exchangeable with D,0), 8.43-8.41 (m, 1H), 8.41-
8.38 (m, 1H), 8.12 (t, J=6.3 Hz, 1H, exchangeable with D,0), 7.94 (s,
1H), 7.80 (s, 2H), 7.70-7.57 (m, 3H), 7.28 (dd, J=7.9, 4.8 Hz, 1H), 4.02
(d, J=6.3 Hz, 2H), 2.27 (s, 6H). *C NMR (101 MHz, DMSO-d,) &
155.74, 148.83, 148.25, 135.33, 133.39, 127.14, 124.71, 123.24,
120.17, 120.11, 43.76, 16.69. HRMS (ESI): m/z [M+H]" calcd. for
C,;H5oN,0,S +H*: 409.1329. Found: 409.1316.

N-cyclopropyl-2-(4-hydroxy-3,5-dimethylphenyl)-1H-
benzo[dlimidazole-6-sulfonamide (9g). Compound 9g (63 mg,
63%) was obtained as a light-yellow solid from derivative 16f
(64 mg, 0.28 mmol) and 4-hydroxy-3,5-dimethylbenzaldehyde 17 a
(42 mg, 0.28 mmol) according to the procedure described for 9a.
'H NMR (400 MHz, DMSO-d,;) 6 13.02 (s, 1H, exchangeable with
D,0), 8.88 (s, 1H, exchangeable with D,0), 8.01-7.87 (m, 1H), 7.85-
7.75 (m, 3H, TH exchangeable with D,0), 7.74-7.65 (m, 1H), 7.61
(dd, J=8.4, 1.8 Hz, 1H), 2.27 (s, 6H), 2.11-2.03 (m, 1H), 0.49-0.41 (m,
2H), 0.42-0.36 (m, 2H). *C NMR (101 MHz, DMSO-d,) 6 155.73,
133.21, 127.14, 124.72, 120.20, 24.15, 16.70, 5.07. HRMS (ESI): m/z
[M+H]" calcd. for C;gH;sN;055 +H*: 358.1220. Found: 358.1208.

N-cyclopentyl-2-(4-hydroxy-3,5-dimethylphenyl)-1H-
benzo[dlimidazole-6-sulfonamide (9h). Compound 9h (342 mg,
58%) was obtained as a yellow solid from derivative 16g (390 mg,
1.53 mmol) and 4-hydroxy-3,5-dimethylbenzaldehyde 17 a (230 mg,
1.53 mmol) according to the procedure described for 9a. '"H NMR
(400 MHz, DMSO-d,) ¢ 9.19 (s, 1H, exchangeable with D,0), 8.03-
7.97 (m, 1H), 7.82 (s, 2H), 7.77 (d, J=8.5 Hz, 1H), 7.72 (dd, J=8.5,
1.7 Hz, 1H), 7.68-7.64 (m, 1H exchangeable with D,0), 3.45-3.35 (m,
TH), 2.28 (s, 6H), 1.60-1.49 (m, 4H), 1.39-1.26 (m, 4H). *C NMR
(101 MHz, DMSO-d;) ¢ 156.90, 153.72, 136.05, 127.69, 125.06,
121.44, 11751, 114.46, 113.29, 5447, 32.42, 22.77, 16.68. HRMS
(ESI): m/z [M+H]" caled. for C,oH,3N;0,S+H™: 386.1533. Found:
386.1524.

N-cyclohexyl-2-(4-hydroxy-3,5-dimethylphenyl)-1H-
benzo[dlimidazole-6-sulfonamide (9i). Compound 9i (160 mg,
54 %) was obtained as a yellow solid from derivative 16 h (200 mg,
0.74 mmol) and 4-hydroxy-3,5-dimethylbenzaldehyde 17a (111 mg,
0.74 mmol) according to the procedure described for 9a. '"H NMR
(400 MHz, DMSO-dg) 6 13.00 (s, 1H, exchangeable with D,0), 8.88 (s,
1H, exchangeable with D,0), 8.03-7.83 (m, 1H), 7.79 (s, 2H), 7.73-
7.58 (m, 2H, 1H exchangeable with D,0), 7.55-7.46 (m, 1H), 2.97-
2.82 (m, 1H), 2.27 (s, 6H), 1.57-1.39 (m, 5H), 1.19-0.95 (m, 5H). '*C
NMR (101 MHz, DMSO-d,) 6 155.71, 135.27, 127.12, 124.71, 120.23,
52.01, 33.18, 24.87, 24.33, 16.70. HRMS (ESI): m/z [M+H] " calcd. for
C,H,sN;0,5 +H*: 400.1689. Found: 400.1675.

2-(4-hydroxy-3-methylphenyl)-N-(pyridin-2-yl)-1H-
benzo[dlimidazole-6-sulfonamide (9j). Compound 9j (130 mg,
54%) was obtained as a light-yellow solid from derivative 16a
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(167 mg, 0.63 mmol) and 4-hydroxy-3-methylbenzaldehyde 17b
(86 mg, 0.63 mmol) according to the procedure described for 9a.
'H NMR (400 MHz, DMSO-ds) 6 10.39 (s, 1H, exchangeable with
D,0), 8.13-8.08 (m, 1H), 8.03-7.98 (m, 1H), 7.94 (d, J=2.3 Hz, 1H),
7.87 (dd, /=84, 2.3 Hz, 1H), 7.82 (dd, /=8.5, 1.7 Hz, 1H), 7.79-7.68
(m, 2H), 7.21 (d, J=8.5 Hz, 1H), 7.00 (d, J=8.5 Hz, 1H), 6.91-6.83 (m,
1H), 2.23 (s, 3H). *C NMR (101 MHz, DMSO-d,) 6 159.42, 153.40,
153.11, 140.46, 130.07, 126.88, 125.22, 12191, 115.82, 115.67,
114.30, 114.27, 113.23, 15.97. HRMS (ESI): m/z [M+H]* calcd. for
CyoH16N,055 +H™: 381.1016. Found: 381.1000.

2-(4-hydroxy-2,6-dimethylphenyl)-N-(pyridin-2-yl)-1H-

benzo[dlimidazole-6-sulfonamide (9k). Compound 9k (190 mg,
67 %) was obtained as a pale-yellow solid from derivative 16a
(190 mg, 0.72 mmol) and 4-hydroxy-2,6-dimethylbenzaldehyde 17 ¢
(108 mg, 0.72 mmol) according to the procedure described for 9a.
'H NMR (400 MHz, DMSO-d,) 6 12.83 (s, 1H, exchangeable with
D,0), 9.60 (s, TH, exchangeable with D,0), 8.19-8.15 (m, 1H), 8.08-
8.00 (m, 1H), 7.77-7.65 (m, 3H, TH exchangeable with D,0), 7.59 (d,
J=8.5Hz, 1H), 7.24-7.18 (m, 1H), 6.92-6.82 (m, 1H), 6.58 (s, 2H),
2.01 (s, 6H). *C NMR (101 MHz, DMSO-d,) 6 158.00, 142.62, 121.73,
120.55, 119.65, 118.75, 117.79, 114.23, 111.41, 19.93. HRMS (ESI): m/
z [M+H]" calcd. for CyH;sN,O0sS+H™: 395.1172. Found: 395.1163.

2-(4-hydroxyphenyl)-N-(pyridin-2-yl)-1H-benzo|[d]imidazole-6-sul-
fonamide (91). Compound 91 (181 mg, 65%) was obtained as a
white solid from derivative 16a (200 mg, 0.76 mmol) and 4-
hydroxybenzaldehyde 17d (93 mg, 0.76 mmol) according to the
procedure described for 9a. 'H NMR (400 MHz, DMSO-d,) 6 13.04 (s,
1H, exchangeable with D,0), 10.06 (s, 1H, exchangeable with D,0),
8.10-8.05 (m, 1H), 8.03-7.96 (m, 4H), 7.71-7.64 (m, 2H), 7.61-7.56
(m, TH, exchangeable with D,0), 7.17 (d, J/=8.6 Hz, 1H), 6.92 (d, /=
8.7 Hz, 2H), 6.89-6.82 (m, 1H). *C NMR (101 MHz, DMSO-d) &
159.73, 128.55, 120.27, 115.80. HRMS (ESI): m/z [M+H]" calcd. for
CysH14N,0,S +H*: 367.0859. Found: 367.0848.

2-(3-hydroxyphenyl)-N-(pyridin-2-yl)-1H-benzo[dlimidazole-6-sul-
fonamide (9m). Compound 9m (270 mg, 65%) was obtained as a
white solid from derivative 16a (300 mg, 1.13 mmol) and 3-
hydroxybenzaldehyde 17e (138 mg, 1.13 mmol) according to the
procedure described for 9a. 'H NMR (400 MHz, DMSO-d,) 6 9.91 (s,
1H, exchangeable with D,0), 8.19-8.11 (m, 1H), 8.04-7.98 (m, 1H),
7.80 (dd, J=8.6, 1.7 Hz, 1H), 7.77-7.74 (m, 1H), 7.73-7.66 (m, 1H),
7.62-7.55 (m, 2H), 7.45-7.37 (m, 1H), 7.20 (d, J=8.6 Hz, 1H), 7.01-
6.98 (m, 1H), 6.90-6.83 (m, T1H).?C NMR (101 MHz, DMSO-dy) &
157.92, 153.49, 15299, 140.24, 130.39, 128.86, 121.55, 118.53,
117.87, 113.87, 113.58. HRMS (ESI): m/z [M+H]" calcd. for
CygH14N,O5S +H*: 367.0859. Found: 367.0847.

2-(4-chlorophenyl)-N-(pyridin-2-yl)-1H-benzo[d]imidazole-6-sulfo-
namide (9n). Compound 9n (136 mg, 52%) was obtained as a
pale-yellow solid from derivative 16a (180 mg, 0.68 mmol) and 4-
chlorobenzaldehyde 17f (96 mg, 0.68 mmol) according to the
procedure described for 9a. '"H NMR (400 MHz, DMSO-d,) & 8.18 (d,
J=8.6 Hz, 2H), 8.13-8.12 (m, 1H), 8.04-8.01 (m, 1H), 7.77-7.73 (m,
2H), 7.72-7.69 (m, 1H), 7.67 (d, J=8.6 Hz, 2H), 7.22-7.16 (m, 1H),
6.91-6.84 (m, 1H). 3C NMR (101 MHz, DMSO-d;) 0 152.88, 139.94,
135.36, 129.23, 128.54, 128.03, 121.02, 113.36. HRMS (ESI): m/z [M+
HI* caled. for C;gH,5CIN,O,S+H": 385.0521. Found: 385.0509.

2-(3,4-dihydroxyphenyl)-N-(pyridin-2-yl)-1H-benzo[d]imidazole-6-
sulfonamide (90). Compound 90 (255 mg, 59 %) was obtained as a
pale-yellow solid from derivative 16a (300 mg, 1.14 mmol) and 3,4-
dihydroxybenzaldehyde 17 g (157 mg, 1.14 mmol) according to the
procedure described for 9a. 'H NMR (400 MHz, DMSO-d;) 6 10.01 (s,
1H, exchangeable with D,0), 9.52 (s, 1H, exchangeable with D,0),
8.12-8.07 (m, 1H), 8.04-7.98 (m, 1H), 7.81 (dd, J=8.5, 1.7 Hz, 1H),
7.78-7.67 (m, 2H), 7.58 (d, J=2.2 Hz, 1H), 7.51 (dd, /=8.3, 2.2 Hz,
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1H), 7.20 (d, J=8.6 Hz, 1H), 6.97 (d, J=83 Hz, 1H), 6.91-6.83 (m,
TH). *C NMR (101 MHz, DMSO-d;) 6 153.45, 153.09, 149.75, 145.95,
14043, 121.86, 119.82, 116.12, 115.71, 114.68, 114.35, 113.71,
113.29. HRMS (ESI): m/z [M+H]* caled. for CigH.,N,O,S+H*:
383.0809. Found: 383.0796.

2-(2,4-dihydroxyphenyl)-N-(pyridin-2-yl)-1H-benzo[d]imidazole-6-
sulfonamide (9 p). Compound 9p (260 mg, 60 %) was obtained as a
light-yellow solid from derivative 16a (300 mg, 1.14 mmol) and 2,4-
dihydroxybenzaldehyde 17h (157 mg, 1.14 mmol) according to the
procedure described for 9a. '"H NMR (400 MHz, DMSO-d) 10.26 (s,
1H, exchangeable with D,0), 8.15-8.10 (m, 1H), 8.04-7.98 (m, 1H),
7.87 (d, J=8.6 Hz, 1H), 7.77 (d, J=8.6 Hz, 1H), 7.74-7.67 (m, 3H, 1H
exchangeable with D,0), 7.19 (d, /=8.6 Hz, 1H), 6.89-6.83 (m, 1H),
6.51-6.43 (m, 2H). *C NMR (101 MHz, DMSO-d;) 6 162.03, 159.80,
140.27, 128.77, 121.43, 113.63, 108.28, 103.02. HRMS (ESI): m/z [M +
HI* calcd. for C,gH,,N,0,S +H": 383.0809. Found: 383.0794.

N-(tert-butyl)-2-(4-hydroxy-3,5-dimethylphenyl)-1H-
benzo[dlimidazole-6-sulfonamide (10). Compound 10 (294 mg,
64%) was obtained as a light-yellow solid from derivative 16i
(300 mg, 1.23 mmol) and 4-hydroxy-3,5-dimethylbenzaldehyde 17 a
(185 mg, 1.23 mmol) according to the procedure described for 9a.
'H NMR (400 MHz, DMSO-dg) 6 12.95 (s, 1H, exchangeable with
D,0), 8.85 (s, 1H, exchangeable with D,0), 8.00-7.92 (m, 1H), 7.79 (s,
2H), 7.65-7.61 (m, 2H, 1H, exchangeable with D,0), 7.44-7.40 (m,
1H), 2.27 (s, 6H), 1.08 (s, 9H). MS (ESI) m/z: 374 (M+H)™*.

4-amino-3-nitro-N-(pyridin-2-yl)benzenesulfonamide (15a). To a
cooled stirred solution of 4-amino-3-nitrobenzenesulfonyl chloride
13 (1.41 g, 5.98 mmol) in dry pyridine (6 mL), 2-aminopyridine 14a
(506 mg, 5.38 mmol) was added portion wise, under N, atmos-
phere. The reaction was kept at 0°C until disappearance of the
starting material (monitored by TLC). Then, water (10 mL) was
added: the resulting solid was filtered and washed with water to
afford the title compound (633 mg, 40%) as an orange solid. 'H
NMR (400 MHz, DMSO-d,) 6 8.49-8.39 (m, 1H), 8.09-8.00 (m, 1H),
7.94 (s, 2H, exchangeable with D,0), 7.78-7.69 (m, 2H), 7.13-7.09
(m, 2H), 6.91-6.83 (m, 1H). MS (ESI) m/z: 295 (M +H)*.

4-amino-N-(4-cyanophenyl)-3-nitrobenzenesulfonamide  (15b).
Compound 15b (273 mg, 35%) was obtained as an orange solid
from derivative 13 (638 mg, 2.69 mmol) and 4-aminobenzonitrile
14b (290 mg, 2.45 mmol) according to the procedure described for
15a. 'H NMR (400 MHz, DMSO-d,) 6 10.92 (s, 1H, exchangeable with
D,0), 8.40 (d, /=23 Hz, 1H), 8.05 (s, 2H, exchangeable with D,0),
7.71 (d, J=8.8Hz, 2H), 7.67 (dd, J=9.0, 2.3 Hz, 1H), 7.24 (d, J=
8.8 Hz, 2H), 7.08 (d, J=9.0 Hz, TH). MS (ESI) m/z: 319 (M+H)™.

4-amino-N-methyl-3-nitrobenzenesulfonamide (15c¢). To a cooled
stirred solution of 13 (380 mg, 1.61 mmol) in dry THF (20 mL), was
added dropwise, under N, atmosphere, methylamine 14c 2 M
solution in THF, 3.22 mL, 6.44 mmol) and the reaction was stirred at
room temperature for 18 h. Then, the reaction mixture was
concentrated under reduced pressure, taken up with water (50 mL)
and extracted with EtOAc (3 x20 mL). The combined organic phases
were washed with brine (10 mL), dried, filtered and evaporated
under reduced pressure. The title compound (260 mg, 70%) was
obtained as a pale-yellow solid after crystallization from EtOH. 'H
NMR (400 MHz, DMSO-d;) 6 8.36-8.29 (m, 1H), 7.99 (s, 2H,
exchangeable with D,0), 7.66 (dd, /=9.0, 2.2 Hz, 1H), 7.38-7.34 (m,
1H, exchangeable with D,0), 7.14 (d, J=9.0 Hz, 1H), 2.39 (d, J=
4.8 Hz, 3H). MS (ESI) m/z: 232 (M+H)™*.

4-amino-3-nitro-N-(pyridin-2-ylmethyl)benzenesulfonamide

(15d). Compound 15d (600 mg, 60%) was obtained as a yellow
solid from derivative 13 (767 mg, 3.24 mmol) and 2-picolylamine
14d (1.33 mL, 12.93 mmol) according to the procedure described
for 15¢. '"H NMR (400 MHz, DMSO-d;) 6 8.40-8.38 (m, TH), 8.26 (d,
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J=22Hz, 1H), 8.21-8.14 (m, TH, exchangeable with D,0), 7.95 (s,
2H, exchangeable with D,0), 7.72-7.61 (m, 2H), 7.33 (d, J=7.9 Hz,
1H), 7.23-7.18 (m, 1H), 7.06 (d, J=9.0 Hz, TH), 4.09 (s, 2H). MS (ESI)
m/z:309 (M+H)™.

4-amino-3-nitro-N-(pyridin-3-ylmethyl)benzenesulfonamide

(15e). Compound 15e (566 mg, 62%) was obtained as a yellow
solid from derivative 13 (700 mg, 2.96 mmol) and the 3-picolyl-
amine 14e (1.20 mL, 11.83 mmol) according to the procedure
described for 15¢. "H NMR (400 MHz, DMSO-d;) ¢ 8.42-8.37 (m, TH),
8.28 (d, J=2.2 Hz, 1H), 8.16 (s, 1H, exchangeable with D,0), 7.97 (s,
2H, exchangeable with D,0), 7.66-7.61 (m, 2H), 7.30-7.24 (m, 1H),
7.07 (d, J=9.0 Hz, 1H), 4.03 (s, 2H). MS (ESI) m/z: 309 (M+H)™.

4-amino-N-cyclopropyl-3-nitrobenzenesulfonamide (15f). Com-
pound 15f (450 mg, 85%) was obtained as a yellow solid from
derivative 13 (487 mg, 2.06 mmol) and cyclopropylamine 14f
(0.57 mL, 8.25 mmol) according to the procedure described for 15c.
'H NMR (400 MHz, DMSO-d;) 6 8.37 (d, J=2.2 Hz, 1H), 8.00 (s, 2H,
exchangeable with D,0), 7.83-7.77 (m, 1H, exchangeable with D,0),
7.68 (dd, J=9.0, 2.2 Hz, 1H), 7.15 (d, J/=9.0 Hz, 1H), 2.16-2.08 (m,
1H), 0.53-0.46 (m, 2H), 0.39-0.34 (m, 2H). MS (ESI) m/z: 258 (M+
H)*.

4-amino-N-cyclopentyl-3-nitrobenzenesulfonamide (15g). Com-
pound 15g (393 mg, 70%) was obtained as an orange solid from
derivative 13 (466 mg, 1.97 mmol) and cyclopentylamine 14g
(0.78 mL, 7.90 mmol) according to the procedure described for 15c.
'H NMR (400 MHz, DMSO-dy) 6 8.36 (d, J=2.2 Hz, 1H), 7.97 (s, 2H,
exchangeable with D,0), 7.68 (dd, /=9.0, 2.2 Hz, 1H), 7.57-7.52 (m,
1H, exchangeable with D,0), 7.13 (d, /=9.0 Hz, 1H), 3.38-3.35 (m,
1H), 1.66-1.48 (m, 4H), 1.42-1.25 (m, 4H). MS (ESI) m/z: 286 (M+
H)".

4-amino-N-cyclohexyl-3-nitrobenzenesulfonamide (15h). Com-
pound 15h (956 mg, 63%) was obtained as a yellow solid from
derivative 13 (1.20g, 5.07 mmol) and cyclohexylamine 14h
(2.32 mL, 20.28 mmol) according to the procedure described for
15¢. 'H NMR (400 MHz, DMSO-d,) 6 8.36 (d, J=2.2 Hz, 1H), 7.96 (s,
2H, exchangeable with D,0), 7.70 (dd, /=9.0, 2.2 Hz, 1H), 7.59-7.54
(m, TH, exchangeable with D,0), 7.12 (d, J=9.0 Hz, 1H), 2.94-2.85
(m, TH), 1.62-1.52 (m, 5H), 1.19-1.09 (m, 5H). MS (ESI) m/z: 300 (M +
H)*.

4-amino-N-(tert-butyl)-3-nitrobenzenesulfonamide (15i). Com-
pound 15i (353 mg, 73%) was obtained as an orange solid from
derivative 13 (420 mg, 1.77 mmol) and the tert-butylamine 14i
(0.75 mL, 7.09 mmol) according to the procedure described for 15c.
'H NMR (400 MHz, DMSO-d;) 6 8.38 (d, J=2.2 Hz, 1H), 7.95 (s, 2H,
exchangeable with D,0), 7.70 (dd, /=9.0, 2.2 Hz, 1H), 7.44 (s, 1H,
exchangeable with D,0), 7.11 (d, J=9.0 Hz, 1H), 1.10 (s, 9H). MS
(ESl) m/z: 274 (M +H)™*.

3,4-diamino-N-(pyridin-2-yl)benzenesulfonamide (16a). To a sol-
ution of compound 15a (440 mg, 1.50 mmol) in 7.2 mL of glacial
AcOH, Zn dust (977 mg, 15.0 mmol) was added portion wise. The
reaction mixture was stirred at room temperature until disappear-
ance of the starting material (monitored by TLC). Then, the
insoluble salts were filtered, and the filtrate was concentrated
under reduced pressure. The crude material was taken up with
water (20 mL), and the aqueous phase was extracted with EtOAc
(3x 15 mL). The organic phases were collected and washed with
saturated solution of NaHCO; (3x 15 mL) and brine (15 mL), dried,
filtered and concentrated in vacuo to obtain the title compound
(254 mg, 64%) as a light-brown solid. 'H NMR (400 MHz, DMSO-d,)
0 10.86 (s, 1H, exchangeable with D,0), 8.13-8.04 (m, 1H), 7.68-7.58
(m, 1H), 7.07 (d, J=8.5 Hz, 1H), 7.02-6.97 (m, TH), 6.96-6.85 (m, 2H),
6.48 (d, J=8.2 Hz, 1H), 5.23 (brs, 2H, exchangeable with D,0), 4.82
(brs, 2H, exchangeable with D,0). MS (ESI) m/z: 265 (M+H)™.
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3,4-diamino-N-(4-cyanophenyl)benzenesulfonamide (16b). Com-
pound 16b was obtained as a pale-yellow solid (75 mg, 84 %) from
derivative 15b (100 mg, 0.31 mmol) according to the procedure
described for 16a. '"H NMR (400 MHz, DMSO-dy) 6 10.59 (s, 1H,
exchangeable with D,0), 7.65 (d, J=8.4 Hz, 2H), 7.18 (d, J/=8.4 Hz,
2H), 6.95-6.86 (m, 2H), 6.50 (d, J=8.1 Hz, 1H), 536 (brs, 2H,
exchangeable with D,0), 4.89 (brs, 2H, exchangeable with D,0). MS
(ESI) m/z: 289 (M+H)*.

3,4-diamino-N-methylbenzenesulfonamide (16c). Pd/C (10 wt%
on activated carbon, 0.1 equiv) was added to a solution of 15¢
(100 mg, 0.43 mmol) in EtOAc (4.3 mL) and the reaction was stirred
under H, (1 atm, balloon) for 18 h. The reaction mixture was filtered
and concentrated to give the title compound (80 mg, 92%) as a
yellow solid. "H NMR (400 MHz, DMSO-d,) 6 6.90 (d, J=2.2 Hz, TH),
6.83-6.78 (m, 2H, 1H exchangeable with D,0), 6.55 (d, J=8.1 Hz,
1H), 5.19 (brs, 2H, exchangeable with D,0), 4.83 (brs, 2H,
exchangeable with D,0), 2.32 (d, J=5.2 Hz, 3H). MS (ESI) m/z: 202
(M+H)".

3,4-diamino-N-(pyridin-2-ylmethyl)benzenesulfonamide (16d).
Compound 16d (250 mg, 92 %) was obtained as a light-brown solid
from derivative 15d (300 mg, 0.97 mmol) according to the
procedure described for 16¢c. '"H NMR (400 MHz, DMSO-d,) 6 8.44
(d, J=47Hz, 1H), 7.78-7.70 (m, 1H), 760 (t, J=6.2Hz, 1H
exchangeable with D,0), 7.39 (d, J=7.6 Hz, 1H), 7.24 (dd, J=7.6,
4.7 Hz, 1H), 6.96 (d, J=2.4 Hz, 1H), 6.86 (dd, /=8.1, 2.4 Hz, 1H), 6.55
(d, J=8.1 Hz, 1H), 5.22 (brs, 2H, exchangeable with D,0), 4.84 (brs,
2H, exchangeable with D,0), 3.96 (d, J=6.2 Hz, 2H). MS (ESI) m/z:
279 (M+H)™.

3,4-diamino-N-(pyridin-3-ylmethyl)benzenesulfonamide (16e).
Compound 16e (85 mg, 94 %) was obtained as a yellow solid from
derivative 15e (100 mg, 0.32 mmol) according to the procedure
described for 16 c. "H NMR (400 MHz, DMSO-d;) 6 8.46-8.36 (m, TH),
7.69-7.57 (m, 2H), 7.34-7.26 (m, 1H), 6.95 (d, /=22 Hz, 1H), 6.86
(dd, J=8.2, 22 Hz, 1H), 6.55 (d, J=8.2Hz, 1H), 5.23 (brs, 2H,
exchangeable with D,0), 4.84 (brs, 2H, exchangeable with D,0),
3.90 (d, J=6.3 Hz, 2H). MS (ESI) m/z: 279 (M+H)*.

3,4-diamino-N-cyclopropylbenzenesulfonamide (16f). Compound
16f (343 mg, 97 %) was obtained as brown oil from derivative 15f
(400 mg, 1.55 mmol) according to the procedure described for 16c.
'H NMR (400 MHz, DMSO-d;) 6 7.34-7.29 (m, 1H, exchangeable with
D,0), 6.94 (d, J=2.1 Hz, 1H), 6.85 (dd, /=8.2, 2.1 Hz, 1H), 6.55 (d,
J=8.2 Hz, TH), 5.20 (brs, 2H, exchangeable with D,0), 4.82 (brs, 2H,
exchangeable with D,0), 2.04-1.99 (m, 1H), 0.46-0.32 (m, 4H). MS
(ESl) m/z: 228 (M+H)™.

3,4-diamino-N-cyclopentylbenzenesulfonamide (16 g). Compound
169 (320 mg, 92 %) was obtained as an orange solid from derivative
159 (387 mg, 1.36 mmol) according to the procedure described for
16¢. 'H NMR (400 MHz, DMSO-dy) 6 7.00-6.96 (m, TH, exchangeable
with D,0), 6.92 (d, J=2.2 Hz, 1H), 6.83 (dd, /=8.1, 2.2 Hz, TH), 6.53
(d, J=8.1 Hz, 1H), 5.16 (brs, 2H, exchangeable with D,0), 4.83 (brs,
2H, exchangeable with D,0), 3.29-3.21 (m, 1H), 1.63-1.46 (m, 4H),
1.40-1.24 (m, 4H). MS (ESI) m/z: 256 (M+H)*.

3,4-diamino-N-cyclohexylbenzenesulfonamide (16h). Compound
16h (420 mg, 94%) was obtained as a light-brown solid from
derivative 15h (496 mg, 1.66 mmol) according to the procedure
described for 16 c. 'H NMR (400 MHz, DMSO-d;) 6 7.01-6.96 (m, 1H,
exchangeable with D,0), 6.92 (d, J=2.2 Hz, 1H), 6.83 (dd, J=38.1,
2.2 Hz, 1H), 6.52 (d, J=8.1 Hz, TH), 5.14 (brs, 2H, exchangeable with
D,0), 4.80 (brs, 2H, exchangeable with D,0), 2.84-2.76 (m, 1H),
1.62-1.39 (m, 5H), 1.14-0.94 (m, 5H). MS (ESI) m/z: 270 (M+H)*.

3,4-diamino-N-(tert-butyl)benzenesulfonamide (16i). Compound
16i (223 mg, 89 %) was obtained as an orange solid from derivative

© 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH

B5UBD17 SUOWLWOD SARERID 3|ceatjdde ayp Aq peusenob a.e 3o VO 38N JO S3INJ 10j ARIq1TBUIIUO A3]IMW UO (SUOIPUOD-PUR-SLULBI/LIY"AB | 1M AleIq 1 UTIUO//STIY) SUORIPUOD PUe SWIB L BU1 39S *[2202Z/TT/E0] U0 ARIqITauluo ABIM B140 [eueD uBInquIPT 'SIN PUBI0OS 104 UOIEINPT SHIN AQ E7E002Z02 9PWO/Z00T OT/10p/W0d Ao M Akeiq 1 puluo-adoune-Anis iwsyd//sdny woiy papeojumod ‘0z §e0z ‘28T.098T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemMedChem doi.org/10.1002/cmdc.202200343

15i (283 mg, 1.03 mmol) according to the procedure described for
16¢. '"H NMR (400 MHz, DMSO- d;) & 6.96 (d, J=2.1 Hz, 1H), 6.90—
6.84 (m, 2H, 1H exchangeable with D,0), 6.53 (d, J=8.2 Hz, 1H),
5.13 (brs, 2H, exchangeable with D,0), 4.79 (brs, 2H, exchangeable
with D,0), 1.08 (s, 9H). MS (ESI) m/z: 244 (M+H) ™.

Solubility determination. Solubility of the compounds was deter-
mined using Nepheloskan Ascent® (Labsystems). The experiments
were performed at room temperature in 96-well plates in a final
volume of 300 pL. Each compound was tested in quadruplicate at
the concentrations of 50 and 100 uM in PBS with 1% DMSO. The
measurements were performed at 4 different time points (TO,
30 min, 60 min, 90 min) from the preparation of the samples. Data
obtained were compared to control (PBS with 1% DMSO) and the
ratio sample/control was determined for each compound. Com-
pounds are considered soluble if the ratio is < 3.

Parallel Artificial Membrane Permeability Assay (PAMPA). Donor
solution (0.2 mM) was prepared by diluting 20 mM dimethyl
sulfoxide (DMSO) compound stock solution using phosphate buffer
(pH 7.4, 0.01 M). Filters were coated with 5uL of a 1% (w/v)
dodecane solution of L-a-phosphatidylcholine. Donor solution
(150 pL) was added to each well of the filter plate. To each well of
the acceptor plate, 300 uL of solution (5% DMSO in phosphate
buffer) was added. Selected compounds were tested in triplicate,
propranolol and furosemide were used as positive and negative
controls, respectively. The sandwich was incubated for 24 h at room
temperature under gentle shaking. After the incubation time, the
sandwich plates were separated and 250 L of the acceptor plate
was transferred to a UV quartz microtiter plate and measured by UV
spectroscopy, using a Multiskan GO microplate spectrophotometer
(Thermo Fisher Scientific) at 250-500 nm at a step of 5nm.
Reference solutions (250 uL) were prepared diluting the sample
stock solutions to the same concentration as that with no
membrane barrier. The apparent permeability value P,,, is
determined from the ratio r of the absorbance of compound found
in the acceptor chamber divided by the theoretical equilibrium
absorbance (determined independently), the Faller®™ modification
of Sugano® equation:

VoV
P Ea txln(1—r)

T (Vp + VA

In this equation, V; is the volume of the acceptor compartment
(0.3 cm®), V,, is the donor volume (0.15 cm®), A is the accessible filter
area (0.24 cm?), and t is the incubation time in seconds.

In Vitro Drug Metabolism Using Liver Microsomes

Instrumentation and chromatographic conditions. The metabolic
stability of investigated compounds was monitored using a Nexera
UHPLC system (Shimadzu, Kyoto, Japan) consisting of a CBM-20A
controller, two LC-30AD pumps, an SPD-M20A photo diode array
detector, a CTO-20AC column oven and, a SIL-30AC autosampler.
The chromatographic analyses were accomplished on a Kinetex®
Evo C18 column, 150x2.1 mmx2.6 um (Phenomenex®, Bologna,
Italy) maintained at 40°C. The optimal mobile phase consisted of
0.1% HCOOH/H,0 v/v (A) and 0.1% HCOOH/ACN v/v (B) delivered
at constant flow rate of 0.5 mL/min ~". Analysis was performed in
gradient elution as follows: 0-8.00 min, 5-95% B; 8.00-10.00 min,
isocratic to 95% B; then five minutes for column re-equilibration.
Data acquisition was set in the range 190-800 nm and chromato-
grams were monitored at 254 nm.

In vitro drug metabolism using human liver microsomes. 25 pL of
5mg/mL human (CD-1) microsomes (Thermo Fisher Scientific,
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Bremen, Germany) were pre-incubated with 0.625 pL of 100 pg/mL
alamethicin. Then 2.5 pL of sample (5 mM) with 168 uL of 100 mM
phosphate buffer (pH 7.4), 4 pL of 500 mM MgCl, were added, the
mixture was incubated at 37°C for 5 min. Optimal UGT activity can
be achieved by the addition of MgCl, and alamethicin as pore
forming antibiotic. These components allow for the efficient trans-
fer of a glucuronide product and the cofactor uridine 5’-diphospho-
a-D-glucuronic acid (UDPGA) within the microsomal matrix. The
reaction has started by adding 50 pL of mix NADPH 20 mM and
UDP-GIcUA 20 mM as cofactors (1:1 v/v) and carried out 37 °C for
60 min in a Thermomixer comfort (Eppendorf, Hamburg, Germany).
The reaction was stopped by the addition of 200 pL ice-cold
acetonitrile and then samples were centrifuged at 14,000 rpm at
25°C for 5min (Eppendorf® microcentrifuge 5424, Hamburg,
Germany). The supernatants were collected and injected in UHPLC.
The control at O min was obtained by addition of ice-cold
acetonitrile immediately after incubation with microsomes. Testos-
terone was used as positive control while the negative control was
prepared by incubation up to 60 min without UDP-GIcUA and
NADPH cofactors.

Protein Expression and Purification. Colonies from freshly trans-
formed plasmid DNA in competent E. coli BL21(DE3)-R3-pRARE2
cells (phage-resistant derivative of BL21(DE3) strain), with a pRARE
plasmid encoding rare codon tRNAs, were grown overnight at 37°C
in 5 mL of Luria-Bertani medium (LB-broth, Merck) with 50 pug/mL
kanamycin and 34 ug/mL chloramphenicol (start-up culture). The
start-up culture was diluted 1:1000 in fresh medium and cell
growth was allowed at 37°C to an optical density of about 0.5
(OD600) before the temperature was decreased to 18°C. When the
system equilibrated at 18°C the optical density was about 0.8
(OD600) and protein expression was induced over night at 18°C
with 0.1 mM isopropyl-f3-d-thiogalactopyranoside (IPTG). The bac-
teria were harvested by centrifugation (8,700xg for 15 min at 4°C,
JLA 81,000 rotor, on a Beckman Coulter Avanti J-20 XP centrifuge)
and were frozen at —20°C as pellets for storage. Cells expressing
His6-tagged proteins were re-suspended in lysis 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)) in
the presence of protease inhibitor cocktail (1 uL/mL) and lysed
using an EmulsiFlex-C5 high pressure homogenizer (Avestin -
Mannheim, Germany) at 4°C. 0.15% of PEI (polyethyleneimine) was
added for 30 min on ice and the lysate was cleared by
centrifugation (16,000xg for 1 h at 4°C, JA 25.50 rotor, on a
Beckman Coulter Avanti J-20 XP centrifuge) and was applied to a
nickel-nitrilotriacetic acid agarose column (NiNTA, Qiagen Ltd,
5 mL, equilibrated with 20 mL lysis buffer). The column was washed
once with 30 mL of lysis buffer then twice with 10 mL of lysis buffer
containing 30 mM Imidazole. The protein was eluted using a step
elution of Imidazole in lysis buffer (50, 100, 150, 250 mM Imidazole
in 50 mM HEPES, pH 7.5 at 25°C, 500 mM Nadl). All fractions were
collected and monitored by SDS-polyacrylamide gel electrophoresis
(BioRad Criterion™ Precast Gels, 4-12% Bis-Tris, 1.0 mm, from Bio-
Rad, CA.). After the addition of 10 mM dithiothreitol (DTT), the
eluted protein was treated overnight at 4°C with Tobacco Etch
Virus (TEV) protease to remove the hexa-histidine tag. The protein
was further purified with size exclusion chromatography on a
Superdex 75 16/60 HiLoad gel filtration column (GE/Amersham
Biosciences) on an AktaPrime™ plus system (GE/Amersham Bio-
sciences). Samples were monitored by SDS-polyacrylamide gel
electrophoresis and concentrated to 10-40 mg/mL in the gel
filtration buffer, 10 mM HEPES pH 7.5, 150 mM NadCl, 0.5 mM TCEP.
Samples for isothermal calorimetry were dialysed over night at 4°C
in a D-Tube™ Dialyser Midi, MWCO 3.5 kDa to a final buffer of
50 mM HEPES, pH 7.4 (at 25°C), 150 mM NaCl. Protein handling was
carried out on ice or in a cold room in all the above steps.

© 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Protein stability shift assay. Thermal melting experiments were
carried out using an Mx3005p Real Time PCR machine (Stratagene).
Proteins were buffered in 10 mM HEPES pH 7.5, 500 mM NaCl and
assayed in a 96-well plate at a final concentration of 2 uM in 20 pL
volume. Compounds were added at a final concentration of 10 pM.
SYPRO Orange (Molecular Probes) was added as a fluorescence
probe at a dilution of 1:1000. Excitation and emission filters for the
SYPRO-Orange dye were set to 465 nm and 590 nm, respectively.
The temperature was raised with a step of 3°C per minute from
25°C to 96°C and fluorescence readings were taken at each
interval. The temperature dependence of the fluorescence during
the protein denaturation process was approximated by the
equation

Yu—Yr
y(T) =yr +W

where AuGp, is the difference in unfolding free energy between the
folded and unfolded state, R is the gas constant and y; and y, are
the fluorescence intensity of the probe in the presence of
completely folded and unfolded protein, respectively. The baselines
of the denatured and native states were approximated by a linear
fit. The observed temperature shifts, AT,, .., were recorded as the
difference between the transition midpoints of sample and
reference wells containing protein without ligand in the same plate
and determined by non-linear least squares fit.

Isothermal Titration Calorimetry. Experiments were carried out on
an ITC200 titration microcalorimeter from MicroCal™, LLC (North-
ampton, MA) with a cell volume of 0.200 mL and a 40 pL micro-
syringe. All experiments were carried out at 15°C while stirring at
750 rpm, in ITC buffer (20 mM HEPES pH 7.5 (at 25°C), 150 mM
NaCl). The microsyringe was loaded with a solution of BRD4 BD1
(280 uM in ITC buffer) and the cell was loaded with 25 uM of the
compound (9a). Following baseline equilibration an additional
delay of 60 s was applied. All titrations were conducted using an
initial injection of 0.3 pL followed by 38 identical injections of 1 uL
with a duration of 2s (per injection) and a spacing of 120s
between injections. The heat of dilution was determined by
independent titrations (protein into buffer) and was subtracted
from the experimental data. The collected data were implicated in
the MicroCal™ Origin software supplied with the instrument to
yield enthalpies of binding (AH) and binding constants (Kg) as
previously described by Wiseman and co-workers.” Thermody-
namic parameters were calculated (AG=AH-TAS=—RTInKg,
where AG, AH and AS are the changes in free energy, enthalpy and
entropy of binding respectively). A single binding site model was
employed

TR-FRET assay. Compound 9a was tested on BD1 and BD2 domains
(6x His-tagged) of each BET protein in a dose-response format
measuring binding competition between the compounds and an
AlexaFluor 647 derivative of 1. Compound was diluted in assay
buffer (150 mM HEPES, 150 mM NaCl, 5% glycerol, 1 mM DTT, and
1 mM CHAPS, pH 7.4), starting from a stock solution of 10 mM
(100% DMSO). The highest concentration tested was 100 uM and
from this concentration 11 three-fold dilutions were prepared. 5 pL
of each dilution was transferred into a low volume black 384-well
plate and, taking advance of a Thermo Scientific Multidrop Combi,
2 uL of protein (10 nM), 2 pL of Alexa Fluor 647 derivative of 1
(50 nM) and 1 puL of europium chelate-labeled anti-6His antibody
(1 nM) were transferred in each well. After an equilibration of
30 min in the dark at room temperature, the binding of the protein
to the fluorescent ligand was detected on BMG Labtech Pherastar
luminescence plate reader (excitation=337 nm; emission 1=
615 nm; emission 2=665nm; dual wavelength bias dichroic=
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400 nm, 630 nm). TR-FRET ratio was calculated using the following
equation:

__acceptor fluorescence at 665 nm

ratio = donor fluorescence at 615 nm x 1000

Compound was tested in triplicate and data were analyzed using
GraphPad Prism software (version 8.0) using the equation
log(inhibitor) vs. normalized response-variable slope.

Cell Viability Assay. Hela cell line was cultured in DMEM
supplemented with 10% (v/v) fetal bovine serum, 100 U/mL
penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine at 37°C
in a 5% CO, atmosphere. Cell viability was determined using a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. A total of 200 uL of cells (5x10*cells/mL for 24 h, 3x
10* cells/mL for 48 h, 2.5x 10 cells/mL for 72 h) seeded in 96-well
plates were exposed for 24, 48 and 72 h to different concentrations
of compounds 7a and 9a (0.5, 5 and 50 pM) in media containing
1% DMSO. The mitochondrial dependent reduction of MTT to
formazan was used to assess cell viability. Live cells reduce yellow
MTT to purple formazan. The formazan was solubilized in DMSO,
and absorbance was measured at 550 nm and corrected for 620 nm
background. Experiments were performed in quadruplicate and all
values are expressed as the percentage of the control containing
1% DMSO.

Western-blot experiments. Hela cells were seeded (sub-confluent)
in 6-well plates and treated with compounds 7a and 9a at the
concentration of 50 uM (1% DMSO) for 24, 48 and 72 h. After the
incubation with the compounds, cells were harvested, washed with
1X PBS and resuspended in 100 pL of RIPA buffer supplemented
with a 1X protease inhibitors cocktail and 1 mM PMSF, keeping the
samples at 4°C. Cells were lysed by sonication on ice (1 min, 30%
Amplitude), the samples were centrifuged at 12,000xg for 30 min
at 4°C to separate the lysate from debris. Protein concentration for
each sample was determined using Bradford assay and 10 pg of
lysate was loaded onto a 10% acrylamide gel for electrophoretic
separation at 200 V. Proteins were then transferred onto a nitro-
cellulose membrane for 1h at 75V. After the transfer, the
membrane was blocked with 5% milk (dissolved in TBS with 0.05%
Tween) for 1 h and then incubated with primary antibodies anti-c-
Myc (ab32072) and anti-GAPDH (ab8245) at 4°C overnight.
Membrane was washed with TBS-Tween 0.05%, incubated for 1 h
at room temperature with secondary antibody and developed
using ECL solutions.

Acknowledgements

We thank Sarath Ramachandran and Scott J. Hughes (Dundee)
for the gift of recombinant proteins and discussions. G.S. is
supported by grants from the lItalian Ministero dell'lstruzione,
dell'Universita e della Ricerca (MIUR), Progetti di Ricerca di
Interesse Nazionale (PRIN 20152TE5PK), from the University of
Salerno (FARB grant), and from Regione Campania (Italy) grant
“Combattere la resistenza tumorale: piattaforma integrata multi-
disciplinare per un approccio tecnologico innovativo alle oncoter-
apie — CAMPANIA ONCOTERAPIE” (project no. B61G18000470007).
S.C. is supported by grants from the Italian Ministero dell'lstru-
zione, dell'Universita e della Ricerca (MIUR), Progetti di Ricerca di
Interesse Nazionale (PRIN 2017MT3993). We than thanks the
Wellcome Trust (Career Development Fellowship, 095751/Z/11/Z

© 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH

B5UBD17 SUOWLWOD SARERID 3|ceatjdde ayp Aq peusenob a.e 3o VO 38N JO S3INJ 10j ARIq1TBUIIUO A3]IMW UO (SUOIPUOD-PUR-SLULBI/LIY"AB | 1M AleIq 1 UTIUO//STIY) SUORIPUOD PUe SWIB L BU1 39S *[2202Z/TT/E0] U0 ARIqITauluo ABIM B140 [eueD uBInquIPT 'SIN PUBI0OS 104 UOIEINPT SHIN AQ E7E002Z02 9PWO/Z00T OT/10p/W0d Ao M Akeiq 1 puluo-adoune-Anis iwsyd//sdny woiy papeojumod ‘0z §e0z ‘28T.098T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemMedChem doi.org/10.1002/cmdc.202200343

to PF) the Medical Research Council (MR/NO10051/1 to P.F.) and
the Structural Genomics Consortium, a registered charity (number
1097737) that receives funds from AbbVie, Bayer Pharma AG,
Boehringer Ingelheim, Canada Foundation for Innovation, Eshel-
man Institute for Innovation, Genome Canada, Innovative Medi-
cines Initiative (EU/EFPIA) [ULTRA-DD grant no. 115766], Janssen,
Merck & Co., Novartis Pharma AG, Ontario Ministry of Economic
Development and Innovation, Pfizer, Sdo Paulo Research Founda-
tion-FAPESP, Takeda, and Wellcome Trust (092809/Z/10/Z). The
Ciulli laboratory’s work on targeting epigenetic reader proteins
including BET bromodomains has received funding from the
Biotechnology and Biological Sciences Research Council (BBSRC,
grant BB/J001201/2). Biophysics and drug-discovery activities at
Dundee were supported by Wellcome Trust strategic awards
100476/Z/12/Z and 094090/2/10/Z, respectively. Open Access
funding provided by Universita degli Studi di Salerno within the
CRUI-CARE Agreement.

Conflict of Interest

The Ciulli laboratory receives or has received sponsored
research support from Almirall, Amgen, Amphista Therapeutics,
Boehringer Ingelheim, Eisai, Nurix Therapeutics, and Ono
Pharmaceutical.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: Benzimidazole-6-sulfonamide Bromodomain
Bioisosteres - Selectivity - Structure-activity relationships

[1] T. Fujisawa, P. Filippakopoulos, Nat. Rev. Mol. Cell Biol. 2017, 18, 246-

262.

A. C. Belkina, G. V. Denis, Nat. Rev. Cancer 2012, 12, 465-477.

a) P. Filippakopoulos, J. Qi, S. Picaud, Y. Shen, W. B. Smith, O. Fedorov,

E. M. Morse, T. Keates, T.T. Hickman, I. Felletar, M. Philpott, S. Munro,

M.R. McKeown, Y. Wang, A.L. Christie, N. West, M.J. Cameron, B.

Schwartz, T.D. Heightman, N. La Thangue, C. A. French, O. Wiest, A. L.

Kung, S. Knapp, J.E. Bradner, Nature 2010, 468, 1067-1073; b)E.

Nicodeme, K. L. Jeffrey, U. Schaefer, S. Beinke, S. Dewell, C. W. Chung, R.

Chandwani, I. Marazzi, P. Wilson, H. Coste, J. White, J. Kirilovsky, C. M.

Rice, J. M. Lora, R. K. Prinjha, K. Lee, A. Tarakhovsky, Nature 2010, 468,

1119-1123.

[4] a) A. Cipriano, G. Sbardella, A. Ciulli, Curr. Opin. Chem. Biol. 2020, 57, 82—
94; b) Z. Liu, P. Wang, H. Chen, E. A. Wold, B. Tian, A. R. Brasier, J. Zhou,
J. Med. Chem. 2017, 60, 4533-4558; c) P. Tang, J. Zhang, J. Liu, C. M.
Chiang, L. Ouyang, J. Med. Chem. 2021, 64, 2419-2435.

[5] T. Shorstova, W. D. Foulkes, M. Witcher, Br. J. Cancer 2021, 124, 1478-
1490.

[6] A.G. Cochran, A.R. Conery, R. J. Sims, Nat. Rev. Drug Discovery 2019, 18,
609-628.

[7] O. Gilan, I. Rioja, K. Knezevic, M. J. Bell, M. M. Yeung, N. R. Harker, E. Y. N.
Lam, C.-W. Chung, P. Bamborough, M. Petretich, M. Urh, S. J. Atkinson,
A. K. Bassil, E.J. Roberts, D. Vassiliadis, M. L. Burr, A.G.S. Preston, C.
Wellaway, T. Werner, J. R. Gray, A.-M. Michon, T. Gobbetti, V. Kumar, P. E.
Soden, A. Haynes, J. Vappiani, D.F. Tough, S. Taylor, S.-J. Dawson, M.
Bantscheff, M. Lindon, G. Drewes, E. H. Demont, D. L. Daniels, P. Grandi,
R. K. Prinjha, M. A. Dawson, Science 2020, 368, 387-394.

S|

ChemMedChem 2022, 17, €202200343 (13 of 14)

[8] J. Chen, P. Tang, Y. Wang, J. Wang, C. Yang, Y. Li, G. Yang, F. Wu, J.
Zhang, L. Ouyang, J. Med. Chem. 2022, 65, 5184-5211.

[9] S. Sachchidanand, L. Resnick-Silverman, S. Yan, S. Mutjaba, W.-J. Liu, L.
Zeng, J. J. Manfredi, M.-M. Zhou, Chem Biol. 2006, 13, 81-90.

[10] M. Gacias, G. Gerona-Navarro, A. N. Plotnikov, G. Zhang, L. Zeng, J. Kaur,
G. Moy, E. Rusinova, Y. Rodriguez, B. Matikainen, A. Vincek, J. Joshua, P.
Casaccia, M.-M. Zhou, Chem. Biol. 2014, 21, 841-854.

[11] F. Jiang, Q. Hu, Z. Zhang, H. Li, H. Li, D. Zhang, H. Li, Y. Ma, J. Xu, H.
Chen, Y. Cui, Y. Zhi, Y. Zhang, J. Xu, J. Zhu, T. Lu, Y. Chen, J. Med. Chem.
2019, 62, 11080-11107.

[12] R.J. Watson, P. Bamborough, H. Barnett, C.-W. Chung, R. Davis, L.
Gordon, P. Grandi, M. Petretich, A. Phillipou, R. K. Prinjha, I. Rioja, P.
Soden, T. Werner, E. H. Demont, J. Med. Chem. 2020, 63, 9045-9069.

[13] G. Zhang, A. N. Plotnikov, E. Rusinova, T. Shen, K. Morohashi, J. Joshua,
L. Zeng, S. Mujtaba, M. Ohlmeyer, M.-M. Zhou, J. Med. Chem. 2013, 56,
9251-9264.

[14] Z. Zhou, X. Li, Z. Liu, L. Huang, Y. Yao, L. Li, J. Chen, R. Zhang, J. Zhou, L.

Wang, Q.-Q. Zhang, Front. Pharmacol. 2020, 11, 1-11.

5] A.Ryan, Br. J. Pharmacol. 2017, 174, 2161-2173.

6] P. Gorostiza, E. Y. Isacoff, Science 2008, 322, 395-399.

a) C. Milite, A. Feoli, J. R. Horton, D. Rescigno, A. Cipriano, V. Pisapia, M.

Viviano, G. Pepe, G. Amendola, E. Novellino, S. Cosconati, X. Cheng, S.

Castellano, G. Sbardella, J. Med. Chem. 2019, 62, 2666-2689; b) C. Milite,

A. Feoli, K. Sasaki, V. La Pietra, A.L. Balzano, L. Marinelli, A. Mai, E.

Novellino, S. Castellano, A. Tosco, G. Sbardella, J. Med. Chem. 2015, 58,

2779-2798.

[18] R.S. Keri, A. Hiremathad, S. Budagumpi, B. M. Nagaraja, Chem. Biol. Drug

Des. 2015, 86, 19-65.

a) D. A. Hay, O. Fedorov, S. Martin, D. C. Singleton, C. Tallant, C. Wells, S.

Picaud, M. Philpott, O.P. Monteiro, C. M. Rogers, S.J. Conway, T.P.C.

Rooney, A. Tumber, C. Yapp, P. Filippakopoulos, M. E. Bunnage, S.

Muller, S. Knapp, C.J. Schofield, P. E. Brennan, J. Am. Chem. Soc. 2014,

136, 9308-9319; b) C.R. Wellaway, D. Amans, P. Bamborough, H.

Barnett, R. A. Bit, J. A. Brown, N. R. Carlson, C.-W. Chung, A. W. J. Cooper,

P.D. Craggs, R. P. Davis, T. W. Dean, J. P. Evans, L. Gordon, I. L. Harada,

D. J. Hirst, P. G. Humphreys, K. L. Jones, A. J. Lewis, M. J. Lindon, D. Lugo,

M. Mahmood, S. McCleary, P. Medeiros, D. J. Mitchell, M. O’Sullivan, A.

Le Gall, V. K. Patel, C. Patten, D. L. Poole, R.R. Shah, J. E. Smith, K. A. J.

Stafford, P. J. Thomas, M. Vimal, I. D. Wall, R. J. Watson, N. Wellaway, G.

Yao, R. K. Prinjha, J. Med. Chem. 2020, 63, 714-746.

[20] a) D. Sperandio, V. Aktoudianakis, K. Babaoglu, X. Chen, K. Elbel, G. Chin,

B. Corkey, J. Du, B. Jiang, T. Kobayashi, R. Mackman, R. Martinez, H.

Yang, J. Zablocki, S. Kusam, K. Jordan, H. Webb, J. G. Bates, L. Lad, M.

Mish, A. Niedziela-Majka, S. Metobo, A. Sapre, M. Hung, D. Jin, W. Fung,

E. Kan, G. Eisenberg, N. Larson, Z. E. R. Newby, E. Lansdon, C. Tay, R. M.

Neve, S.L. Shevick, D. G. Breckenridge, Bioorg. Med. Chem. 2019, 27,

457-469; b) B. Kong, Z. Zhu, H. Li, Q. Hong, C. Wang, Y. Ma, W. Zheng, F.

Jiang, Z. Zhang, T. Ran, Y. Bian, N. Yang, T. Lu, J. Zhu, W. Tang, Y. Chen,

Eur. J. Med. Chem. 2022, 227, 113953.

a) P. Filippakopoulos, S. Picaud, O. Fedorov, M. Keller, M. Wrobel, O.

Morgenstern, F. Bracher, S. Knapp, Bioorg. Med. Chem. 2012, 20, 1878-

1886; b) R. Traquete, E. Henderson, S. Picaud, P. M. S. D. Cal, F. Sieglitz,

T. Rodrigues, R. Oliveira, P. Filippakopoulos, G.J.L. Bernardes, Chem.

Commun. (Camb.) 2019, 55, 10128-10131.

P. Filippakopoulos, J. Qi, S. Picaud, Y. Shen, W. B. Smith, O. Fedorov,

E. M. Morse, T. Keates, T.T. Hickman, I. Felletar, M. Philpott, S. Munro,

M. R. McKeown, Y. Wang, A.L. Christie, N. West, M.J. Cameron, B.

Schwartz, T.D. Heightman, N. La Thangue, C. French, O. Wiest, A.L.

Kung, S. Knapp, J. E. Bradner, Nature 2010, 468, 1067-1073.

[23] D. Zhang, S. Surapaneni, ADME-Enabling Technologies in Drug Design
and Development, John Wiley & Sons, Inc,, 2012, pp. 545-565.

[24] G.W. Caldwell, Z. Yan, Optimization in Drug Discovery: In Vitro Methods,
Humana Press, Totowa, NJ, 2014, pp. 101-115.

[25] F.F. Fleming, L. Yao, P. C. Ravikumar, L. Funk, B. C. Shook, J. Med. Chem.
2010, 53, 7902-7917.

[26] a) M. Kansy, F. Senner, K. Gubernator, J. Med. Chem. 1998, 41, 1007-
1010; b) E. Dreassi, A.T. Zizzari, F. Falchi, S. Schenone, A. Santucci, G.
Maga, M. Botta, Eur. J. Med. Chem. 2009, 44, 3712-3717.

[27] D. A. Price, J. Blagg, L. Jones, N. Greene, T. Wager, Expert Opin. Drug
Metab. Toxicol. 2009, 5, 921-931.

[28] F. Rianjongdee, S.J. Atkinson, C. W. Chung, P. Grandi, J.R.J. Gray, L.J.
Kaushansky, P. Medeiros, C. Messenger, A. Phillipou, A. Preston, R.K.
Prinjha, I. Rioja, A. L. Satz, S. Taylor, I. D. Wall, R.J. Watson, G. Yao, E. H.
Demont, J. Med. Chem. 2021, 64, 10806-10833.

e
N ou

[19

~
=

[22

© 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH

B5UBD17 SUOWLWOD SARERID 3|ceatjdde ayp Aq peusenob a.e 3o VO 38N JO S3INJ 10j ARIq1TBUIIUO A3]IMW UO (SUOIPUOD-PUR-SLULBI/LIY"AB | 1M AleIq 1 UTIUO//STIY) SUORIPUOD PUe SWIB L BU1 39S *[2202Z/TT/E0] U0 ARIqITauluo ABIM B140 [eueD uBInquIPT 'SIN PUBI0OS 104 UOIEINPT SHIN AQ E7E002Z02 9PWO/Z00T OT/10p/W0d Ao M Akeiq 1 puluo-adoune-Anis iwsyd//sdny woiy papeojumod ‘0z §e0z ‘28T.098T


https://doi.org/10.1038/nrm.2016.143
https://doi.org/10.1038/nrm.2016.143
https://doi.org/10.1038/nrc3256
https://doi.org/10.1038/nature09504
https://doi.org/10.1038/nature09589
https://doi.org/10.1038/nature09589
https://doi.org/10.1016/j.cbpa.2020.05.006
https://doi.org/10.1016/j.cbpa.2020.05.006
https://doi.org/10.1021/acs.jmedchem.6b01761
https://doi.org/10.1021/acs.jmedchem.0c01487
https://doi.org/10.1038/s41416-021-01321-0
https://doi.org/10.1038/s41416-021-01321-0
https://doi.org/10.1038/s41573-019-0030-7
https://doi.org/10.1038/s41573-019-0030-7
https://doi.org/10.1126/science.aaz8455
https://doi.org/10.1021/acs.jmedchem.1c01835
https://doi.org/10.1016/j.chembiol.2005.10.014
https://doi.org/10.1016/j.chembiol.2014.05.009
https://doi.org/10.1021/acs.jmedchem.9b01010
https://doi.org/10.1021/acs.jmedchem.9b01010
https://doi.org/10.1021/acs.jmedchem.0c00614
https://doi.org/10.1021/jm401334s
https://doi.org/10.1021/jm401334s
https://doi.org/10.1111/bph.13571
https://doi.org/10.1126/science.1166022
https://doi.org/10.1021/acs.jmedchem.8b02008
https://doi.org/10.1021/jm5019687
https://doi.org/10.1021/jm5019687
https://doi.org/10.1111/cbdd.12462
https://doi.org/10.1111/cbdd.12462
https://doi.org/10.1021/ja412434f
https://doi.org/10.1021/ja412434f
https://doi.org/10.1021/acs.jmedchem.9b01670
https://doi.org/10.1016/j.bmc.2018.11.020
https://doi.org/10.1016/j.bmc.2018.11.020
https://doi.org/10.1016/j.ejmech.2021.113953
https://doi.org/10.1016/j.bmc.2011.10.080
https://doi.org/10.1016/j.bmc.2011.10.080
https://doi.org/10.1038/nature09504
https://doi.org/10.1021/jm100762r
https://doi.org/10.1021/jm100762r
https://doi.org/10.1021/jm970530e
https://doi.org/10.1021/jm970530e
https://doi.org/10.1016/j.ejmech.2009.03.039
https://doi.org/10.1517/17425250903042318
https://doi.org/10.1517/17425250903042318
https://doi.org/10.1021/acs.jmedchem.1c00412

ChemMedChem

Research Article

Chemistry
Europe

doi.org/10.1002/cmdc.202200343 Socienes puiehing

[29] a) K. F. McDaniel, L. Wang, T. Soltwedel, S. D. Fidanze, L. A. Hasvold, D.

[30

Liu, R. A. Mantei, J. K. Pratt, G.S. Sheppard, M. H. Bui, E.J. Faivre, X.
Huang, L. Li, X. Lin, R. Wang, S. E. Warder, D. Wilcox, D. H. Albert, T. J.
Magoc, G. Rajaraman, C. H. Park, C. W. Hutchins, J. J. Shen, R. P. Edalji,
C.C. Sun, R. Martin, W. Gao, S. Wong, G. Fang, S. W. Elmore, Y. Shen,
W. M. Kati, J. Med. Chem. 2017, 60, 8369-8384; b)R.P. Law, S.J.
Atkinson, P. Bamborough, C.-W. Chung, E. H. Demont, L. J. Gordon, M.
Lindon, R. K. Prinjha, A. J. B. Watson, D. J. Hirst, J. Med. Chem. 2018, 61,
4317-4334.

a) J. E. Delmore, G. C. Issa, M. E. Lemieux, P. B. Rahl, J. Shi, H. M. Jacobs,
E. Kastritis, T. Gilpatrick, R. M. Paranal, J. Qi, M. Chesi, A. C. Schinzel, M. R.
McKeown, T.P. Heffernan, C.R. Vakoc, P.L. Bergsagel, I. M. Ghobrial,
P.G. Richardson, R. A. Young, W. C. Hahn, K. C. Anderson, A.L. Kung,
J. E. Bradner, C. S. Mitsiades, Cell 2011, 746, 904-917; b) J. A. Mertz, A.R.
Conery, B.M. Bryant, P. Sandy, S. Balasubramanian, D.A. Mele, L.
Bergeron, R. J. Sims, 3rd, Proc. Natl. Acad. Sci. USA 2011, 108, 16669—
16674.

[31] C. Milite, G. Amendola, A. Nocentini, S. Bua, A. Cipriano, E. Barresi, A.
Feoli, E. Novellino, F. Da Settimo, C.T. Supuran, S. Castellano, S.
Cosconati, S. Taliani, J. Enzyme Inhib. Med. Chem. 2019, 34, 1697-1710.

[32] F. Wohnsland, B. Faller, J. Med. Chem. 2001, 44, 923-930.

[33] K. Sugano, H. Hamada, M. Machida, H. Ushio, J. Biomol. Screening 2001,
6, 189-196.

[34] T. Wiseman, S. Williston, J. F. Brandts, L. N. Lin, Anal. Biochem. 1989, 179,
131-137.

Manuscript received: June 27, 2022

Revised manuscript received: August 29, 2022
Accepted manuscript online: August 30, 2022
Version of record online: September 15, 2022

ChemMedChem 2022, 17, €202200343 (14 of 14)

© 2022 The Authors. ChemMedChem published by Wiley-VCH GmbH

85UB017 SUOLILIOD AERID 3|1 jdde 3y Aq pausech 21 SSpIe YO 98N JO S9N 10} AXe1g 17 8U1IUO AB]IA UO (SUONIPUOD-PUR-SLLLBYWID" A8 I ARe1d] 1)oU1JUO//SANY) SUORIPUOD PUe SWie L U} 89S *[¢202/TT/E0] U0 AriqITauluO A81IM ‘0140 ALY YBINGUIPT 'SIN PURHOYS J0j UOIRINPI SHIN AQ £7E002202 OPLLIO/Z00T 0T/I0p/LI0D A3 AReiqiputiuoedoune-Anis usyo//sduy wo.y papeojumod ‘02 ‘§20c ‘L8TL098T


https://doi.org/10.1021/acs.jmedchem.7b00746
https://doi.org/10.1021/acs.jmedchem.7b01666
https://doi.org/10.1021/acs.jmedchem.7b01666
https://doi.org/10.1016/j.cell.2011.08.017
https://doi.org/10.1073/pnas.1108190108
https://doi.org/10.1073/pnas.1108190108
https://doi.org/10.1080/14756366.2019.1666836
https://doi.org/10.1021/jm001020e
https://doi.org/10.1177/108705710100600309
https://doi.org/10.1177/108705710100600309
https://doi.org/10.1016/0003-2697(89)90213-3
https://doi.org/10.1016/0003-2697(89)90213-3

