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class of indole acetic acid
sulfonate derivatives as ectonucleotidases
inhibitors†

Muhammad Siraj Khan Jadoon,ab Julie Pelletier,c Jean Sévigny cd

and Jamshed Iqbal *abe

Ectonucleotidases inhibitors (ENPPs, e5′NT (CD73) and h-TNAP) are potential therapeutic candidates for the

treatment of cancer. Adenosine, the cancer-developing, and growth moiety is the resultant product of

these enzymes. The synthesis of small molecules that can increase the acidic and ionizable structure of

adenosine 5-monophosphate (AMP) has been used in traditional attempts to inhibit ENPPs, ecto-5′-

nucleotidase and h-TNAP. In this article, we present a short and interesting method for developing

substituted indole acetic acid sulfonate derivatives (5a–5o), which are non-nucleotide based small

molecules, and investigated their inhibitory potential against recombinant h-ENPP1, h-ENPP3, h-TNAP,

h-e5′NT and r-e5′NT. Their overexpression in the tumor environment leads to high adenosine level that

results in tumor development as well as immune evasion. Therefore, selective, and potent inhibitors of

these enzymes would be expected to decrease adenosine levels and manage tumor development and

progression. Our intended outcome led to the discovery of new potent inhibitors like' 5e (IC50 against h-

ENPP1 = 0.32 ± 0.01 mM, 58 folds increased with respect to suramin), 5j (IC50 against h-ENPP3 = 0.62 ±

0.003 mM, 21 folds increase with respect to suramin), 5c (IC50 against h-e5′NT = 0.37 ± 0.03 mM, 115

folds increase with respect to sulfamic acid), 5i (IC50 against r-e5′NT = 0.81 ± 0.05 mM, 95 folds increase

with respect to sulfamic acid), and 5g (IC50 against h-TNAP = 0.59 ± 0.08 mM, 36 folds increase with

respect to Levamisole). Molecular docking studies revealed that inhibitors of these selected target

enzymes induced favorable interactions with the key amino acids of the active site, including Lys255,

Lys278, Asn277, Gly533, Lys528, Tyr451, Phe257, Tyr340, Gln465, Gln434, Lys437, Glu830, Cys818,

Asn499, Arg40, Phe417, Phe500, Asn503, Asn599, Tyr281, Arg397, Asp526, Phe419 and Tyr502. Enzyme

kinetic studies revealed that potent compounds such as 5j and 5e blocked these ectonucleotidases

competitively while compounds 5e and 5c presented an un-competitive binding mode. 5g revealed

a non-competitive mode of inhibition.
Introduction

The proliferation of tumors is perhaps dependent on immune
cell inltration and the release of inammatory mediators by
these inltrating immune cells, according to currently available
data.1 Tumors use various immunosuppressive mechanisms
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that aid non-responders avert the immune system and modu-
late the tumor microenvironment and angiogenesis.2,3 In order
to enhance clinical outcomes, combination treatments that aim
to target a variety of immunosuppressive pathways may be
necessary for improved cancer treatment.4 One way that tumors
avoid the immune system is through reducing adenosine-like
small molecule signaling chemicals in the tumor microenvi-
ronment. Adenosine, has been demonstrated to accumulate in
tumors and have potent immunosuppressive effects on a variety
of tumor-inltrating leukocytes (TILs) through the A2A/A2B

adenosine receptors.5 In fact, elevated levels of ATP, AMP and
adenosine in the tumor microenvironment are emerging as
important modulators of cancer-related inammation, sup-
porting tumor development as well as immune evasion.6

The members of ectonucleotidases family such as e5′NT
(ecto-5′-nucleotidase, CD73), ectonucleotide pyrophosphatases/
phosphodiesterases (ENPPs) and human tissue nonspecic
alkaline phosphatase (h-TNAP) which changes the extracellular
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Ectonucleotidases family presented with catalytic transformation of adenosine triphosphate (ATP) into adenosine monophosphate (AMP)
and adenosine (Ado).
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level of adenosine triphosphate (ATP) into adenosine mono-
phosphate (AMP) and nally to adenosine (as shown in Fig. 1),
that controls the intratumoral synthesis of adenosine.7–15

Adenosine, which is produced by the hydrolysis of the ATP and
AMP via ENPPs, e5′NT and h-TNAP, is crucial for many thera-
peutically essential processes, including anti-inammatory,16–18

vasodilatation, and antidiuretic effects,19 immunosuppres-
sion,20,21 and antinociceptive effects.22 Numerous human
malignancies have been discovered to overexpressed NPPs,
e5′NT and, h-TNAP, which is expressed on a variety of cell
surfaces including myocardial ischemia, insulin resistance,
carcinogenesis and metastasis of tumor cell, and hyper-
mineralization like calcic aortic valve disease.21–23 Moreover,
a weak clinical prognosis is linked to increased e5′NT
expression.24–26 It is anticipated that these ectonucleotidases
inhibition can reverse adenosine buildup in the tumor micro-
environment, including adenosine mediated immunity
suppression by obstructing the primary tumor
microenvironment-based adenosine synthesis mechanism.5,27,28

These ectonucleotidases, belong to the metalloprotease
family of enzymes. e5′NT has been found to be signicantly
© 2023 The Author(s). Published by the Royal Society of Chemistry
expressed by melanoma cells, while levels of e5′NT have been
linked to the propensity of these cells to metastasis.29,30 Aden-
osine and e5′NT play roles in immunological responses,
including those that involves T cells and B cells,31 as well as in
the development of tumors.32 e5′NT inhibitors have the poten-
tial to be used in illness treatments that aim to lower adenosine
levels.30,33 Additionally, specic e5′NT inhibitors may be helpful
pharmacologically as well as for purposes of diagnosis. ENPPs
are present as transmembrane bound glycoproteins and soluble
proteins, constituting a family of seven members (NPP1-7).34,35

Among these, NPP1-3 are well characterized and h-ENPP1 and 3
(membrane bound glycoproteins) have superior nucleotide
hydrolyzing activity than NPP2 (soluble protein). h-ENPP1 and
h-ENPP3 are found on the surface of basophil cells, mast cells,36

mucosal and epithelial cell surfaces.37 The overexpression of h-
ENPP1 suppresses the tyrosine kinase based activity of insulin
receptors23 including human stem cells38 and brain cancer39

whereas h-ENPP3 act as diagnostic marker for allergen (IgE)
sensitivity36,37 and tumor marker.21,40 Since both h-ENPP1 and h-
ENPP3 are isozymes that play a role in a number of clinical
illnesses, nding biologically active chemicals to change how
RSC Adv., 2023, 13, 29496–29511 | 29497
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Fig. 2 Molecules from literature, reported for exhibiting ectononucleotidases inhibitory and anticancer activity, having either sulfonate, car-
boxamide or indole moiety in major nucleus of scaffolds.
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they operate has been a popular area of research to discover
novel drugs. In case of APs the four different isozymes that
make up the tissue-specic and tissue-nonspecic alkaline
29498 | RSC Adv., 2023, 13, 29496–29511
phosphatases have been encoded in separate gene loci.41

Nonspecic alkaline phosphates are found in the kidney, liver,
and bones while tissue-specic APs are further classied into
© 2023 The Author(s). Published by the Royal Society of Chemistry
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intestinal, placental, and germ cell alkaline phosphatases.42

Numerous diseases, including carcinoma of the breast, behav-
ioral disorders, and severe medical conditions including oste-
oarthritis, ankyloses, and calcication of the vascular system
are brought on by the overproduction of these enzymes.43

Alkaline phosphatase (h-TNAP) upregulation and many cancer
types are closely related. Most oen, cells originating from the
breast cancer region exhibit placental APs overexpression.
Likewise, to hepatocellular carcinoma, increased saturation of
intestine and germ cell APs was observed in the case of
choriocarcinoma.44 In addition to the biological application
already mentioned, h-TNAP is crucial for purinergic signaling in
a number of malignancies (Fig. 2).

Affirming the role of ENPPs, e5′NT and h-TNAP in numerous
pathophysiological conditions including cancer, various thera-
peutic interventions have been employed. By inhibiting these
enzymes, the adenosine moiety, one of the causes of cancer
development and progression could be limited. One of the most
important sources of bioactive molecules is heterocyclic
Fig. 3 General structure of indole acetic acid sulfonate derivatives
(5a–5o), (a) indole ring, (b) carboxamide group, and (c) sulfonate
group.

Fig. 4 Most potent compounds among indole acetic acid sulfonate der

© 2023 The Author(s). Published by the Royal Society of Chemistry
compounds, which can be produced in a laboratory or derived
from natural sources.45–47 Because these heterocyclic
compounds contain one or more heteroatoms with the poten-
tial to donate and accept H-bonds, such as N, O, and S, they can
easily attach to a variety of therapeutic targets, producing a wide
range of biological effects.48 Variety of heterocyclic molecules
with ectonucleotidases inhibitory potential either nucleotide or
non-nucleotide49–54 have been synthesized till date including
inhibitors of natural origin to target cancer using different
modes.55,56 A nucleotide-based ectonucleotidase inhibitor drug,
Quemliclustat (AB680), is under phase 1 clinical trials for the
treatment of tumors.52 One such non-nucleotide class of
inhibitors is a variety of sulfonates reported active against the
ectonucleotidases with Ki values in low micro-molar ranges.57–61

Sulfonates have been reported to be anticancer agents with
additional therapeutic potentials. Since 1959, persistent
myeloid leukaemia, refractory lymphoma and myeloprolifera-
tive ailments have all been treated with busulfan, one of the
alkyl sulfonate.62 The antiproliferative effects of a number of
sulfonate esters were tested on the human breast cancer cell
line MCF-7, among these compounds p-methoxyphenyl p-tol-
uenesulfonate and 3-methoxyphenyl p-toluenesulfonate signif-
icantly decreased cell viability, with lowest IC50 values of 125.9
mM and 89.8 mM, respectively.63 Similarly ectonucleotidase
inhibitors, pyrazole sulfonate derivatives expressed good
activity against (MCF-7) breast cancer cell line, cervical cancer
cell line (HeLa), bone marrow cancer cell line (K-562) and brain
astrocytoma cell line (1321N1).64 In the present study indole
acetic acid sulfonate derivatives (5a–5o) were synthesized and
investigated for in vitro activity against selected ectonucleoti-
dases (ENPPs, e5′NT and h-TNAP). The newly synthesized
sulfonate derivatives exhibited noticeable inhibitory potential
against the investigated enzymes. The inhibitory potential of
compounds 5c, 5e, 5g, 5i, and 5j showed IC50 values in the sub
micromolar range of 0.32 to 0.81 mM as shown in Fig. 4.

Among the heterocyclic compounds, nitrogen heterocycles,
particularly indole, are thought to be among the most
ivatives (5a–5o).

RSC Adv., 2023, 13, 29496–29511 | 29499
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signicant nitrogen heterocyclic cores that have attracted
signicant research in recent years due to its numerous bioac-
tivities.65 The indole moiety, which is made up of a combination
of aromatic and heterocyclic compounds, serves as a useful
framework for the synthesis of new leads.66 Various indole
based newly synthesized compounds showed remarkable
activity against numerous cancers. This is the reason that indole
based drugs have been in common practice for the treatment of
various cancers since long. Such clinically applied indole-based
anticancer medications include panobinostat,67 alectinib,68

sunitinib,69 osimertinib,70 anlotinib, and nintedanib.71 Keeping
in consideration, indole based drugs role in cancer treatment
via different mechanism the newly synthesized compounds
with indole, carboxamide and sulfonate substituents are
focused to target cancer via ectonucleotidases inhibition,
involved in the synthesis of adenosine that develop and
promotes different cancers.

Our current work expresses indole acetic acid derivatives
with sulfonate, carboxamide, and indole moiety unied in
newly synthesized molecules important for ectonucleotidases
inhibitory activity as shown in Fig. 3. These compounds were
found potentially very active against all the targeted enzymes
which contribute to the high level of adenosine formation in
tumor microenvironment. Exhibition of excellent inhibitory
activities by the synthesized indole acetic acid sulfonate deriv-
atives against ENPPs, e5′NT and h-TNAP pose their importance
as a candidate in tumors management strategies with improved
IC50 values than the existing compounds of this class.
Results and discussion
Chemistry

The indole acetic acid sulfonate derivatives (5a–5o) were synthe-
sized by facile in situ synthesis as shown in Scheme 1. In rst step
the N-(2-hydroxyphenyl)-2-(1H-indol-3-yl)acetamide (3a) was
Scheme 1 Synthesis of indole acetic acid sulfonate derivatives (5a–5o).

29500 | RSC Adv., 2023, 13, 29496–29511
synthesized by treating 2-aminophenol (1a) with 2-indole acetic
acid (2a) in the presence of 4-(dimethylamino)pyridine (DMAP)
and cabonyldiimidazole (CDI). In the next step the synthesized
compound 3a, was treatedwith substituted sulfonyl chlorides (4a)
in the presence of triethylamine (TEA) and acetonitrile as
a solvent. The reaction was allowed for 24 hours followed by
workup of the reaction resulting in the formation of indole acetic
acid sulfonate derivatives (5a–5o) in a good to excellent yield.

Physical properties like melting points and color of nal
products were also determined. Structure elucidation of indole
acetic acid sulfonate derivatives (5a–5o) was done using FTIR, 1H
NMR, 13C NMR and elemental analysis. In FTIR spectra, absor-
bance band appeared at 3340–3300, 3150–3194 (free and associ-
ated –NH), 2900–2990 (–CH), 1600–1685 (C]O) and 1040–1098
(S]O). In 1HNMR, two characteristic broad singlets were observed
in the range of d 10.50–12.0 ppm, d 9.5–8.5 ppm for CONH and NH
respectively. In 13C NMR, indole ring carbons appear in the region
of d 111.39–136.58 ppm, while carbonyl carbon attached to the NH
of carboxamide gives a peak at d 171.61 ppm and that of carbon
atoms attached to sulfonyl groups present a peak at d 132.87 ppm
and d 140.11 ppm. These characteristic peaks conrmed the
formation of indole acetic acid sulfonate derivatives. Purity of
compounds was determined through elemental analysis that were
found to be within 0.4% of the calculated results.
Enzymatic assays

The synthetic compounds' ability to inhibit the hydrolytic
activity of the h-ENPP1 and h-ENPP3 isozymes, h-e5′NT and r-
e5′NT along with h-TNAP was assessed. The activity of these
selected enzymes was potentially and signicantly inhibited by
newly developed compounds. The results of the enzymatic
investigation of compounds (5a–5o) showed highly potent
inhibitors with IC50 values ranging from 0.32 to 0.80 mM as
shown in Table 1. The main scaffold features include the
presence of an indole moiety, carboxamide and a sulfonate
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Ectonucleotidases inhibition at 100 mM per well compound concentration, presented as IC50 ± SEM (mM) values or inhibition%

Compound codes R

IC50 � SEM (mM)a or inhibition%b

h-ENPP1 h-ENPP3 h-e5′NT r-e5′NT h-TNAP

5a C6H4Cl 2.07 � 0.22 1.66 � 0.007 1.19 � 0.02 (22.72)% 1.6 � 0.11
5b C7H7 1.35 � 0.02 1.71 � 0.11 13.22 � 3.14 (38.52)% (42.39)%
5c C6H4F 1.12 � 0.12 1.37 � 0.05 0.37 � 0.03 1.66 � 0.04 1.48 � 0.02
5d C7H7O 1.09 � 0.01 2.05 � 0.25 3.46 � 0.12 1.77 � 0.12 5.18 � 0.46
5e C12H9 0.32 � 0.01 4.51 � 0.38 0.56 � 0.016 0.98 � 0.02 1.06 � 0.03
5f C6H4Br 1.14 � 0.002 1.23 � 0.01 0.69 � 0.001 1.64 � 0.02 6.58 � 0.25
5g C7H6Cl 1.69 � 0.05 1.31 � 0.11 4.41 � 0.19 1.85 � 0.11 0.59 � 0.08
5h C10H8N 0.91 � 0.02 1.02 � 0.004 1.17 � 0.13 0.91 � 0.04 2.86 � 0.06
5i C6H4I 1.07 � 0.06 3.26 � 0.15 4.85 � 0.55 0.81 � 0.05 2.27 � 0.24
5j CF3 0.59 � 0.003 0.62 � 0.003 0.89 � 0.04 5.12 � 0.61 1.68 � 0.07
5k C3H7 1.74 � 0.05 0.89 � 0.04 (37.52)% (28.65)% (31.75)%
5l C6H4Cl 0.85 � 0.03 0.77 � 0.03 0.43 � 0.03 5.67 � 0.11 1.69 � 0.18
5m C9H6N 1.36 � 0.09 1.22 � 0.01 6.53 � 0.67 (30.03)% 1.3 � 0.38
5n C4H3 (38.03)% 2.55 � 0.07 (44.68)% (46.64)% (28.88)%
5o C6H7 (28.32)% 2.67 � 0.46 3.21 � 0.83 4.86 � 0.04 3.37 � 0.05
Suramin 18.54 � 1.14 12.83 � 0.23 — — —
Sulfamic acid — — 42.1 � 7.80 77.3 � 7.0 —
Levamisole — — — — 21.38 � 4.17

a Results are presented as an average value of two independent experiments, which were conducted in triplicate (only compounds with more than
50% inhibitory concentration were subjected to evaluate their IC50 values). b Percentage inhibition at 100 mM per well inhibitor concentration.
(Compounds with less than 50% inhibition are present with inhibition% values).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 7
:4

3:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
group, whereas R representing aryl or alkyl moieties attached to
the main scaffold as shown in Fig. 3.

Structure activity relationships (SARs)

A new class of indole acetic acid sulfonate derivatives were
synthesized and evaluated against human h-ENPP1, h-ENPP3, h-
e5′NT, r-e5′NT and h-TNAP via in vitro assay. Compounds pre-
sented noticeable inhibitory activity against these selected
targets. Among all the synthesized compounds 5c, 5e, 5g, 5i,
and 5j were found to be more potent against the target enzymes.
The pharmacophore structure including indole ring,
Fig. 5 Illustration of SAR for newly synthesized indole acetic acid
sulfonate derivatives (5a–5o) highlighting the role of pharmacophoric
core including indole ring, carboxamide, and sulfonate group in main
scaffold structure with different substitutions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
carboxamide group and sulfonate group are responsible for the
primary inhibitory activity of the indole acetic acid sulfonate
derivatives (5a–5o), whereas substitution to the main scaffold
resulted in the increase in inhibitory potential of newly
synthesized compounds (as shown in Fig. 5). In case of
compound 5c, the substitution of uorine at para position
enhanced the activity of the main scaffold with IC50 against h-
e5′NT = 0.37 mM. Electronegative effect of the uorine resulted
in an increased potency by reducing the hydrolytic activity of the
enzyme. It was concluded from the in vitro results that uorine
substitution adds to the good inhibitory activity for all targeted
enzymes ranging IC50 between 0.37 to 1.67 mM.

Biphenyl ring substitution to the main scaffold developed 5e
and resulted in very good activity that increase the activity by 57
folds against h-ENPP1 as compared to standard inhibitor sur-
amin. Similarly, it increased the activity against h-ENPP3, h-
e5′NT, r-e5′NT and h-TNAP by 3, 75, 79 and 20 folds, respec-
tively. Compound 5g, when substituted with chloro and methyl
groups at ortho and para position respectively, resulted in an
increase in its inhibitory potential against h-TNAP with an IC50

value of 0.59 mM. Electronegative effect of chlorine and presence
of methyl group impart increase in inhibitory potential of this
compound against all target enzymes as concluded from the in
vitro activity assay. Additionally, the methyl ring contributes to
better pharmacokinetic prole of the compound by enhancing
its bioavailability and excretion of the drug from the body.
Substitution of iodo group in compound 5i at para position of
the scaffold resulted in an increase inhibitory potential of the
compound against r-e5′NT with an IC50 value of 0.81 mM
contributing 95 folds increase compared to reference standard
sulfamic acid. Compound 5j having a substitution of three
strong electronegative uorine groups resulted in increase in in
RSC Adv., 2023, 13, 29496–29511 | 29501
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Table 2 Binding energy of newly synthesized indole acetic acid
sulfonate derivatives against receptor proteins

Ligands

Binding energy (kcal mol−1)

h-ENPP1 h-ENPP3 h-e5′NT r-e5′NT h-TNAP

5a −6.3 −5.9 −6.4 −8.0 −5.1
5b −6.6 −5.9 −6.4 −8.1 −4.7
5c −6.6 −5.7 −6.1 −7.7 −5.0
5d −6.4 −6.1 −6.3 −8.0 −5.1
5e −8.3 −6.6 −7.6 −8.3 −5.3
5f −6.7 −6.6 −6.4 −8.0 −5.2
5g −7.2 −6.3 −6.3 −8.3 −5.0
5h −7 −6.2 −6.6 −7.7 −5.2
5i −6.9 −5.9 −5.6 −7.9 −4.9
5j −5.6 −5.2 −6.0 −6.8 −4.4
5k −5.9 −5.4 −6.2 −7.1 −4.5
5l −6.6 −6.1 −6.7 −7.7 −4.9
5m −6.8 −5.9 −6.7 −8.0 −5.1
5n −6.5 −5.6 −6.2 −7.5 −4.9
5o −6.3 −6.1 −6.2 −7.8 −5.1
Ref. −5.8 −5.4 −11.1 −11.7 −3.5
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vitro determined inhibitory potential of h-ENPP3. The incorpo-
ration of substitution with strong electronegative group
contributed to increase inhibitory potential against target
enzymes with IC50 values ranging from 0.59 to 5 mM.

Some compounds showed selectivity and good potency
between same enzymes from different species, such as 5a, 5b
and 5m expressed good potency and selectivity for h-e5′NT as
compared to the r-e5′NT. Similarly compounds expressed
selectivity and high potency between different isozymes such as
h-ENPP1 and h-ENPP3. Substitution of more electronegative
chlorine group in compound 5a, phenyl group in compound 5b
and quinolonemoiety in compound 5m resulted in selectivity of
the compounds towards h-e5′NT. In a similar way, compound
5n and 5o, which have a thiophene moiety substitution and
Fig. 6 Illustration of enzyme kinetics for compounds 5e and 5j against

29502 | RSC Adv., 2023, 13, 29496–29511
a para methyl substitution to the primary scaffold consisting of
an indole, a carboxamide, and sulfonate moieties, respectively,
were found to be more effective and selective for h-ENPP3
between the two h-ENPP isozymes (Table 2).
Enzyme kinetic studies for h-ENPPs, e5′NT and h-TNAP

Enzyme kinetic studies were performed for the most potent
inhibitors against h-ENPP1, h-ENPP3, h-e5′NT, r-e5′NT and h-
TNAP. For h-ENPP1and h-ENPP3 the potent inhibitors were 5e
and 5j, while compound 5c and 5i showed good potential for
inhibition of h-e5′NT and r-e5′NT, whereas, 5g expressed good
inhibitory potential against h-TNAP. Compound 5j and 5i
exhibited competitive mode of inhibition. Inhibitors 5e and 5c
presented uncompetitive mode of inhibition as shown in Fig. 6
and 7, whereas, competitive inhibition mode was shown by
compound 5g as shown in Fig. 8.
Molecular docking studies analysis

Based upon the binding energy values and results of in vitro
studies, 3D interactions of potent compounds are visualized in
the following gures.
Human ectonucleotide pyrophosphatase/phosphodiesterase
1(h-ENPP1)

Active site amino acids residues involved in the binding inter-
actions of h-ENPP1 are;

(1) (Asp218 Lys255 Thr256 Phe257 Asp276 Asn277 Lys278
Ser289 Leu290 Lys291 Lys295 Phe321 Trp322 Pro323 Ser325
Asp326 Lys338 Met339 Tyr340 Tyr371 Glu373 Asp376 Ser377
His380 Ser381 Tyr434 Ile450 Tyr451 Gly452 Pro453 Gln519
Arg527 Lys528 Tyr529 Cys530 Gly531 Ser532 Gly533 Phe534
His535 Po41001 Zn1002).

Protein–ligand 5j interaction showed hydrogen bonding
between Lys255 and carbonyl oxygen atom, Lys278 and oxygen
human h-ENPP1 and h-ENPP3, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Illustration of enzyme kinetics for compounds 5c and 5i against h-e5′NT and r-e5′NT respectively.
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atom of sulfonyl group, Asn277 and oxygen atom of sulfonyl
group, and hydrogen atom of indole ring and Gly533. One
hydrogen bond was also observed between phosphate group
and uorine atom.

In case of ligand 5e Amino acid residues Lys528 and Tyr451
are making the hydrogen bonds with the oxygen atom of
carbamide group as shown in (Fig. 8). Metal–acceptor interac-
tion was observed between Zn atom and oxygen atom of sulfonyl
group. Phe257 and Tyr340 formed p–p stacked and p–p T
shaped interaction with the terminal phenyl ring respectively.
Human ectonucleotide pyrophosphatase/phosphodiesterase 3
(h-ENPP3)

Amino acids residues in the active site, involved in the active
site of h-ENPP3 are;
Fig. 8 Enzyme kinetics graphs presenting non-competitive mode of
inhibition for compound 5g against h-TNAP.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(1): (Lys382 Leu427 Ser428 Cys429 Lys431 Pro432 Asp433
Gln434 His435 Phe436 Lys437 Pro438 Phe462 Val463 Asp464
Gln465 Trp467 Phe489 Val815 Glu816 Ser817 Cys818 Lys822
Trp827 Glu830 Arg831 Ala834).

Binding interaction analysis of 5j revealed that amino acid
residue Gln465 made two hydrogen bonds with oxygen atom of
sulfonyl group and uorine atom of triuoro group (Fig. 9). The
hydrogen atom of indole ring formed hydrogen bond with
Gln434. In case of 5e, oxygen atom of sulfonyl group made
hydrogen bond with Gln465. Gln434 is forming hydrogen bond
with hydrogen atom of indole ring. p–cation, p–anion and p–

sulphur interactions were observed with amino acid residues
Lys437, Glu830 and Cys818 respectively.

Human ecto-5′-nucleotidase (h-e5′NT)

Active site amino acids residues involved in the active site of h-
e5′NT are; (Arg40 Glu46 Asp47 Ser48 Ser49 His243 Ser244
Asn245 Glu257 Tyr281 Phe283 Leu389 Asn390 Gly392 Gly393
Arg395 Leu415 Phe417 Gly418 Gly419 Thr420 Phe421 Asp422
Pro498 Asn499 Phe500 Asn503 Asp506 His518 Asp519 Ser520
Asp524).

In case of compound 5j, amino acid residues Asn499 and
Arg40 developed hydrogen bonds with the uorine atoms of tri-
uorine group while p–p stacking interaction was found with
amino acids Phe417 and Phe500 (Fig. 10). Docking study of
protein–ligand interactions of (5c) revealed that amino acid
residue Asn503 and Asn599 is involved in hydrogen bonding
with both oxygen atoms of sulfonate group. p–p stacking is
observed involving indole ring and Phe500 and Phe417 amino
acids. p–donor hydrogen bond was observed between terminal
ring attached to uorine and amino acid Tyr281.

Rat ecto-5′-nucleotidase (r-e5′NT)

Active site amino acids residues involved in the active site of r-
e5′NT are; (Gln90 Phe95 Thr96 Lys99 His120 Asp123 Asn124
Ser180 Lys181 Glu182 Phe185 Leu186 Ser187 Asn188 Glu198
RSC Adv., 2023, 13, 29496–29511 | 29503
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Fig. 9 Illustration of 3D ligand–protein interactions conformations of 5j and 5e against (a) h-ENPP1, (b) h-ENPP3.
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Ser223 Gly224 Phe225 Glu226 Met227 His245 Thr246 Asn247
Arg356 Val391 Asn392 Gly394 Gly395 Arg397 Leu417 Pro418
Phe419 Gly420 Gly421 Thr422 Phe423 Arg443 Gln446 Ser447
Thr448 Gly449 Glu450 Pro500 Ser501 Tyr502 Gly506 Gly507
Asp508 Gly509 Asp526).

Study of binding interaction of 5e showed that pyrrole ring is
involved in forming the hydrogen bond with Asp526 While
oxygen atom of sulfonyl moiety made hydrogen bond with
amino acid residue His120. p–cation and p–anion interaction
were observed with Asp508 and Arg397 respectively. Phe419
developed p–p stacking with 5e (as shown in Fig. 10). Synthe-
sized compound 5l showed maximum inhibition potential
against r-e5′NT. Binding interaction analysis of 5l showed that
amino acid residues Asn392 and Arg397 are responsible for
hydrogen bonding with the oxygen atoms of carboxamide
group. Amino acid Asp526 developed hydrogen bond with the
hydrogen atom of pyrrole ring. p–p stacking was observed with
amino acid residues Phe419 and Tyr502.

Human tissue nonspecic alkaline phosphatase (h-TNAP)

Active site amino acid residues involved in the active site of h-
TNAP are;

(1) (Ala188 Leu191 Met192 His193 Ile195 Arg196 Asp197
Ile198 Ile201 Met209 Leu235 Trp239 Pro244 Arg245 Tyr246
Lys247 Tyr268 Leu270).
29504 | RSC Adv., 2023, 13, 29496–29511
Analysis of indole acetic acid sulfonate derivative 5g pres-
ents that amino acid residue Arg196 is responsible for the
formation of hydrogen bond with oxygen atom of sulfonyl
group while Arg245 developed hydrogen bond with carbonyl
oxygen. p–alkyl interactions were observed with amino acid
residues Tyr246, Lys247 and His248. In case of 5e, oxygen atom
of carboxamide is responsible for hydrogen bonding with
Arg245. p–cation interactions were formed with Arg196 (as
shown in Fig. 11).
Experimental part
General

All the chemicals and solvents needed for this study were
procured from commercial sources and used without additional
purication. Analytical grade solvents were used for synthesis
while lab grade solvents were employed for purication of newly
synthesized compounds. Using the Gallenkamp melting point
equipment, the melting point was identied. The thin layer
chromatography was carried out using aluminium plates coated
with silica gel (0.20 mm, 60 A), while the spots were detected
using a UV absorbance lamp 254–366 nm. For 1H NMR and 13C
NMR Brucker Avance III HD (400 MHz spectrometer) was
employed. The multiplicities observed were given as s for
singlet, d for doublet, t for triplet, and q for quintet. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Presentation of 3D binding modes of inhibitors, 5c and 5j against (a) h-e5′NT residues and 5e and 5l against (b) r-e5′NT residues.
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coupling constant (J) was estimated in Hz. Elemental analysis of
the test compounds was carried out using LECO 630-200-200
TruSpec CHNS microanalyzer.
Fig. 11 3D ligand–protein interactions docked conformations presentat

© 2023 The Author(s). Published by the Royal Society of Chemistry
General procedure for the synthesis (5a–5o)

Procedure for the synthesis of N-(2-hydroxyphenyl)-2-(1H-
indol-3-yl)acetamide (3a). In order to synthesize compound 3a,
ion for compound 5e and 5g against h-TNAP active pocket.

RSC Adv., 2023, 13, 29496–29511 | 29505
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2-indole acetic acid (1a) (3.85 mmol; 0.420 g) was combined
with 2-aminophenol (2a) (2.57 mmol; 0.450 g) incorporating 4-
(dimethylamino)pyridine (DMAP) (3.62 mmol; 0.500 g) and
carbonyldiimidazole (CDI) (3.62 mmol; 0.500 g) to the reactants
while they were being stirred at 80 °C. The reaction mixture was
allowed to stir for a further 24 hours at 80 °C. The ltrate was
dried, the remaining material was dissolved in ethyl acetate (40
mL) and 5% HCl (30 mL) was used for extraction from the
ltrate. Aer separating the organic layer, a saline solution (50
mL) was used to wash it thrice, the resulted organic layer was
collected separately. Using anhydrous sodium sulphate
(Na2SO4), the separated organic layer was dried of any remain-
ing water molecules before being ltered. The organic solvent
was dried off by evaporation, and the resulting compound was
employed in the next step.

Synthesis of indole acetic acid sulfonate derivatives (5a–5o).
The desired indole acetic acid sulfonate derivatives (5a–5o) were
synthesized by reacting 3a (0.375 mmol; 0.100 g) with different
benzene sulfonyl chloride derivatives (4a) (0.985 mmol). Trie-
thylamine (TEA) (2.10 mmol) was added dropwise to the reac-
tion mixture at 0 °C and the reactions were completed in
acetonitrile (15 mL) as a solvent. Each reaction mixture was
thoroughly stirred at 40 °C temperature and quenched three
times with equal parts of water and ethyl acetate (30 mL each).
The organic layer was dried on a rotary evaporator with anhy-
drous Na2SO4, then washed twice with a saline solution (30 mL),
ltered, and dried a third time.

2-(2-(1H-indol-3-yl)acetamido)phenyl 2-chlorobenzenesulfo-
nate (5a). Yield: 84.56%, Rf = 0.4, (n-hexane/ethyl acetate = 1 :
4), colour: off-white solid, mp: 181–183 °C, FT-IR (n�, cm−1): 3404
(N–H, stretching), 2958 (C–H, stretching), 1613 (C]O, stretch-
ing), 1085 (S]O, stretching); 1H NMR (400 MHz, DMSO, d =

ppm): 10.98 (s, 1H), 9.44 (s, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.64 (d,
J = 8.3 Hz, 2H), 7.56 (d, J = 8.0 Hz, 1H), 7.50 (d, J = 8.3 Hz, 2H),
7.37 (d, J = 8.1 Hz, 1H), 7.25 (q, J = 8.0 Hz, 3H), 7.11 (m, 2H),
6.99 (t, J = 7.5 Hz, 1H), 3.60 (s, 2H). 13C NMR (101 MHz, DMSO,
d= ppm): 169.90, 140.14, 136.55, 133.84, 133.12, 131.42, 130.45,
129.87, 128.13, 127.71, 125.25, 124.70, 124.52, 123.25, 121.54,
119.22, 118.93, 111.86, 108.57, 33.38. Anal. calcd. for C22H17-
ClN2O4S: C, 59.87; H, 3.89; N, 6.35; S, 7.27%. Found: C, 59.87; H,
3.88; N, 6.38; S, 7.34%.

2-(2-(1H-indol-3-yl)acetamido)phenyl phenyl-
methanesulfonate (5b). Yield: 77.33%, Rf = 0.5, (n-hexane/ethyl
acetate= 1 : 4), colour: off-white solid, mp: 134–137 °C, FT-IR (n�,
cm−1): 3172 (N–H, stretching), 2931 (C–H, stretching), 1613
(C]O, stretching), 1085 (S]O, stretching); 1H NMR (400 MHz,
DMSO, d = ppm): 10.99 (s, 1H), 9.36 (s, 1H), 7.91 (d, J = 8.1 Hz,
1H), 7.60 (d, J = 7.9 Hz, 1H), 7.39 (m, 3H), 7.39–7.25 (m, 5H),
7.22 (dd, J = 8.2, 1.7 Hz, 1H), 7.20–7.11 (m, 1H), 7.05 (t, J =
7.5 Hz, 1H), 6.97 (t, J = 7.4 Hz, 1H), 4.66 (s, 2H), 3.82 (s, 2H). 13C
NMR (101 MHz, DMSO, d = ppm): 170.44, 136.60, 131.59,
131.50, 129.38, 129.10, 127.96, 127.73, 127.61, 125.55, 124.93,
124.80, 123.06, 121.57, 119.07, 119.01, 111.90, 108.40, 56.52,
33.76. Anal. calcd. for C23H20N2O4S: C, 65.70; H, 4.79; N, 6.66; S,
7.62%. Found: C, 65.75; H, 4.73; N, 6.58; S, 7.60%.

2-(2-(1H-indol-3-yl)acetamido)phenyl 4-uorobenzenesulfo-
nate (5c). Yield: 73.84%, Rf = 0.4, (n-hexane/ethyl acetate = 1 :
29506 | RSC Adv., 2023, 13, 29496–29511
4), colour: white solid, mp: 161–163 °C, FT-IR (n�, cm−1): 3453
(N–H, stretching), 2937 (C–H, stretching), 1608 (C]O, stretch-
ing), 1092 (S]O, stretching); 1H NMR (400 MHz, DMSO, d =

ppm): 10.98 (s, 1H), 9.42 (s, 1H), 7.83 (d, J = 8.1 Hz, 2H), 7.76 (d,
J = 8.0 Hz, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.37 (m, 3H), 7.29–7.20
(m, 3H), 7.11 (m, 2H), 7.00 (t, J = 7.4 Hz, 1H), 3.59 (s, 2H). 13C
NMR (101 MHz, DMSO, d = ppm): 169.89, 140.14, 138.94,
136.56, 134.21, 131.43, 129.91, 128.09, 127.72, 125.22, 124.65,
124.51, 123.22, 121.54, 119.24, 118.95, 111.86, 108.60, 104.88,
33.41. Anal. calcd. for C22H17FN2O4S: C, 62.26; H, 4.04; N, 6.60;
S, 7.55%. Found: C, 62.25; H, 4.13; N, 6.68; S, 7.62%.

2-(2-(1H-indol-3-yl)acetamido)phenyl 4-methoxy-
benzenesulfonate (5d). Yield: 79.08%, Rf = 0.4, (n-hexane/
ethyl acetate = 1 : 4), colour: white to off-white solid, mp: 200–
203 °C, FT-IR (n�, cm−1): 3438 (N–H, stretching), 2963 (C–H,
stretching), 1655 (C]O, stretching), 1071 (S]O, stretching); 1H
NMR (400 MHz, DMSO, d = ppm): 11.01 (s, 1H), 9.32 (s, 1H),
7.80 (dd, J = 8.0, 1.6 Hz, 1H), 7.55 (t, J = 9.0 Hz, 3H), 7.38 (d, J =
8.1 Hz, 1H), 7.30 (d, J = 2.4 Hz, 1H), 7.22 (m, 2H), 7.10 (m, 2H),
7.00 (t, J = 7.4 Hz, 1H), 6.93–6.85 (m, 2H), 3.74 (s, 3H), 3.66 (s,
2H). 13C NMR (101 MHz, DMSO, d = ppm): 169.93, 164.45,
136.58, 131.53, 131.04, 127.80, 127.74, 125.69, 124.92, 124.62,
124.11, 123.05, 121.56, 119.22, 118.93, 115.10, 111.86, 108.59,
56.32, 33.55. Anal. calcd. for C23H20N2O5S: C, 63.29; H, 4.62; N,
6.42; S, 7.35%. Found: C, 63.22; H, 4.55; N, 6.38; S, 7.29%.

2-(2-(1H-indol-3-yl)acetamido)phenyl [1,1′-biphenyl]-4-
sulfonate (5e). Yield: 80.50%, Rf = 0.35, (n-hexane/ethyl
acetate = 1 : 4), colour: off-white solid, mp: 193–195 °C, FT-IR
(n�, cm−1): 3395 (N–H, stretching), 2954 (C–H, stretching), 1601
(C]O, stretching), 1076 (S]O, stretching); 1H NMR (400 MHz,
DMSO, d= ppm): 10.99 (d, J= 2.5 Hz, 1H), 9.44 (s, 1H), 7.77 (dd,
J = 8.2, 1.7 Hz, 1H), 7.70 (d, J = 8.6 Hz, 2H), 7.66 (d, J = 8.6 Hz,
2H), 7.62–7.40 (m, 6H), 7.40–7.29 (m, 2H), 7.28–7.19 (m, 2H),
7.20–7.04 (m, 2H), 6.96 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 3.62 (s,
2H). 13C NMR (101 MHz, DMSO, d = ppm): 169.86, 146.65,
140.12, 136.56, 133.16, 131.49, 129.60, 129.43, 129.27, 127.96,
127.92, 127.74, 127.65, 125.09, 124.54, 124.45, 123.21, 121.55,
119.25, 118.92, 111.87, 108.61, 33.44. Anal. calcd. for
C28H22N2O4S: C, 69.69; H, 4.60; N, 5.81; S, 6.64%. Found: C,
69.73; H, 4.64; N, 5.78; S, 6.56%.

2-(2-(1H-indol-3-yl)acetamido)phenyl 4-bromobenzenesulfo-
nate (5f). Yield: 75.89%, Rf= 0.4, (n-hexane/ethyl acetate= 1 : 4),
colour: off-white solid, mp: 183–186 °C, FT-IR (n�, cm−1): 3449
(N–H, stretching), 2963 (C–H, stretching), 1613 (C]O, stretch-
ing), 1085 (S]O, stretching); 1H NMR (400 MHz, DMSO, d =

ppm): 10.98 (s, 1H), 9.43 (s, 1H), 7.75 (d, J = 8.5 Hz, 1H), 7.65 (d,
J = 8.5 Hz, 2H), 7.59–7.52 (m, 3H), 7.37 (d, J = 8.4 Hz, 1H), 7.25
(d, J = 8.6 Hz, 3H), 7.11 (m, 2H), 7.01 (d, J = 7.8 Hz, 1H), 3.59 (s,
2H). 13C NMR (101 MHz, DMSO, d = ppm):169.90, 140.14,
136.55, 133.84, 133.12, 131.42, 130.45, 129.87, 128.13, 127.71,
125.25, 124.70, 124.52, 123.25, 121.54, 119.22, 118.93, 111.86,
108.57, 33.38. Anal. calcd. for C22H17BrN2O4S: C, 54.44; H,
3.53; N, 5.77; S, 6.61%. Found: C, 54.73; H, 4.64; N, 5.78; S,
6.56%.

2-(2-(1H-indol-3-yl)acetamido)phenyl 3-chloro-4-
methylbenzenesulfonate (5g). Yield: 70.15%, Rf = 0.4, (n-
hexane/ethyl acetate = 1 : 4), colour: off-white solid, mp: 115–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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117 °C, FT-IR (n�, cm−1): 3438 (N–H, stretching), 2948 (C–H,
stretching), 1688 (C]O, stretching), 1086 (S]O, stretching); 1H
NMR (400 MHz, DMSO, d = ppm): 10.95 (s, 1H), 9.47 (s, 1H),
7.82–7.73 (m, 2H), 7.53 (dd, J = 8.1, 1.7 Hz, 2H), 7.42 (d, J =
8.1 Hz, 1H), 7.36 (d, J= 8.1 Hz, 1H), 7.32–7.21 (m, 3H), 7.15 (td, J
= 7.8, 1.7 Hz, 1H), 7.08 (m, 1H), 6.98 (m, 1H), 3.58 (s, 2H), 2.35
(s, 3H). 13C NMR (101 MHz, DMSO, d = ppm): 169.93, 144.17,
140.15, 136.55, 134.67, 133.76, 132.69, 131.46, 128.58, 128.13,
127.70, 127.25, 125.23, 124.42, 123.40, 121.49, 119.15, 118.86,
111.83, 108.58, 33.30, 20.36. Anal. calcd. for C23H19ClN2O4S: C,
60.72; H, 4.21; N, 6.16; S, 7.05%. Found: C, 60.66; H, 4.17; N,
6.05; S, 7.13%.

2-(2-(1H-indol-3-yl)acetamido)phenyl 1-aminonaphthalene-
2-sulfonate (5h). Yield: 85.84%, Rf = 0.5, (n-hexane/ethyl
acetate = 1 : 4), colour: white to off-white solid, mp: 116–118 °
C, FT-IR (n�, cm−1): 3438 (N–H, stretching), 2927 (C–H, stretch-
ing), 1618 (C]O, stretching), 1081 (S]O, stretching); 1H NMR
(400 MHz, DMSO, d = ppm): 10.93 (s, 1H), 9.40 (s, 1H), 8.68 (dd,
J = 8.6, 1.1 Hz, 1H), 8.42 (d, J = 8.2 Hz, 1H), 8.20 (dd, J = 8.3,
1.4 Hz, 1H), 8.10 (dd, J = 7.5, 1.2 Hz, 1H), 7.83 (m, 1H), 7.75 (m,
1H), 7.72–7.62 (m, 2H), 7.49 (d, J = 7.9 Hz, 1H), 7.38–7.31 (m,
1H), 7.24–7.15 (m, 2H), 7.11–6.92 (m, 4H), 6.88 (dd, J = 8.2,
1.5 Hz, 1H), 3.37 (s, 2H). 13C NMR (101 MHz, DMSO, d = ppm):
169.96, 141.04, 136.98, 136.54, 134.29, 131.79, 130.55, 129.88,
129.71, 128.02, 127.84, 127.65, 125.10, 124.68, 124.46, 122.40,
121.46, 119.08, 118.85, 111.79, 108.47, 33.08. Anal. calcd. for
C26H21N3O4S: C, 66.23; H, 4.49; N, 8.91; S, 6.80%. Found: C,
66.16; H, 4.57; N, 8.79; S, 6.76%.

2-(2-(1H-indol-3-yl)acetamido)phenyl 4-iodobenzenesulfo-
nate (5i). Yield: 79.54%, Rf= 0.4, (n-hexane/ethyl acetate= 1 : 4),
colour: white to off-white solid, mp: 169–172 °C, FT-IR (n�, cm−1):
3282 (N–H, stretching), 2947 (C–H, stretching), 1613 (C]O,
stretching), 1097 (S]O, stretching); 1H NMR (400 MHz, DMSO,
d= ppm): 10.98 (s, 1H), 9.42 (s, 1H), 7.83 (d, J= 8.1 Hz, 2H), 7.76
(d, J = 8.0 Hz, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.37 (dd, J = 8.1,
3.4 Hz, 3H), 7.29–7.20 (m, 3H), 7.11 (dt, J = 15.3, 7.8 Hz, 2H),
7.00 (t, J = 7.4 Hz, 1H), 3.59 (s, 2H). 13C NMR (101 MHz, DMSO,
d= ppm): 169.89, 140.14, 138.94, 136.56, 134.21, 131.43, 129.91,
128.09, 127.72, 125.22, 124.65, 124.51, 123.22, 121.54, 119.24,
118.95, 111.86, 108.60, 104.88, 33.41. Anal. calcd. for
C22H17IN2O4S: C, 49.64; H, 3.22; N, 5.26; S, 6.02%. Found: C,
49.76; H, 3.31; N, 5.29; S, 6.11%.

2-(2-(1H-indol-3-yl)acetamido)phenyl tri-
uoromethanesulfonate (5j). Yield: 84.47%, Rf = 0.4, (n-hexane/
ethyl acetate= 1 : 4), colour: off-white solid, mp: 114–116 °C, FT-
IR (n�, cm−1): 3407 (N–H, stretching), 2922 (C–H, stretching),
1618 (C]O, stretching), 1066 (S]O, stretching); 1H NMR (400
MHz, DMSO, d = ppm): 10.93 (s, 1H), 10.13 (s, 1H), 7.65–7.54
(m, 2H), 7.53–7.39 (m, 2H), 7.38–7.29 (m, 2H), 7.26 (d, J =

2.4 Hz, 1H), 7.07 (m, 1H), 6.98 (m, 1H), 3.77 (s, 2H). 13C NMR
(101 MHz, DMSO, d = ppm): 170.38, 143.06, 136.55, 131.08,
129.49, 127.75, 127.60, 127.10, 124.53, 122.52, 121.44, 119.04,
118.83, 111.78, 108.32, 32.99. Anal. calcd. for C17H13F3N2O4S: C,
51.26; H, 3.29; N, 7.03; S, 8.05%. Found: C, 51.22; H, 3.35; N,
7.08; S, 8.14%.

2-(2-(1H-indol-3-yl)acetamido)phenyl propane-2-sulfonate
(5k). Yield: 80.95%, Rf = 0.3, (n-hexane/ethyl acetate = 1 : 4),
© 2023 The Author(s). Published by the Royal Society of Chemistry
colour: off-white solid, mp: 139–141 °C, FT-IR (n�, cm−1): 3412
(N–H, stretching), 2958 (C–H, stretching), 1605 (C]O, stretch-
ing), 1076 (S]O, stretching); 1H NMR (400 MHz, DMSO, d =

ppm): 11.01 (s, 1H), 9.29 (s, 1H), 7.88–7.81 (m, 1H), 7.58 (d, J =
7.9 Hz, 1H), 7.37 (d, J= 8.1 Hz, 1H), 7.34–7.25 (m, 3H), 7.22–7.14
(m, 1H), 7.13–7.04 (m, 1H), 6.99 (t, J = 7.4 Hz, 1H), 3.80 (s, 2H),
1.21 (d, J = 6.8 Hz, 6H). 13C NMR (101 MHz, DMSO, d = ppm):
170.28, 140.52, 136.63, 131.26, 127.58, 127.51, 125.68, 125.23,
124.92, 123.02, 121.60, 119.05, 119.02, 111.88, 108.25, 53.26,
33.81, 16.56. Anal. calcd. for C19H20N2O4S: C, 61.27; H, 5.41; N,
7.52; S, 8.61%. Found: C, 61.19; H, 5.36; N, 7.43; S, 8.73%.

2-(2-(1H-indol-3-yl)acetamido)phenyl 4-chlorobenzenesulfo-
nate (5l). Yield: 87.96%, Rf= 0.5, (n-hexane/ethyl acetate= 1 : 4),
colour: off-white solid, mp: 186–188 °C, FT-IR (n�, cm−1): 3376
(N–H, stretching), 2948 (C–H, stretching), 1598 (C]O, stretch-
ing), 1071 (S]O, stretching); 1H NMR (400 MHz, DMSO, d =

ppm): 10.98 (s, 1H), 9.44 (s, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.64 (d,
J = 8.3 Hz, 2H), 7.56 (d, J = 8.0 Hz, 1H), 7.50 (d, J = 8.3 Hz, 2H),
7.37 (d, J = 8.1 Hz, 1H), 7.25 (q, J = 8.0 Hz, 3H), 7.11 (m, 2H),
6.99 (t, J = 7.5 Hz, 1H), 3.60 (s, 2H). 13C NMR (101 MHz, DMSO,
d= ppm): 169.91, 140.63, 140.15, 136.55, 133.39, 131.43, 130.50,
130.16, 128.14, 127.72, 125.26, 124.70, 124.53, 123.25, 121.54,
119.21, 118.92, 111.86, 108.56, 33.37. Anal. calcd. for C22H17-
ClN2O4S: C, 59.93; H, 3.89; N, 6.35; S, 7.27%. Found: C, 61.01; H,
3.86; N, 6.39; S, 7.25%.

Synthesis of 2-(2-(1H-indol-3-yl)acetamido)phenyl quinoline-
8-sulfonate (5m). Yield: 75.37%, Rf = 0.4, (n-hexane/ethyl
acetate = 1 : 4), colour: off-white solid, mp: 178–180 °C, FT-IR
(n�, cm−1): 3428 (N–H, stretching), 2922 (C–H, stretching), 1613
(C]O, stretching), 1073 (S]O, stretching); 1H NMR (400 MHz,
DMSO, d = ppm): 10.93 (s, 1H), 9.53 (s, 1H), 9.19 (dd, J = 4.3,
1.7 Hz, 1H), 8.65 (dd, J= 8.4, 1.8 Hz, 1H), 8.49 (m, 2H), 8.05–7.98
(m, 1H), 7.84 (t, J = 7.8 Hz, 1H), 7.77 (dd, J = 8.3, 4.3 Hz, 1H),
7.48 (d, J = 7.9 Hz, 1H), 7.33 (dt, J = 8.1, 0.8 Hz, 1H), 7.25 (m,
2H), 7.14 (dd, J = 8.2, 1.6 Hz, 1H), 7.06 (m, 2H), 6.93 (m, 1H),
3.67 (s, 2H). 13C NMR (101 MHz, DMSO, d = ppm): 170.16,
153.03, 143.46, 139.53, 138.03, 137.06, 136.55, 134.34, 132.25,
131.93, 129.42, 127.88, 127.63, 126.30, 124.84, 124.58, 123.64 (d,
J= 6.2 Hz), 123.09, 121.49, 118.98, 118.89, 111.81, 108.27, 33.77.
Anal. calcd. for C25H19N3O4S: C, 65.63; H, 4.19; N, 9.18; S,
7.01%. Found: C, 65.57; H, 4.24; N, 9.39; S, 7.25%.

2-(2-(1H-indol-3-yl)acetamido)phenyl thiophene-2-sulfonate
(5n). Yield: 82.01%, Rf = 0.4, (n-hexane/ethyl acetate = 1 : 4),
colour: off-white solid, mp: 180–183 °C, FT-IR (n�, cm−1): 3431
(N–H, stretching), 2925 (C–H, stretching), 1649 (C]O, stretch-
ing), 1083 (S]O, stretching); 1H NMR 1H NMR (400 MHz,
DMSO, d = ppm): 10.96 (s, 1H), 9.42 (s, 1H), 8.06 (d, J = 5.0 Hz,
1H), 7.83 (d, J = 8.1 Hz, 1H), 7.56 (d, J = 8.1 Hz, 2H), 7.36 (d, J =
8.1 Hz, 1H), 7.29–7.18 (m, 3H), 7.17–7.03 (m, 3H), 6.99 (t, J =
7.6 Hz, 1H), 3.66 (s, 2H). 13C NMR (101 MHz, DMSO, d = ppm):
170.01, 140.20, 137.76, 136.75, 136.57, 133.40, 131.72, 128.80,
128.15, 127.75, 125.05, 124.61, 124.37, 123.13, 121.51, 119.25,
118.90, 111.83, 108.61, 33.50. Anal. calcd. for C20H16N2O4S2: C,
58.24; H, 3.91; N, 6.79; S, 15.55%. Found: C, 58.31; H, 3.84; N,
6.70; S, 15.58%.

2-(2-(1H-indol-3-yl)acetamido)phenyl 4-methylbenzenesulfo-
nate (5o). Yield: 78.61%, Rf = 0.5, (n-hexane/ethyl acetate = 1 :
RSC Adv., 2023, 13, 29496–29511 | 29507

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04266a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 7
:4

3:
34

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4), colour: white solid, mp: 160–162 °C, FT-IR (n�, cm−1): 3404
(N–H, stretching), 2955 (C–H, stretching), 1519 (C]O, stretch-
ing), 1373 (S]O, stretching); 1H NMR (400 MHz, DMSO, d =

ppm): 10.95 (s, 1H), 9.47 (s, 1H), 7.77 (m, 2H), 7.53 (dd = 8.06,
1.71 Hz, 2H), 7.42 (d = 8.11 Hz, 1H), 7.36 (d = 8.07 Hz, 1H), 7.26
(m, 3H), 7.15 (td= 7.79, 1.69 Hz, 1H), 7.08 (m, 1H), 6.98 (m, 1H),
3.58 (s, 2H), 2.35 (s, 3H).$13C NMR (101 MHz, DMSO, d = ppm):
169.91, 140.63, 140.15, 136.55, 133.39, 131.43, 130.50, 130.16,
128.14, 127.72, 125.26, 124.70, 124.53, 123.25, 121.54, 119.21,
118.92, 111.86, 108.56, 33.37, 20.36. Anal. calcd. for
C23H20N2O4S: C, 65.70; H, 4.79; N, 6.66; S, 7.62%. Found: C,
65.53; H, 4.84; N, 6.72; S, 7.55%.
Enzyme inhibition assays

Transfection. COS-7 cells were transfected with plasmids
encoding Human (h) ENPP1 (GenBank accession no.
NM_006208, a kind gi of JamesW. Goding, h-ENPP3 (GenBank
accession no. NM_005021),72,73 a kind gi of Kimihiko Sano, h-
e5′NT (GenBank accession no. DQ186653),74 r-e5′NT (GenBank
accession no. NM_021576),75 a kind gi of Herbert Zimmer-
mann, and h-TNAP (GenBank accession no. NM_000478) a kind
gi from Professor José Luis Millan.76 Each plasmid DNA
sample (6 mg), and 24 mL of lipofectamine reagent were added to
a 10 cm dish plate directly in the medium and then incubated at
37 °C for 5 hours in DMEM/F-12 without fetal bovine serum.
The transfection process was stopped by the addition of an
equal volume of DMEM/F-12 supplemented with 20% fetal
bovine serum (FBS). Transfected cells were extracted as
described earlier77 aer 48–72 hours.

Membrane fractions preparation. At 4 °C, Tris-saline was
used to wash the transfected COS-7 cells. For scraping cells,
a harvesting buffer containing 95 mM NaCl, 0.1 mM PMSF, and
45 mM Tris at pH 7.5 was utilized. The scraped cells were
centrifuged twice (300 g each time), for 5 min. each, at 4 °C.77

The harvesting buffer was amended with aprotinin (10 mg
mL−1), and the cells were then resuspended and sonicated. To
separate the nuclear and cell debris, centrifugation at 850g for
5 min at 4 °C was once more performed. The obtained super-
natant was mixed with 7.5% glycerol and kept at −80 °C. The
protein concentration was calculated using the Bradford
microplate test, using bovine serum albumin as the reference
protein.78

h-ENPP1 and h-ENPP3 assay. The inhibitory action of newly
synthesized compounds was measured using a method previ-
ously reported with little modications.79 The assay buffer had
a nal pH of 9.5 and contained 50 mM Tris. HCl, 5 mM MgCl2,
and 0.1 mM ZnCl2. The synthesized compounds for screening
against h-ENPPs were prepared in 10% DMSO and tested at
0.1 mM concentration in assay. The assay was performed in 96-
well plate keeping total assay volume 100 mL per well which
contain assay buffer, 100 mM of test compound, enzymes h-
ENPP1 (27 ng), h-ENPP3 (35 ng) and substrate p-nitrophenyl 5′-
thymidine monophosphate. Aer 25 minutes in the incubator
at 37 °C, absorbance was measured at 405 nm with a microplate
reader (BIOTEK ELX800™, Instruments, Inc., USA). The
compounds that showed more than 50% inhibition of either h-
29508 | RSC Adv., 2023, 13, 29496–29511
ENPP1 or h-ENPP3 were subjected to serial dilutions for the
determination of IC50 values. The data was analyzed by using
non-linear regression analysis curve tting program PRISM 5.0
(Graph Pad, San Diego, California, USA).

CD73 (h-e5′NT, r-e5′NT) assay. The e5′NT inhibition assays
were carried out on both human and rat enzymes as previously
described.80 Tris HCl (10 mM), MgCl2, and CaCl2 were the
components of the test buffer, and the pH was raised to 7.4
before use. To check whether the compounds had any activity,
the assay was initially run in triplicate. The assay's overall
volume was 100 mL. Each well received 55 mL of the assay buffer
in triplicate, followed by 10 mL of the e5′NT. A total of 10 mL of
test compounds with a nal concentration of 100 mM were
added to each well. The incubation period was 10 minutes at
37 °C. Aer adding 10 mL of AMP (2 mM) as a substrate, the
enzymatic reaction commenced and kept going for 20 minutes
at 37 °C. The amount of phosphate released during the enzyme-
mediated breakdown of the substrate was then determined by
adding 15 mL of malachite green reagent, and the change in
absorbance at 630 nm was measured. The test substances were
employed in varied concentrations to determine the IC50 values
using the same approach. GraphPad Prism® 5.0 soware (San
Diego, CA, USA) used the nonlinear regression analysis method
to further analyze the IC50 values of only those compounds that
had an inhibition value greater than 50%.

h-TNAP assay. The effects of recently synthesized substances
on human tissue non-specic alkaline phosphatase (h-TNAP)
were evaluated. Using the previously mentioned procedure,81

the compounds were rst evaluated against h-TNAP enzymes at
a concentration of 1 mM. Glycerol made up half of the assay
buffer (pH 9.5), which also contained Tris-hydrochloride (50
mM), MgCl2 (5 mM), and ZnCl2 (0.1 mM) in the solution. Tris-
hydrochloride (50 mM), MgCl2, and ZnCl2 (0.1 mM) made up
the dilution buffer. By using a dilution buffer, the enzyme,
substrate p-nitrophenyl phosphate (p-NPP), and all requisite
test chemicals were diluted to the appropriate concentration.
The absorbance of the released p-nitrophenolate was measured
aer a second incubation at 405 nm employing a 96-well
microplate reader (BIOTEK ELX 800™, Instruments, Inc., USA).
Calculations were made to determine the percentage inhibition
of the standard (levamisole) and the other drugs. Following the
same process used in initial screening, three times in triplicate,
the compounds with more than 50% inhibition were chosen for
further IC50 values determination. GraphPad Prism 5.0 soware
(San Diego, California, USA) was used to determine the IC50

values of the molecules showing greater than 50% inhibition at
100 mM.
Enzyme kinetics studies

The enzyme kinetic research was carried out utilizing a series of
substrate concentrations of 0, 1.25, 2.5, 5.0, 7.5, and 10 mM. For
most potent inhibitors 5c, 5e, 5g, 5i and 5j concentrations
utilized were based on the IC50 values from in vitro assays with
two concentrations above and two below the determined IC50

value concentrations. The test plate was made by adding the
enzyme per well (in vitro assay concentration of respective
© 2023 The Author(s). Published by the Royal Society of Chemistry
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enzyme assays afore mentioned) to the assay buffer. A micro-
plate reader (BIOTEK ELX800™, Instruments, Inc., USA) was
used to record the reading aer the assay mixture had been
incubated at 37 °C for 25 minutes. Lineweaver–Burk graphs
with PRISM 5.0 (Graph Pad, San Diego, California, USA) was
used to analyze the data.
Molecular docking

The Molecular Operating Environment soware (MOE)
2019.0102 (ref. 82) was employed to perform molecular docking
studies on the synthesized derivatives (5a–5o). The docking
studies was carried out by using the Protein data Bank https://
www.rcsb.org/ under PDB ID 6WEW and 4H2G for human
ectonucleotide pyrophosphatase/phosphodiesterase 1 (h-
ENPP1) and h-e5′NT while homology models were used for r-
e5′NT, h-ENPP3 and h-TNAP. Standard inhibitors were docked
along with synthesized ligands to validate the docking results.
N-(4-[(7-methoxyquinolin-4-yl)oxy]phenyl)sulfuric diamide
(TZV) a co-crystal was used as standard for both human h-
ENPP1 and h-ENPP3. Suramin was taken as standard inhibitor
for human and rat ecto-5′-nucleotidase and in case of h-TNAP,
levamisole was considered as standard inhibitor.

Chemical structures were sketched using chemDraw Ultra
12.0 and energy was minimized using MMFF-94 force eld
implemented in MOE.83 The addition of hydrogen atoms was
carried out to the model structure and then ionization states of
metals ions were prepared to be xed. Docking was performed by
using the renement features where induced t receptor and
triangular matcher was selected. The best pose was selected
which exhibited top-rankedminimum binding energy and RMSD
value less than 2.84 The re-docking of the identied derivatives
was carried out for the validation of the docking results.
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