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Abstract

1H-Indole-2,3-dione 3-[4-(4-sulfamoylphenyl)thiosemicarbazones] 6a-j were evaluated against para-influenza-3, re-
ovirus-1, sindbis, coxsackie B4, and Punto Toro viruses. New 1-methyl-1H-indole-2,3-dione 3-[4-(4-sulfamoylphenyl)
thiosemicarbazones] 7a-c were synthesized to evaluate the contribution of methyl substitution at position 1 of the in-
dole ring to antiviral activity. The test results showed that 5-trifluoromethoxy substituted compound 6c (ECs 2-9 uM)
and 5-bromo substituted 6f (ECs, 2-3 uM) have non-toxic selective antiviral activity, while not all standards are active
against reovirus-1. Molecular docking studies of 6¢ and 6f were carried out to determine the possible binding positions
with reovirus-1. Trifluoromethoxy and bromine substitutions at position 5 of the indole ring provided selective antiviral
activity, while methyl substitution at position 1 of the indole ring significantly decreased the activity against reovirus-1

and increased toxicity.

Keywords: 1H-indole-2,3-dione; thiosemicarbazone; molecular modeling; antiviral activity; reovirus-1.

1. Introduction

Viral pathogenesis examines how a virus interacts
with the host at multiple levels when a virus infects a host.
Although the pathogenesis of each virus is different, there
are many common points shared among all pathogenic
viruses in the virus life cycle. When understanding the
mechanism according to which the disease develops pro-
vides a significant benefit in the development of effective
therapies. Virus mediated disease processes can be devel-
oped by taking into consideration the common aspects of
some general concepts in viral pathogenesis.!?

Reoviruses are useful models to understand the re-
lationship between viral entry and patogenesis.* Reovi-
ruses are non-enveloped, double-stranded RNA viruses in
the family Reoviridae. Most mammalian species, including
humans, serve as hosts for reovirus infection. Reoviruses
attach to host cells via the filamentous attachment protein
ol. The o1 protein of all reovirus serotypes engages junc-

tional adhesion molecule-A (JAM-A). Reoviruses have
3 major serotypes: reovirus type 1 (strain Lang) (T1L)
(mammalian orthovirus 1), type 2 Jones (T2]) and type 3
Dearing (T3D), which differ primarily in o1 sequence.>8
The three serotypes share a common complement fixation
antigen but can be distinguished by hemagglutination in-
hibition and neutralization techniques.* The gastrointesti-
nal (GI) tract is a portal of entry for reoviruses. Reovirus
serotype 1 strain Lang was shown to specifically infect
the epithelial cells of the ileum and disrupt the intestinal
immune homeostasis, while sparing the epithelial cells in
the duodenum, jejunum, and colon.>!? Advanced reovirus
studies have provided much information about the mech-
anisms underlying viral replication and pathogenesis.!!"12
However, Reoviridae viruses have limited ability to make
specific changes to the genome. Today, a specific treatment
or protection measures cannot be recommended because
of the lack of a definite relationship in the disease for peo-
ple with reovirus infections.
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1H-Indole-2,3-dione (isatin) is a heterocyclic com-
pound which has been known for nearly 150 years and is
involved in many pharmacological activities. Isatin is also
a highly versatile substrate that can be used in the prepara-
tion of a wide variety of heterocyclic compounds for drug
synthesis and is a versatile precursor for many biologically
active molecules. There are many studies on isatin 3-thio-
semicarbazone derivatives with antiviral activity, too.!>!
Methisazone (1-methylisatin 3-thiosemicarbazone) (I) is
the first compound approved by Food and Drug Admin-
istration (FDA) for treatment of the vaccinia virus causing
smallpox.!®!? It has been determined that 1-methylisatin
3-(4,4'-diethylthiosemicarbazone) (II) inhibits the moleney
murine leukemia virus.?? II and 1-allylisatin 3-(4,4"-diall-
ylthiosemicarbazone) (III) show significantly selective an-
ti-HIV activity.?! Antiviral activities of isatin 3-thiosemicar-
bazone derivatives against HSV-1 and HSV-2 viruses were
investigated, and SAR studies revealed that the thiourea
group in the thiosemicarbazone structure and the nitrogen
of the isatin ring play an important role in antiviral activ-
ity. As a result of the research, it was determined that de-
rivatives carring various substituents as methyl, ethyl, phe-
nyl and benzyl at position 1 of isatin do not show antiviral
activity, and the most effective derivative (IC5, 1.54 £ 0.21
uM) against HSV-2 virus was the compound IV carrying a
diethyl group at the thiosemicarbazone residue. The com-
pound V carrying a morpholinyl ring at the thiosemicar-
bazone residue showed the highest inhibition (ICs, 1.30 +
0.16 and 2.74 + 0.23 pM) against HSV-1 and HSV-2 viruses,
respectively. Moreover, the compound VI (ICs,2.20 + 0.34-
5.90 £ 0.26 uM) bearing a 5-methoxy or trifluoromethoxy
group as R; and a hydrogen, 3-methyl, 3-methoxy, 4-meth-
oxy, 4-chlorine or 4-bromine group as R, were found to be
selectively effective against HIV-1 virus.?> The antiviral ac-
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tivities of a series of isatin 3-thiosemicarbazones were exam-
ined against vaccinia and cowpox viruses, and their effects
were compared with metisazone and cidofovir. Among the
tested compounds, the compound VII was found to be the
strongest inhibitor against vaccinia (ECs, 0.6 £ 6.8 uM) and
cowpox (ECsy 6.0 + 2.9 uM) viruses and its antiviral activ-
ity was stronger than metisazone and cidofovir. Moreover,
5-bromoisatin has been defined as the key pharmacophore
for better antiviral activity (Figure 1).2

Many studies have been carried out to evaluate the
broad-spectrum antiviral activities of 3-imino isatin deriva-
tives carrying the 4-sulfamoylphenyl residue. The inhibito-
ry activities of 4-[(1,2-dihydro-2-oxo-3H-indol-3-ylidene)
amino]-N-(4,6-dimethyl-2-pyrimidinyl)-benzenesulfona-
mide (VIII) and its derivatives against vaccinia and cow-
pox viruses that cause smallpox were tested in vitro. While
5-methylisatin derivative (ECs, 18 uM) showed the strong-
est activity against vaccinia virus, 1-acetylisatin derivative
showed strong inhibitory effect against cowpox virus.?* VIII
and its derivatives were tested against influenza A and B vi-
ruses. Among the compounds tested, VIII and its 5-chloro,
5-bromo, 5-methyl and N-acetyl derivatives were found
to be effective against the HIN1 (ECs 13.8-26.0 pg/mL),
H3N2 (ECs 2.7-5.2 pg/mL) and H5N1 (ECs, 3.1-6.3 pg/
mL) strains of influenza A, and influenza B (ECs, 7.7-11.5
pg/mL).% VIII and its derivatives were also tested against
the 2009 pandemic influenza (HIN1) virus and all com-
pounds were found to inhibit the replication of the virus and
the most active compound was the 5-bromoisatin derivative
(ECsy 27 uM).%6 In the study in which some derivatives of
VIII were tested against HCV and SARS-CoV viruses, it
was determined that the 5-fluoroisatin derivative inhibited
the HCV RNA synthesis at 6 ug/mL and provided 45% pro-
tection against SARS-CoV replication. The results obtained
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Figure 1. Structures of 2-indolinone derivatives I-VIII with antiviral activity
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showed that sulfonamide side chain was important in VIII
and its derivatives (Figure 1).

In the present study, 1H-indole-2,3-dione 3-thio-
semicarbazones 6a-j carrying a 4-sulfamoylphenyl moiety
were evaluated for in vitro antiviral activity against pa-
ra-influenza-3 virus, reovirus-1, sindbis virus, coxsackie
virus B4, and Punto Toro virus. To investigate the contri-
bution of methyl substitution at position 1 of the indole
ring to antiviral activity, new 5-substituted 1-methyl-1H-
indole-2,3-dione 3-[4-(4-sulfamoylphenyl)thiosemicarba-
zones] 7a—c were synthesized and tested.

2. Results and Discussion

2. 1. Chemistry

5-Substituted 1H-indole-2,3-diones 1 were reacted
with methyl iodide to yield 1-methyl-5-substituted 1H-in-
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dole-2,3-diones 2. (4-Sulfamoylphenyl)isothiocyanate (4)
was obtained from the treatment of 4-aminobenzenesul-
fonamide (3) with thiophosgene. 4-(4-Sulfamoylphenyl)
thiosemicarbazide (5) was synthesized by the reaction of
4 and hydrazine hydrate. New 5-substituted 1-methyl-1H-
indole-2,3-dione 3-[4-(4-sulfamoylphenyl)thiosemicarba-
zones] 7a—c were prepared by the condensation of 5 and
2. The compounds 6a-j have been previously described in
the literature.?® Analytical and spectral findings proving
the analytical purity of the compounds 6a-j are given in
the Supplementary Material. The structures of new com-
pounds 7a-c were confirmed by elemental analysis and
spectral data (IR, 'H NMR, *C NMR-APT and LCMS-
ESI) (Scheme 1, Experimental Section, and Supplementa-
ry Material).

IR spectra of 7a-c showed absorption bands in the
3142-3358 cm™! region for NH stretchings of the thioam-
ide and sulfonamide functions. The bands resulting from

@ R,=H, R,=H

6b: R,=5-CH,, R,=H
6c: R =5-OCF,, R,=H
6d: R,=5-F, R,=H
6e: R =5-CL R,= 1T

6f: R =5-Br, R,=H

%RI%-SO}Na, R,=H

6h: R =7-F,R,=H

6i: R =7-Cl, R,= H

6j: R,=5,7-diBr, R,= 11
7a: R,=5-OCF,, R,= CH,

7h: R,=5-F, R,= CH,

7c: R =5-Br, R,= CH;

Scheme 1. Synthesis of 1H-indole-2,3-dione 3-[(4-sulfamoylphenyl)thiosemicarbazones] 6a-j and 7a—c. Reagents and conditions: i) DME, K,COs3,
K1, stirred, ii) H,O, HCI, stirred, iii) EtOH, stirred, cooled, iv) EtOH, H,SO,, reflux.
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lactam C=O and thioamide C=S stretchings appeared
at 1680-1691 and 1253-1367 cm™! regions, respective-
ly. S=O stretchings of sulfonamide groups appeared at
1313-1336 and 1151-1166 cm™! regions. 'H NMR spec-
tra of 7a—c displayed singlets at § 7.37-7.40, 11.01-11.05
and 12.65-12.71 ppm regions for sulfonamide, thiosem-
icarbazone N, and N, protons, respectively. The phenyl
protons of 4-sulfamoylphenylthiosemicarbazone moiety
which are deshielded by the electron-attracting action
of the sulfonamide and thioamide groups, showed as
a singlet in the § 7.37-7.40 ppm area. The N-CH; and
indole proton resonances of 7a—c were assigned to the
1-methyl-2-indolinone structure. The indole C, and Cg
protons were deshielded by the anisotropic effect of the
azomethine group at position 3 of the 2-indolinone ring.
The indole C, proton was shielded by the mesomeric

effect of the anilid NH group in the 2-indolinone ring.
The indole C4, C4 and C, protons of 7a-c showed at §
7.67-8.04, 7.33-7.65 and 7.15-7.26 ppm regions, respec-
tively. 1*C NMR-APT spectra of 7a—c displayed signals at
8 176.75-176.86, 160.94-161.41 and 131.00-131.70 ppm
regions due to C=S, indole C, and C; signals, respective-
ly. The phenyl carbon signals were observed in the order
of Cs, Cy, Cs, Cq, Cy, and C, starting from downfield. In-
dole C, and C,, carbons showed the most downfield shift
among the indole carbon signals. The indole C; and Cs,
carbons in the ortho position of the lactam group were
found to be the most shielded among the indole carbons.
In the spectra, shifts were observed in the indole signals
based on the nature of the substituents at position 5 of
the 2-indolinone ring. The indole Cs,, C,, Cs, C¢ signals
in the spectra of the 5-fluorine substituted 7b, which

Table 1. The MCC and ECs values of the compounds 6 and 7 against different viruses in Vero cells.

Compound R, R, MCC ECso (uM)®
(uM)? Para-influenza-3 Reovirus-1 Sindbis Coxsackie Punto
virus virus virus B4 Toro virus
6a H H 100 >20 >20 >20 >20 >20
6b 5-CHj; H 100 >20 >20 >20 >20 >20
6¢ 5-OCF; H >100 >100 2 >100 >100 >100 (testl)
100 >20 3 >20 >20 >20 (test2)
>100 Not tested 9 Not tested Not tested  Not tested  (test3)
6d 5-F H >20 >20 >20 >20 >20 >20
6e 5-Cl H 100 >20 >20 >20 >20 >20
6f 5-Br H >20 >20 2 >20 >20 >20 (testl)
100 >20 3 >20 >20 >20 (test2)
100 Not tested 2 Not tested Not tested  Not tested  (test3)
6g 5-SO;Na H >100 >100 >100 >100 >100 >100
6h 7-F H 100 >100 >100 >100 >100 >100
6i 7-Cl H 100 >100 >100 >100 >100 >100
6j 5,7-diBr H 100 >20 >20 >20 >20 >20
7a 5-OCF; CH; >20 >20 >20 >20 >20 >20
7b 5-F CH; 100 >20 >20 >20 >20 >20
7¢ 5-Br CH; 20 >4 >4 >4 >4 >4
DS-5000* >100 >100 >100 4 9 9 (testl)
>100 >100 >100 4 45 20 (test2
>100 >100 >100 4 20 20 (test3)
(S)-DHPA >250 >250 >250 >250 >250 >250 (test1)
>250 >250 >250 >250 >250 >250 (test2)
>250 >250 >250 >250 >250 >250 (test3)
Ribavirin >250 126 250 >250 >250 112 (testl)
>250 250 >250 >250 >250 >250 (test2)
>250 250 >250 >250 >250 >250 (test3)

2 Minimum cytotoxic concentration: required to cause a microscopically detectable alteration of normal cell morphology.

bRequired to reduce virus-induced cytopathogenicity by 50%.

* Concentration unit is pg/mL.

Note that the SI cannot be exactly calculated when the MCC is higher than the highest concentration tested.
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showed that the *C-’F connections were observed as
separate doublets. Electrospray ionization (ESI) mass
spectra of 7a—c were obtained using the positive ioniza-
tion technique.

2. 2. Antiviral Activity

1H-Indole-2,3-dione 3-[4-(4-sulfamoylphenyl)thi-
osemicarbazones] 6a-j were evaluated against para-in-
fluenza-3 virus, reovirus-1, sindbis virus, coxsackie virus
B4, and Punto Toro virus. DS-5000, (S)-DHPA and riba-
virin were used as standards in the tests (Table 1). Among
the compounds tested, the trifluoromethoxy substituted
6¢, and bromine substituted 6f at position 5 of the indole
ring showed selective antiviral activity against reovirus-1.
Three independent assays were performed to derive mean
fifty percent effective concentration (ECs;) values for 6¢
and 6f. The EC5, values of 6¢ were determined to be 2, 3
and 9 pM and the EC;, values of 6f were determined to
be 2, 3 and 2 pM. The minimum cytotoxic concentration
(MCC) values of 6¢ and 6f were determined as >100 or
100 uM, and 100 or >20 uM in Vero cells, respectively. In
Table 1, data indicating antiviral activity are marked in
yellow as the selectivity indexs (SI) (ratio of MCC to ECs)
are higher than five. The SI values of 6c and 6f are in the
range of 10-50 in Vero cells. However, in the presence of
hydrogen, methyl, chlorine or fluorine substituents at po-
sition 5 of the indole ring, the activity against reovirus-1
decreased to >20 uM. In the 5,7-dibromo substitution, the
activity decreased to >20 pM, while the 5-sulfonic acid
sodium or 7-fluorine and 7-chlorine substituted com-
pounds were found to be inactive. Moreover, none of the
compounds used as standard were found to be effective
against reovirus-1. The ECs, values of DS-5000, (S)-DH-
PA and ribavirin are >100, >250, and 250 or >250 pM,
respectively.

To investigate the contribution of methyl substitu-
tion at position 1 of the indole ring to antiviral activity, the
trifluoromethoxy substituted 7a, the fluorine substituted
7b and the bromine substituted 7c at position 5 of the in-
dole ring were also evaluated against para-influenza-3 vi-
rus, reovirus-1, sindbis virus, coxsackie virus B4, and Pun-
to Toro virus in Vero cells. The ECs, values of 7a—c against
all viruses tested were determined to be >20, >20 and >4
1M, respectively. As seen in the Table 1, the MCC values of
7a—c are >20, 100 and 20 uM in Vero cells, respectively. In
compounds 7a and 7c, the introduction of a methyl group
at position 1 of indole ring increased the cytotoxicity while
decreasing the antiviral activity against reovirus-1.

The antiviral activities of 6c and 6f, which are selec-
tive and non-toxic against reovirus-1 in Vero cells, have
also been investigated in HeLa cells against reovirus-1.
Two independent assays were performed to derive mean
fifty percent effective concentration (ECs,) values for 6¢
and 6f. The ECs, values of 6¢ were determined to be 45
and 20 M and the ECs, values of 6f were determined to be
45 and 45 M. The MCC values were determined to be >100
M for both 6¢ and 6f in HeLa cells. The SI value of 6¢c was
calculated as 5, but the SI value of 6f was determined to be
less than 5 (Table 2).

The results obtained show the importance of trifluo-
romethoxy and bromine substituents at position 5 of the
indole ring, as well as the presence of hydrogen at position
1 of the indole ring for the selective and nontoxic effect
against reovirus-1. Whereas, with 5-hydrogen, methyl,
fluorine, chlorine, sulfonic acid sodium, 5,7-dibromo,
7-fluorine and 7-chlorine substitution at the indole ring,
as well as 1-methyl substitution, the activity decreased or
inactive derivatives were obtained. The introduction of a
methyl group at position 1 of indole ring increased the
cytotoxicity while decreasing the antiviral activity against
reovirus-1.

Table 2. The MCC and ECs values of the compounds 6¢ and 6f against reovirus-1 in

HelLa cells.
Comp. R, R, MCC (M)®>  ECso(M)®
Reovirus-1
6¢ 5-OCF; H >100 45 (testl)
>100 20 (test2)
6f 5-Br H >100 45 (testl)
>100 45 (test 2)
DS-5000* >100 >100 (testl)
>100 >100 (test2)
(S)-DHPA >250 >250 (testl)
>250 >250 (test2)
Ribarivin >250 112 (testl)
>250 >250 (test2)

2 Minimum cytotoxic concentration: required to cause a microscopically detectable
b Required to reduce virus-induced cytopath-

alteration of normal cell morphology.

ogenicity by 50%. * Concentration unit is g/mL.

Note that the SI can not be exactly calculated when the MCC is higher than the high-

est concentration tested.
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Table 3. List of amino acids and interactions forming binding site of the compounds 6c¢ and 6f and binding energies.

Ligand  Binding Interaction Interacting atoms Binding
site type (protein-ligand) free energy
residues (kcal/mol)
6¢ Arg312 H-Bonding NHI-F1 -24.1
Arg312 H-Bonding NH2-F2
Arg312 H-Bonding NH2-03
Tyr313 T-shaped m-m Stacking ~ Phenyl ring-Phenyl ring
Val326 Hydrophobic Side chain carbons-Indole ring
Arg329 H-Bonding NEH-02
Phe330 Hydrophobic Phenyl ring-Indole ring
Gly331 Hydrophobic Side chain carbons-Phenyl ring
Met332 H-Bonding NH-02
Met332 H-Bonding O-NH4
Lys360 Hydrophobic Side chain carbons-Aliphatic chain
Asp362 Hydrophobic Side chain carbons-Indole ring
Asp363 H-Bonding OD2-NH
6f Trp350 n-7 Stacking Indole ring-Indole ring -14.4
Arg35l Hydrophobic Side chain carbons-Indole ring
Ala352 Hydrophobic CB-Aliphatic chain
Val354 Hydrophobic Side chain carbons-Phenyl ring
Ser370 H-Bonding OGH-02
Gln371 Hydrophobic Side chain carbons
Met372 Hydrophobic Side chain carbons-Phenyl rings
Thr373 H-Bonding NH-N,
Thr374 Hydrophobic Side chain carbons
Asn375 Hydrophobic Side chain carbons-Phenyl ring
Ser376 Hydrophobic Side chain carbons-Indole ring
=3
A I c 375
s |4 e
o
L
oy Ll oo

6¢c

Figure 2. (A) The binding sites for 6¢ and 6f are shown (three monomers of T1L are in different colors), (B) Detailed view of binding site for 6c,
interacting residues are labelled. (C) Detailed view of binding site for 6f, interacting residues are labelled.
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2. 3. Molecular Modeling

The lowest energy structures obtained from molecu-
lar dynamics (MD) simulations revealed the most proba-
ble binding sites for the compounds 6c and 6f (Figure 2A).
Moreover, binding free energies from MD simulations re-
vealed that 6c binds with 9.7 kcal/mol lower free energy
than 6f.

Compound 6c¢ was buried in between two homodi-
mers in the homotrimer structure of T1L protein (Figure
2A). The binding pocket for 6¢ was formed by amino acid
residues Arg312, Tyr313, Val326, Arg329, Phe330, Gly331,
Met332, Lys360, Asp362 and Asp363 (Figure 2B). It bound
to the protein mostly through hydrogen (H-) bondings in
addition to few hydrophobic interactions (Table 3). Hy-
drophobic interactions were mainly governed by its indole
ring. Reason for this placement was -OCF; group, which
interacts with the residue Arg312 of one monomer, which
in return interacted with GIn325 residue of the second
monomer at the body part of T1L protein. This must be
the reason for lower binding energy for compound 6c.

The binding site of compound 6f was located in the
head domain of one of the monomers in the homotrimer
structure of T1L protein (Figure 2A). It bound to the site
formed by amino acid residues Trp350, Arg351, Ala352,
Val354, Ser370, GIn371, Met372, Thr373, Thr374, Asn375
and Ser376 (Figure 2C). Interactions were mainly hydro-
phobic, mostly governed by indole and phenyl rings of the
ligand (Table 3). The trifluoromethoxy group in 6¢, was re-
placed by bromine in 6f, which affects the binding site and
nature of the interactions. This binding pocket was very
similar to the GM2 glycan binding site.?’ The potent in-
hibitory activity of this molecule observed in this present
study might be due to this critical binding site.

3. Materials and Methods
3. 1. Chemistry
3. 1. 1. General

Melting points of the synthesized derivatives were
recorded in open capillaries using a Biichi B-540 Melting
Point apparatus and are uncorrected. IR spectra (as KBr
discs) were measured with a Shimadzu IR Affinity-1 FTIR
spectrophotometer. 'H and '3C NMR spectra were obtained
on Varian UNITY INOVA 500 MHz and Bruker Avance
NEO 500 MHz spectrophotometers in DMSO-ds. Mass
spectra were recorded on a Thermo Finnigan LCQ Advan-
tage Max spectrometer. Analytical data were obtained on
Thermo Finnigan Flash EA 1112 elemental analyzer.

3. 1. 2. Synthesis of 1-methyl-5-substituted
1H-indole-2,3-diones 230-32

1H-Indole-2,3-diones 1 (5 mmol) and 0.97 g of anhy-
drous potassium carbonate (K,CO3;, MW: 138.21, 7 mmol)

are stirred in 10 mL of N,N-dimethylformamide (DME,
MW: 73.09) at room temperature for 1 h. After the addi-
tion of methyl iodide (CH3I, MW: 141.94, 15 mmol) and
0.17 g of anhydrous potassium iodide (KI, MW: 166.00,
1 mmol) as a catalyst, the reaction is heated to 50-60 °C
until completed. The reaction mixture was evaporated to
dryness under reduced pressure, washed with ice water
and recrystallized from ethanol.

3. 1. 3. Synthesis of 4-(isothiocyanato)
benzenesulfonamide (4)33

4-Aminobenzenesulfonamide (3) (MW: 172.20, 3
mmol) was dissolved in 50 mL of water containing 12 mL
of concentrated hydrochloric acid (HCl, MW: 36.46). To
the solution, thiophosgene (CSCl,, MW: 114.98, 3 mmol)
was added in one portion. Stirring was begun immediate-
ly and continued until all of the red color of CSCI, dis-
appeared and the product appeared as a white crystalline
precipitate. The precipitate was filtered and washed thor-
oughly with water.

3. 1. 4. Synthesis of 4-(4-sulfamoylphenyl)
thiosemicarbazide (5)%8

To a solution of hydrazine hydrate (NH,NH,-H,O,
MW: 50.06, 5 mmol) in 10 mL of ethanol, a suspension of
1.07 g of 4-(isothiocyanato)benzenesulfonamide (4) (MW:
214.26, 5 mmol) in ethanol (10 mL) was added dropwise
with stirring and cooling in an ice bath. The mixture was
allowed to stand overnight. The crystals formed were
recrystallized from ethanol.

3. 1. 5. Synthesis of 5-(non)substituted 1H-indole-
2,3-dione 3-[4-(4-sulfamoylphenyl)

thiosemicarbazones] 6a-j8-3435

0.86 g of 4-(4-sulfamoylphenyl)thiosemicarbazide
(5) (MW: 246.3099, 3.5 mmol) was added to the solution
of 1H-indole-2,3-diones 1a-j (3.5 mmol) in ethanol (20
mL) containing a catalytic amount of concentrated sulfu-
ric acid (H,SO4, MW: 98.08). The mixture was refluxed on
a water bath. The product formed after cooling was filtered
and washed with ethanol or recrystallized from ethanol.
The compounds 6a-j have been previously described by
Karali et al.® Experimental information for these mole-
cules is given in the Supplementary Material.

3. 1. 6. Synthesis of 1-methyl-5-
substituted 1H-indole-2,3-
dione 3-[4-(4-sulfamoylphenyl)
thiosemicarbazones] 7a—c?83435
0.86 g of 4-(4-sulfamoylphenyl)thiosemicarbazide

(5) (MW: 246.3099, 3.5 mmol) was added to the solution
of 5-substituted 1-methyl-1H-indole-2,3-diones 2 (3.5
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mmol) in ethanol (20 mL) containing a catalytic amount
of concentrated sulfuric acid (H,SO,, MW: 98.08). The
mixture was refluxed on a water bath. The product formed
after cooling was filtered and washed with ethanol or
recrystallized from ethanol.

1-Methyl-5-(trifluoromethoxy)-1H-indole-2,3-dione
3-[4-(4-Sulfamoylphenyl)-thiosemicarbazone] (7a).
Orange powder (1.16 g, 70%), mp 241-243 °C; IR (KBr):
3358, 3269 (NH), 1681 (C=0), 1616, 1573, 1519, 1479
(C=N, C=C), 1336, 1151 (S=0), 1211 (C=S), 1151 (C-F).
'H NMR (DMSO-d,, 500 MHz) 6 3.25 (s, 3H, NCH;), 7.26
(1H, dd, ] = 7.8, 1.0 Hz, ind. C,-H), 7.37 (2H, s, SO,NH,),
7.48 (1H, d, J = 7.8 Hz, ind. C4-H), 7.78 (1H, s, ind. C4-
H), 7.86 (4H, s, phen.), 11.03 (1H, s, N,-H), 12.69 (1H, s,
N,-H). 3C NMR (1*C NMR-APT, DMSO-d,, 125 MHz)
8 26.44 (ind. N-CH,), 111.63 (ind. C,), 114.77 (ind. C,),
120.68 (q, J = 256.1 Hz, OCF3), 121.08 (ind. C,,), 124.74
(ind. Cg), 126.04 (phen. C, ), 126.54 (phen. C;5), 131.34
(ind. C3), 141.67 (phen. Cy), 141.85 (phen. C,), 143.17 (ind.
C,,), 144.48 (ind. Cs), 161.41 (ind. C,), 176.86 (CS). LCMS
(ESI (+)) C7H;sF3N;0,S, [M+H]*: 474.456761; found
[M+H]*: 474.00. Anal. Calcd for C,;H;4,F;N50,S,.1/,H,0
(482.4570096): C, 42.32; H, 3.13; N, 14.51; found: C, 42.41;
H, 2.80; N, 14.85.

1-Methyl-5-fluoro-1H-indole-2,3-dione 3-[4-(4-Sulfa-
moylphenyl)thiosemicarbazone] (7b). Orange powder
(1.21 g, 85%), mp 265-268 °C; IR (KBr): 3305, 3228, 3116
(NH), 1680 (C=0), 1618, 1597, 1541, 1475 (C=N, C=C),
1332, 1161 (5=0), 1217 (C=S), 1151 (C-F). 'H NMR (DM-
SO-dg, 500 MHz) § 3.22 (s, 3H, NCH3;), 7.19 (1H, dd, J =
8.4, 4.0 Hz, ind. C,-H), 7.33 (1H, dt, ] = 8.4, 2.8 Hz, ind.
Ce-H), 7.39 (2H, s, SO,NH,), 7.67 (1H, dd, ] = 8.0, 2.4 Hz,
ind. C4-H), 7.87 (4H, s, phen.), 11.01 (1H, s, N4-H), 12.71
(1H, s, N,-H). 1*C NMR (}*C NMR-APT, DMSO-dg, 125
MHz) § 26.38 (ind. N-CH3), 108.71 (d, J = 26.1 Hz, ind.
Cy), 111.58 (d, J = 7.8 Hz, ind. C,), 118.03 (d, ] = 24.2 Hz,
ind. Cg), 121.00 (d, J = 9.3 Hz, ind. Cs,), 125.83 (phen.
Cy6), 126.52 (phen. Cy5), 131.70 (ind. Cj), 140.57 (ind.
C,.), 141.69 (phen. Cy), 141.73 (phen. C;), 159.16 (d, ] =
238.3 Hz, ind. Cs), 161.29 (ind. C,), 176.75 (CS). LCMS
(ESI (+)) C,¢H,5FN;03S, [M+H]*: 408.4498546; found
[M+H]*: 408.00. Anal. Calcd for C;4H,,FN;0,S,.1/,H,0
(416.4501032): C, 46.14; H, 3.63; N, 16.81; found: C, 45.94;
H, 3.07; N, 17.25.

1-Methyl-5-bromo-1H-indole-2,3-dione 3-[4-(4-Sulfa-
moylphenyl)thiosemicarbazone] (7c). Orange powder
(1.42 g, 87%), mp 275-277 °C; IR (KBr): 3305, 3236, 3142
(NH), 1680 (C=0), 1595, 1539, 1469 (C=N, C=C), 1328,
1161 (S=0), 1217 (C=S), 831 (C-Br). 'H NMR (DMSO-dg,
500 MHz) § 3.21 (s, 3H, NCH3), 7.15 (1H, d, ] = 8.4 Hz,
ind. C;-H), 7.65 (1H, dd, J = 8.4, 2.0 Hz, ind. C4-H), 7.40
(2H, s, SO,NH,), 8.04 (1H, d, J = 2.0 Hz, ind. C,-H), 7.87
(4H, s, phen.), 11.05 (1H, s, N,-H), 12.65 (1H, s, N,-H).

13C NMR (*C NMR-APT, DMSO-dq, 125 MHz) § 26.38
(ind. N-CH,), 112.39 (ind. C,), 115.33 (ind. Cs), 121.73
(ind. Cj,), 123.93 (ind. Cy), 125.95 (phen. C,¢), 126.51
(phen. Cj5), 131.00 (ind. Cj), 133.90 (ind. Cy), 141.68
(phen. C,), 141.76 (phen. C,), 143.33 (ind. C,,), 160.94
(ind. Cy), 176.76 (CS). LCMS (ESI-): m/z (%) 466, 468
([M-H]J, 12,11), 252,254 (12, 14), 213 (100), 187 (12), 149
(18), 115, 117 (14, 16). LCMS (ESI (+)) C,¢H,sBrN;05S,
[M+H]*: 469.3554514; found [M+H]*: 469.90. Anal.
Calcd for C,H,,BrN;O5S, (468.34806): C, 41.03; H, 3.01;
N, 14.95; found: C, 40.79; H, 2.60; N, 14.74.

3. . Antiviral Activity

The compounds 6a-j and 7a-c were evaluated for
antiviral activity against para-influenza-3, reovirus-1,
sindbis virus, coxsackie virus B4, and Punto Toro virus in
Vero cells and reovirus-1 in HeLa cells.**3” The assays were
performed in 96-well plates containing semicon-fluent cell
cultures. At the same time with the virus, serial dilutions
of the test or reference compounds (DS-5000, (S)-DHPA
and ribavirin) were added. After the plates were incubated
at 37 °C for 3-6 days, the antiviral activities of the com-
pounds [expressed as 50% effective concentration (EC50)]
and cytotoxicity [expressed as minimum cytotoxic con-
centration (MCC)] were determined by microscopy (min-
imal changes in cell morphology).

3. 3. Molecular Modeling

3. 3. 1. Molecular Dynamics Simulations

Starting structure for reovirus type 1 (strain Lang)
(T1L) protein was obtained from RCSB Protein Data Bank,
which was obtained by X-ray diffraction with resolution of
2.2 A (PDB ID: 4xc5).1 It is a homotrimer structure. Three
magnesium ions, which were coordinated to Asn375 and
Thr454 residues of each monomer contributing to struc-
tural integrity were kept. Crystal water molecules were
stripped. Sidechain atoms of some resiudes were missing
so they were completed on YASARA Structure software.*
Protonations states of each titratable residue were calculat-
ed on PROPKA server.3® Upon this calculation the Asp362
residues of each monomer were protonated with pK, val-
ues 12.83, 11.74, and 14.15, respectively. Other titratable
residues were calculated to be in their default protonation
states, acidic residues were deprotonated and basic resi-
dues were protonated.

This T1L protein model was subjected to 20 ns long
classical molecular dynamics (MD) simulations, utilizing
GROMACS 5.1.4 program*~4? which was utilized with
GROMOS force field GROMOS96 54A7.43 Protein, with
Mg?* ions, was placed in truncated, cubic boxes with di-
mensions of 10.0 x 10.0 x 10.0 nm. These dimensions en-
sured that at any point of the simulation the proteins stayed
in the simulation box. Single point charge (SPC) water
molecules were placed into the box and total of 27 sodium
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and chloride ions were added to neutralize the system.*

Firstly, starting system was subsequently energy-mini-
mized using the steepest descent method for 50,000 steps.
Then, energy-minimized structures were taken for the
production phase. MD simulation without any constraints
was carried out using a constant number of particles (N),
pressure (P), and temperature (T), i.e. NPT ensemble. The
SETTLE algorithm was utilized to constrain the bond
length and bond angle of the water molecules while the
LINCS algorithm was used to constrain the bond length
of the peptide.*>46 Particle-mesh Ewald (PME) method
was utilized to treat long-range electrostatic interactions.*’
A constant pressure of 1 bar was applied with a coupling
constant of 1.0 ps and water molecules/ions were coupled
separately to a bath at 303 K with a coupling constant of
0.1 ps. The equation of motion was integrated at 2 fs time
steps using a leap-frog algorithm.*® The tools available in
the GROMACS and VMD 1.9.1. software were utilized
to analyze trajectories.* The most representative struc-
ture of 20 ns simulation was obtained by clustering tool of
GROMACS (g_cluster).

Docking poses, ligand bound structures, with the
highest binding affinities, for ligands 6¢ and 6f, were sub-
jected to further 20 ns long classical MD simulations to
test the stability of ligands in these binding pockets, utiliz-
ing YASARA Structure software, which utilized YASARA2
force field.’*! Exactly the same conditions described
above for T1L protein MD simulation, including box sizes,
were applied. Binding free energies were calculated with
the same software, md_analyzebindenergy macro.*® This
module calculates energies without the entropy term.

G= Ebind + Eel + EvdW + Gpolur + Gnonpolar

Here, the first three terms represent binding, electro-
static, and van der Waals interactions, respectively. G,
and G,onpoiar are polar and nonpolar contributions of sol-
vation free energies, respectively. It is very similar to MM/
PBSA for the entropy term, which can be neglected in the
context of main goal of these calculations. Then, binding
free energy is calculated by the following equation.

Binding Energy = (Greceptor + Grigand) + (GS0Wpeceptor
+ GsoWiigana) = (Geomplex + GSOW Complex)

The first two terms stand for potential energies of
the receptor and ligand, and the next two terms represent
solvation energies of the receptor and ligand, and the last
terms are potential and solvation energies of the complex.

3. 3. 2. Molecular Docking Simulations

All docking simulations were performed utilizing
AutoDock Vina 1.1.2 software.> Protein structures were
putintoa 7.6 x 7.2 x 7.2 nm grid box to occupy the whole
ligand-protein systems and the spacing was kept at 1.00 A,

a standard value for AutoDock Vina. Each docking trial
produced 20 poses with the exhaustiveness value of 20.

Structures of ligands were optimized by using YAS-
ARA software with YAMBER force field.>*! Binding pos-
es were grouped according to their binding affinity, high
population of hits, and RMSD values. One binding pocket
for each ligand, which produced the highest binding affin-
ity, was assessed. AutoDock Vina uses a stochastic optimi-
zation algorithm thus, for each ligand docking simulations
were repeated twice. Repetition of simulations produced
similar binding results with highly similar binding affini-
ties. Ligands in their most probable binding pockets were
subjected to 20 ns long classical MD simulations, as de-
scribed above.

4. Conclusions

These results demonstrate the importance of posi-
tion 1 of the unsubstituted indole ring for selective activity
against reovirus-1 as well as trifluoromethoxy and bro-
mine substitution at position 5 of the indole ring. In com-
pounds substituted with trifluoromethoxy and bromine
at position 5 of the indole ring, 1-methyl substitution at
position 1 of the indole ring caused a decrease in anti-re-
ovirus-1 activity as well as an increase in cytoxicity. With
molecular modeling analyses, the mechanisms of action
of selective and non-toxic compounds were determined
against reovirus-1.

Supplementary Material

The data that support the findings of this study are
available in the Supplementary Material file.
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Preutili smo aktivnost 1H-indol-2,3-dion 3-[4-(4-sulfamoilfenil)tiosemikarbazonov] 6a-j proti naslednjim virusom:
para-influenca-3, reovirus-1, sindbis, coxsackie B4 in Punto Toro. Sintetizirali smo nove 1-metil-1H-indol-2,3-dion
3-[4-(4-sulfamoilfenil)tiosemikarbazone] 7a—c in dolo¢ili vpliv metilnega substituenta na poloZaju 1 indolnega sistema
na antivirusno aktivnost. Rezultati kazejo, da sta 5-trifluorometoksi substituirana spojina 6c (ECsy 2-9 pM) in 5-bromo
substituirana 6f (ECsy 2-3 pM) nestrupeni ter da kaZzeta selektivno antivirusno aktivnost; po drugi strani pa niti vsi
standardi niso aktivni proti reovirusu-1. Studije molekulskega sidranja spojin 6¢ and 6f smo izvedli z namenom dolo¢an-
ja mesta vezave v reovirusu-1. Trifluorometoksi and bromino substituenta na polozaju 5 indolnega sistema zagotavljata
selektivno antivirusno aktivnost; metilni substituent na poloZaju 1 indolnega sistema pa ob¢utno zmanjsa aktivnost proti

reovirusu-1, hkrati pa ima povecano strupenost.
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