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Tuberculosis is a curable disease that costs the lives of 1.5 million people per year. It continues to pose a
threat to global public health owing to the prevalence of multi-drug resistant (MDR) Mycobacterium tuber-
culosis strains which make its eradication a continuous challenge. To explore novel and effective antimy-
cobacterial agents, a series of dithiocarbamates/dithiocarbonate-nitrosaccharin hybrids were prepared,

characterized by spectral analyses, and assessed for their antimycobacterial activity against M.tuberculosis
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gets for compound 6g.

strain H37Rv. Some compounds showed activity with a minimum inhibitory concentration (MIC) of 0.45-
6.09 ng/mL. Reverse ensemble docking against nine putative targets with fifteen different crystal struc-
tures was conducted to understand the mechanism of action of the most potent compound 6g. The in
silico studies suggested enoyl ACP-reductase (InhA) and polyketide synthase 13 (Pks13) as possible tar-

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Tuberculosis (TB) is a curable contagious disease caused by My-
cobacterium tuberculosis that infected10 million people and killed
1.5 million in 2020 [1]. Treatment of TB requires 3-4 drugs for 6
months [2-4]. The UN Sustainable Development Goals (SDG) for TB
aims at a 90% reduction in TB-related mortality by 2030 [5]. How-
ever, attaining this is challenging due to the widespread presence
of multidrug-resistant (MDR) and extensively drug-resistant (XDR)
TB that have rendered the arsenal of anti-TB agents less active or
even inactive [6]. If the TB SDG target is not met by 2030, it will
kill 5.1 million and cost the world economy $3 trillion by 2045 [5].
To combat antimycobacterial resistance, scientists are searching for
safer and cheaper novel agents with different mechanisms of ac-
tion [2,3,7].

Dithiocarbamate and dithiocarbonates are sulfur-containing
dithioates with similar backbones. Dithioates have a wide spec-
trum of biological actions due to the sulfur’s nucleophilic and

* Corresponding author.
E-mail address: oguzel@istanbul.edu.tr (0. Giizel-Akdemir).

https://doi.org/10.1016/j.molstruc.2022.134818
0022-2860/© 2022 Elsevier B.V. All rights reserved.

redox characteristics, attracting the attention of drug experts
[8,9]. Dithioates are employed as precursors, linkers, and amine-
protecting groups [10]. Dithiocarbamateis an important structural
component in the natural compound brassinin that has anticancer
properties, and in synthetic compounds like disulfiram and sulfora-
mate that treat alcoholism and prevent cancer development, re-
spectively (Fig. 1) [10]. Dithiocarbamates are used in drug devel-
opment because of their versatility, lipophilicity, and ability to be
bioisosterically modified. [11-13]. Their hybridization with essen-
tial scaffolds and antibiotics, such as ciprofloxacin and monobac-
tam [14]; and the formation of complexes with transition met-
als have manifested antibacterial [14-18], antimycobacterial [13],
antifungal [17-19], antileishmanial [20] and anticancer activities
[11,21]. In addition, dithiocarbamates inhibit carbonic anhydrase,
cholinesterase [22], and «-Glucosidase enzymes [23]. On the other
hand, dithiocarbonates, known as xanthates, are used as precursors
to scaffolds like lactams and indoles [24]. Beside xanthates have
antibacterial [25], antimycobacterial [13], antifungal [25], and an-
ticancer [13,26] as well as herbicidal and pesticidal activities [27].
Xanthates are also reported as carbonic anhydrase and tyrosinase
inhibitors [28,29].
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Fig. 1. Structures of compounds containing dithiocarbamates.

Saccharin, one of the oldest artificial-noncaloric sweeteners
used in the food and drug industry as an alternative to sugar, has
enjoyed being a subject of great interest in pharmaceutical chem-
istry [30]. In addition to antibacterial [31,32], antimycobacterial,
anticancer [13], antiviral [33], antioxidant activities [31], saccha-
rin analogs, inhibit carbonic anhydrase [34], interferon [35], human
leukocyte elastase, cathepsin G, proteinase 3 [36], and rhomboid
intramembrane protease enzymes [37].

In past decades, the exploration of promising druggable tar-
gets has earned paramount importance in the search for novel
and effective drugs, particularly antimycobacterial drugs for com-
bating antimycobacterial resistance. Antimycobacterial proteins ab-
sent in humans, such as enoyl-acyl carrier protein (ACP) re-
ductase (InhA), polyketide synthase (Pks13), salicylate synthase
(Mbtl), 3-oxoacyl-[acyl-carrier-protein] synthase 1 (KasA), fatty
acid degradation protein D32 (FadD32), 3-dehydroquinate de-
hydratase (AroQ), (3R)-hydroxyacyl-ACP dehydratase heterodimer
(HadAB), prenylphosphoryl-beta-p-ribose oxidase (DprE1), and
trehalose monomycolate transporter (Mmpl3) are promising
druggable targets crucial for the survival of M. tuberculosis
[38,39].

Structure-based virtual screening (SBVS) uses molecular dock-
ing to identify potential molecules in a chemical library that can
bind to a target [40,41]. Molecular docking predicts the binding
mode and affinity of a ligand-based on ligand-protein complemen-
tarity using a scoring function [41-43]. Thus, detailed information
on the 3D structure of a particular target protein eases the de-
termination of a particular scaffold with appropriate substituents,
thereby generating potential hits that can eventually be synthe-
sized. SBVS is not applicable if the synthesized compounds are
tested in bioactivity assays directly without performing binding or
inhibition assays against the target [44]. In this situation, reverse
virtual screening (RVS) or reverse docking studies are appropri-
ate and advantageous approaches. In short, the most active com-
pounds are docked into a set of putative target proteins to identify
the most likely target(s) for the tested compounds [43,45]. Also,
RVS vastly contributes to revealing the target of present drugs with
unknown mechanisms of action and to drug repurposing of clini-
cally approved drugs [43,45,46]. At the same time, RVS encounters
a limitation of docking compound(s) to a single rigid structure of a
target protein which could have different conformations due to dif-
ferent rotamers of amino acids [41,47,48]. To address this problem,
an ensemble of different conformations of a target protein(s) is
used in docking to simulate the induced-fit-based conformational
changes or protein flexibility [41,48].

Here, we report the synthesis and antimycobacterial activity of
11 novel dithioate-nitrosaccharin derivatives. To investigate the pu-
tative target of the most potent compound, 6g, we conducted a re-
verse virtual screening against 9 different target proteins, and we
utilized ensemble docking to address different structures of InhA
due to the presence of different rotamers of some amino acids in
the binding site.

2. Results and discussion
2.1. Chemistry

The compounds were successfully prepared via multi-
step synthesis as depicted in Scheme 1. 2-methyl-5-
nitrobenzenesulfonamide (2) was prepared according to a pre-
viously reported method in the literature [49]. Cranwell et al.
communicated the synthesis of 6-nitrosaccharin (3) by heating
compound 2 in H,SO4 at 65-70 °C [50]. However, this method
was not successful, and thus, we increased and maintained the
temperature at 75-80 °C. The methyl group of compound 2 was
oxidized to carboxylic acid using chromium(VI)oxide and then
cyclocondensed to give compound 3. Although the purification of
compound 2 leads to a low yield, we realized that compound 3
could only be obtained with a considerable yield of at least 50%
using pure compound 2.

In the subsequent step, 6-nitrosaccharin (3) was successfully
hydroxymethylated with formaldehyde to give a good yield of com-
pound 4. Again, our attempt of chlorinating compound 4 with
SOCl, in ether to obtain 5 encountered difficulties and ended with
side products and low yield. We assume this was due to the ex-
cess SOCl, left in the reaction mixture. To avoid this, we decided
to eradicate SOCl, by either adding a base or keeping the reaction
mixture open for a long period to facilitate the removal of SOCI,.
However, only the latter accomplished the removal of SOCl,. In the
final step, we first tried to synthesize our target compounds 6a-g
by refluxing compound 5 with potassium dithiocarbamate deriva-
tives in ethanol. This procedure only afforded compound 6g. Inter-
estingly, when we replaced ethanol with acetone, compounds 6a-g
and 7a-d were successfully obtained (Scheme 1). The structures of
all newly synthesized compounds were confirmed by NMR and IR
spectra (See Supplementary, Figs. S1-S52).

In the FT-IR spectra of the new compounds 3-5, 6a-6g, and 7a-
7d, the lactam C = O group on the nitrosaccharin ring signaled be-
tween 1747 and 1725 cm~! as strong stretching bands. The asym-
metric and symmetric S = O stretching vibrations of the sulfon-
amide group had absorption bands at the 1272-1259 cm~! and
1188-1182 cm™! areas, respectively. For compounds 6a-6g and 7a-
7d, additional C = S stretching bands appeared between 1241 and
1211 cm~! which point out the formed dithiocarbamate or dithio-
carbonate functionality.

The 'H NMR spectra of the intermediates 3-5, dithiocarbamates
6a-6g, and dithiocarbonates 7a-7d showed common proton sig-
nals due to the main scaffold nitrosacharin ring. Starting from
the downfield, the C; proton of the benzisothiazole rings was ob-
served between § 9.34-8.76 ppm as a —-meta coupled doublet due
to the interaction with the Cs proton of the rings. The Cs protons
of the compounds resonated between § 8.77-8.55 ppm as a dou-
blet of doublet making both -ortho and -meta coupling with C4
and C; protons, respectively. The C4 protons of the common ben-
zisothiazole interacted only with Cs protons and appeared doublets
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Scheme 1. Preparation of (6-nitro-1,1-dioxido-3-o0xo-1,2-benzisothiazol-2(3H)-yl) methyl N,N-disubstituted dithiocarbamate / O-alkyldithiocarbonate derivatives. Reagents and
conditions: (i) CISOsH, NHs; (ii) CrOs, H*; (iii) 37% HCHO, EtOH, 0 °C, 16 h; (iv) ether, SOCl,, 0 °C, 24 h; (v) RCS;K/ ROCS;K, EtOH, reflux, 1 h.

between § 8.40-8.04 ppm. The methylene protons of -N-CH,-S-
groups were detected as singlets at § 5.87-5.48 ppm for dithio-
carbamates 6a-6g, and dithiocarbonates 7a-7d Similarly, interme-
diates 4 and 5 signaled singlets at § 5.22 and § 5.87 ppm due to
their -N-CH,_0- and -N-CH,_Cl group protons, respectively. Ad-
ditionally, for compounds 3 and 4, N-H and O-H protons were
observed at § 4.89 ppm, and § 5.59 ppm as singlets, respectively.
All the other peaks associated with other protons of newly syn-
thesized compounds 6a-6g and 7a-7d were observed in relevant
regions due to their substitution patterns.

The 13C NMR (APT and HSQC-2D) spectra of the new
nitrosaccharin-based compounds 6a-6g and 7a-7d (except 6b and
6d) indicated that the carbon signals of the common C = S moi-
ety were detected with the highest shift value, at § 209.88-
187.66 ppm, and the absence of these peaks for intermediates
3-5 was verified the dithiocarbamate or carbonate structures of
newly synthesized compounds. Other carbons of the common ni-
trosacharin ring appeared usually starting from the C = O (6
161.78-156.75 ppm) in order to Cg, Cy,, C3,, Cs5, C4, and C; (be-
tween § 152.93-117.32 ppm). The methylene carbons shifts of -
N-CH,- groups were detected between § 63.90-42.44 ppm. To fur-
ther structural analysis, HSQC-2D run on compounds 5, 6c, 6e, 6f,
and 7d allowed the complete assignment of the proton and carbon
NMR signals of substituted groups to the main scaffold, particularly
(See Supplementary, Figs. S1-S52).

The molecular ions and fragmentations signals of the new com-
pounds were determined with mass spectroscopies (APCI and ESI)
which confirmed the exact mass of the compounds 6a-6f and 7d,
and the main fragment hydroxyimino cation for compounds 7a-7c¢
(See Supplementary, Figs. S1-S52).

2.2. In vitro evaluation of antimycobacterial activity against M.
tuberculosis H37Rv

The primary screen was conducted against M. tuberculosis
H37Rv (ATCC 27294) in BACTEC 12B medium using a broth mi-
crodilution assay (MABA; Microplate Alamar Blue Assay) at the

Tuberculosis Antimicrobial Acquisition and Coordinating Facility
(TAACF) [51]. Compounds were tested in ten 2-fold dilutions,
usually from 100 pg/mL to 0.19 pg/mL. Compounds demonstrat-
ing bacterial growth inhibition of at least 90% in the primary
screen were retested against M. tuberculosis H37Rv to determine
the actual minimum inhibitory concentration (MIC) in the MABA
(Table 1). The MIC was defined as the lowest concentration ef-
fecting a reduction in fluorescence of 90% relative to controls. ICqq
values of < 10 pg/mL are considered active and seven compounds
were identified of which compound 6g is the most potent against
M. tuberculosis.

Among the newly synthesized compounds, the dithiocarba-
mate derivate compound 6g showed the best inhibitory activ-
ity against M. tuberculosis H37Rv with the lowest MIC values
(ICgp = 0.450 pg/mL, shown in Table 1; ICs5p = 0.400 pg/mL, not
shown). Although a clear structure-activity relationship could not
be determined, it can be inferred that dithiocarbamate deriva-
tives are more active in mycobacterial growth inhibition assays
than dithiocarbonate derivatives. For dithiocarbamate 6a-6g, bear-
ing open alkyl chains (i.e. compounds 6a and 6b) or bulky groups
like benzylpiperazine (i.e. compound 6e, ICqp> 100 pg/mL, shown
in Table 1; and ICsg= 75.740 pg/mL, not shown) resulted in de-
creasing antitubercular activity. Conversely, compounds substituted
with cyclic amines carrying small groups like compounds 6¢, 6d,
6f, and 6g seem to be preferable for increasing the inhibitory po-
tential. Among them, compound 6g bearing the five-membered
pyrrolidine maximized the activity. For dithiocarbonate derivatives
7a-7d, again, substitutions with small residues increased inhibitory
activity, and the worst inhibitory activity was detected for com-
pound 7c with a bulky pentyl chain, eventually (IC5o= 27.260 and
ICgo= 60.970 pg/mL).

2.3. Molecular modeling studies to identify possible target proteins
for observed MT growth inhibition data

Possible target proteins have first been identified from the liter-
ature and subsequently, a reverse ensemble docking study was per-
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In vitro antimycobacterial activity of compounds 6a-g and 7a-d has been shared as ICy values.
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Table 2 RMSD for the NAD-containing InhA structures (4BQP, 4UVG, 3FNG,
Essential targets of M. Tuberculosis used in molecular modeling 4DOR) with reference to 4TZK was between 0.24 A and 0.98 A (268
tudies. . - )
studles Ca-atoms) while for the apo structure 4BGE with respect to 4BGE
Protein Target  Function PDB ID (A) it was 0.62 A (268 Ca-atoms).

Pks13 Mycolic acid biosynthesis ~ 5V3X (1.94 A)
KasA Mycolic acid biosynthesis ~ 6Y2I (1.53 A)
FadD32 Mycolic acid biosynthesis ~ 5HM3 (2.25 A)
HadAB Mycolic acid biosynthesis ~ 4RLT (2.05 A)
DprE1 Cell wall biosynthesis 4P8C (1.95 A)
AroQ Amino acid biosynthesis 2Y71 (1.50 A)
Mmpl3 Mycolic acid transport 7C2N (2.82 A)
Mbtl Mycobactin biosynthesis 3VEH (2.00 A)

formed for 6g. Subsequently, selected protein-6g complexes were
further investigated with MD simulations.

Target protein selection

A total of nine different proteins reported to be potential drug-
gable targets, that are vital to the growth of M. Tuberculosis, were
selected for reverse virtual screening (Table 2). One crystal struc-
ture was selected for each protein. However, seven different crystal
structures were selected for InhA due to the presence of various
high-resolution cocrystal structures and significant conformational
differences in the residues of the active site (Table 3).

These seven InhA crystal structures showed differences in the
sidechain conformations of especially Phe149 and Tyr158, the Helix
H6 conformation, and the presence or absence of the NAD cofac-
tor (Fig. 2). Phe149 and Tyr158 can be either pointing towards the
ligand enabling binding interactions (“in” position) or away from
the ligand creating additional space in the active site (“out” posi-
tion). Helix H6 (residues 196—206) is located near the active site
and affects the binging modes of ligands. It can be either point-
ing towards the active site and narrowing it (“closed” state) or
away from the active site making its volume larger (“open” state).
The InhA crystal structures were superimposed on Co-atoms. The

InhA (PDB: 3FNG) has Phe149 in the out position, Tyr158 in
the in position which forms a hydrogen bond with the ligand, the
NAD cofactor present which forms a hydrogen bond with the lig-
and, and helix H6 closed (purple in Fig. 2). InhA (PDB: 4UVG)
has both Phel49 and Tyr158 in the out position, helix H6 open,
and the NAD cofactor present which forms a hydrogen bond with
the ligand (turquoise in Fig. 2). InhA (PDB: 4TZK) has Phe149 in
the out position, Tyr158 in the in position which forms a hydro-
gen bond with the ligand, helix H6 open, and the NAD cofactor
present which forms a hydrogen bond with the ligand (chartreuse
in Fig. 2). InhA (PDB: 4BQP) has both Phe149 and Tyr158 in the out
position, helix H6 wide open, and the NAD cofactor present which
forms a hydrogen bond with the ligand (orange in Fig. 2). InhA
(PDB: 4DOR) has Phe149 in the in position which forms a 7-m in-
teraction with the phenyl ring of the ligand, Tyr158 in the out posi-
tion, the NAD cofactor present which forms a hydrogen bond with
the ligand, and helix H6 open (pink in Fig. 2) InhA (PDB: 4BII_D
Chain) has Phel49 in the out position, Tyr158 in the in position
which forms a hydrogen bond with the ligand, helix H6 wide open,
and lacks NAD cofactor (green in Fig. 2). InhA (PDB: 4BGE) is a re-
sistant Ser94Ala mutant form of 4BII and has Phe149 in the out po-
sition, Tyr158 in the in position which forms a hydrogen bond with
the ligand, helix H6 wide open, and lacks NAD cofactor (grey in
Fig. 2) [52].

Validation of docking protocols

The HTVS precision docking setting was first validated using
retrospective docking studies in which the cocrystallized ligand
was docked back into its respective active site. All binding poses as
observed in the cocrystal structures could be reproduced with an
RMSD value generally below 1.5 A (See Supplementary, Figs. $53-
S57 & Table S68).
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Different crystal structures of InhA of M. Tuberculosis used in molecular modeling studies.

Protein Target Function PDB ID (A) Differences in InhA structures
InhA Mycolic 3ENG (1.97 A) Phe149 (out), Tyr158 (in), H6 closed, NAD
acid 4UVG (1.92 A) Phe149 (out), Tyr158 (out), H6 open, NAD
biosynthesis 4TZK (1.62 A) Phe149 (out), Tyr158 (in), H6 open, NAD
4BQP (1.89 A) Phe149 (out), Tyr158 (out), H6 wide open, NAD

4DOR (2.75 A)
4BII (1.95 A)
4BGE (2.25 A)

Phe149 (in) Tyr158 (out), H6 wide open, NAD
Phe149 (out), Tyr158 (in), H6 wide open
Phe149 (out), Tyr158 (in), H6 wide open, S94A

Fig. 2. A) The superposition of the seven InhA crystal structures that have been used in the docking procedure is shown in two different orientations. B) The binding poses
of 1-cyclohexyl-N-(3,5-dichlorophenyl)—5-oxopyrrolidine-3-carboxamide (turquoise) and NAD (purple) in the active site of InhA (PDB: 4TZK) are shown in two different

orientations.

Reverse docking studies

Compound 6g shows the lowest ICqq value in the M. tubercu-
losis growth inhibition assays (Table 1). Reverse docking studies of
this compound were performed against nine essential proteins of
M. tuberculosis to investigate the possible target(s) for 6g. Dockings
were performed into an ensemble of fifteen different selected crys-
tal structures, seven different structures for InhA and one structure

for the other proteins (Tables 2 and 3), using HTVS precision. Sub-
sequently, the docked poses were rescored using SP and XP preci-
sion. Although XP uses a more sophisticated scoring function than
both HTVS and SP it may still not be reliable for selecting the
best docking poses [53]|. MM-GBSA rescoring of docking results has
proven to be an effective approach in determining the best binding
poses and ranking them [54]. As such, the MM-GBSA free bind-
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MM-GBSA binding energies as well the binding interactions of the docked pose of compound 6g for each target crystal structure is shown. The poses with
MM-GBSA docking scores that are lower than —40 kcal/mol are indicated in bold.

MM-GBSA score

Target PDB Code (kcal/mol) Type of interactions Involved residues

Pks13 5V3X -51.56 Hydrogen bond, His1664, His 1699, Tyr1674
-7 interaction, cation-w interaction

Mbtl 3VEH -36.39 Hydrogen bond, cation-7r interaction Lys205, Thr271, Glu294, Lys438

KasA 6Y21 —38.65 - -

FadD32 5HM3 —-40.38 Hydrogen bond Ser321

HadAB 4RLT -30.32 - -

DprE1 4P8C —36.50 Hydrogen bond, cation-7r interaction Asn385, Lys418

AroQ 2Y71 -44.33 Hydrogen bond Tyr24

Mmpl3 7C2N -30.61 - -

InhA 3FNG —36.56 Hydrogen Bond Met98, Tyr158

InhA 4UVG -29.12 -7 interaction Phe97

InhA 4TZK -62.10 Hydrogen bond, -7 interaction NAD, Phe149

InhA 4BQP -38.94 Hydrogen bond NAD

InhA 4DOR -71.61 Hydrogen bond, -7 interaction, NAD,
cation-x interaction Phe149, Tyr158

InhA 4BII -55.58 Hydrogen bond, -7 interaction Tyr158, 1le194, Phe149

InhA 4BGE -55.37 Hydrogen bond Tyr158, Ile21, Ile194

ing energies of the docked poses were calculated (Table 4). The
MM-GBSA results of Pks13-6g (5V3X), FadD32-6g (5HM3), AroQ-
6g (2Y71), InhA-6g (4BGE), InhA-6g (4TZK), InhA-6g (4DOR) and
InhA-6g (4BII) complexes were selected for molecular dynamics
simulations. The obtained protein-6g complexes with a calculated
binding free energy of —40 kcal/mol or better were subjected to a
250 ns molecular dynamics (MD) simulation to investigate whether
the interactions between the ligand and the protein are sustained
throughout the simulation.

Molecular dynamics simulations

The Pks13-6g, FadD32-6g, AroQ-6g and InhA-6g (only for 4BGE,
4TK, 4DOR, 4BII) complexes as obtained with docking simulations
have been selected for 250 MD simulations. The crystal struc-
tures in complex with their cocrystallized ligands were also simu-
lated. These MD studies indicate that compound 6g may bind with
higher affinity to InhA (both with and without NAD) compared to
Pks13 and FadD32. The AroQ-6g complex was not stable during
the simulation and no significant ligand-protein binding interac-
tions were observed (See Supplementary, Fig. S69).

The docked pose of Pks13-6g with an MM-GBSA binding
free energy of —56.56 kcal/mol shows m-m interactions with
the sidechains of Tyr1674 and His1699, a hydrogen bond with
His1664, and a cation-r interaction with His1699 (Fig. 3A). The
observed hydrogen bond with His1664 was not sustained during
the 250 ns MD simulation, however, the carbonyl formed two new
water-mediated hydrogen bonds with Ala1477 (25%) and Asn1640
(25%). In addition, other water-mediated hydrogen bonds were ob-
served with Argl1563, Asp1644 and Tyr1674. The w-7 and cation-
7 interactions with His1699, and m-m interaction with Tyr 1674
were present for 29% and 46% during the simulation, respectively
(Fig. 3B). This indicates that the ligand was in continuous inter-
action with Tyr1674. Also, a new m-m interaction with His1663
was present for 56% of the simulation time and hydrophobic inter-
action with Phe1585 lasted for about half of the simulation time
(Fig. 3C). The RMSD value of the protein Ca-atoms is in general
lower than 2.8 A indicating that the protein conformation is stable.
The ligand RMSD value was generally below 3.2 A indicating that
the docked pose was stable during the course of the simulation
(Fig. 3D). The average MM-GBSA binding free energy of the Pks13-
6g complex was —61.88 +/- 3.44 kcal/mol (Table 5). The highest
and lowest binding energies were —50 and —70 kcal/mol, respec-
tively (Fig. 3E).

The MD simulation of Pks13 in complex with its cocrystallized
ligand indicates that the hydrogen bonding between the ligand and

Tyr1637 and Ile1643 are maintained throughout the simulation.
The RMSD values of the protein Co-atoms and the ligand were be-
low 3.2 A. The average MM-GBSA binding free energy was —72,30
+/- 4.05 kcal/mol. The highest and lowest binding energies were
—60 and —87 kcal/mol, respectively (See Supplementary, Fig. S70).
This suggests that compound 6g may bind with lower affinity to
Pks13 compared to the cocrystallized ligand.

The pyrrolidine ring has a short distance with GIn1633 and
Phe1670 and constantly forms hydrophobic interaction. Aliphatic
groups smaller than pyrrolidine do not continuously form hy-
drophobic contacts with GIn1633 and Phe1670 whiles long
aliphatic chains and bulkier groups result in steric clashes. The ni-
tro group interacts with the protein 28% of the simulation period.

The FadD32-6g complex (5HM3) with an MM-GBSA binding
free energy of —40.38 kcal/mol shows a hydrogen bond formed be-
tween the carbonyl group on the nitrosacharrin ring and the back-
bone of Ser321 (Fig. 4A). However, this hydrogen bond was lost
during the first 20 ns of the 250 ns MD simulation and the ligand
moved away from the supposed binding site to form both direct
and water-bridged hydrogen bonds with GIn505 (23%) and Arg611
(61%). A hydrogen bond and a water-bridged hydrogen bond were
observed with Val397 and Ala488, respectively (Fig. 4B & 4C). The
RMSD value of the protein Ca-atoms is in general lower than 2.8 A
indicating that the protein conformation is stable. The ligand RMSD
value was generally below 5 A in the first 150 ns and then gradu-
ally increases to 9 A indicating that the ligand diffused away from
the protein during the course of the simulation. (Fig. 4D). The aver-
age MM-GBSA binding free energy of the FadD32-6g complex was
—61.88 +/- 3.44 kcal/mol. The highest and lowest binding energies
were —45 and —70 kcal/mol respectively (Fig. 4E).

The MD simulation of FadD32 in complex with its cocrystal-
lized ligand indicates that the hydrogen bonding between the lig-
and and Ser321, Ser349, and Asp476 are maintained throughout
the simulation. The RMSD values of the protein Ca-atoms and the
ligand were below 2.8 A and 2.4 A, respectively. The average MM-
GBSA binding free energy was —112,02 +/- 7.02 kcal/mol. The high-
est and lowest binding energies were —90 and —130 kcal/mol re-
spectively (See Supplementary, Fig. $73). The much higher average
MM-GBSA binding energy over the 250 ns MD simulation for com-
pound 6g suggests that it may show a much weaker affinity for
FadD32 compared to the cocrystallized ligand.

The MD simulation of AroQ-6g complex (2Y71) reveals that the
hydrogen bonding interaction of the sulfonyl group of nitrosach-
harin with the sidechain of Tyr24 which was not sustained dur-
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(kcal/mol) during the MD simulation.

ing the MD simulation and that it was replaced by water-bridged
and hydrophobic interactions during the MD simulation (Fig. S69A
& B). The ligand frequently formed either an ionic bond, hydro-
gen bond, a water-bridged hydrogen bond, or m-cation interaction
with Arg19 throughout the simulation (Fig. S69C). The RMSD value
of the protein Ca-atoms is in general lower than 2 A indicating
that the protein conformation is stable. The ligand RMSD value
fluctuates between 3 and 9 A indicating that the ligand at some
points diffused away from the protein during the first 150 ns and
eventually stabilized around 3 A in the last 70 ns of the simula-
tion (Fig. S69D). The average MM-GBSA binding free energy of the
AroQ-6g complex was —39.51 +/- 9.17 kcal/mol. The highest and
lowest binding energies were —20 and —65 kcal/mol respectively
(Fig. S69E).

The MD simulation of AroQ in complex with its cocrystallized
ligand indicates that the hydrogen bonds between Asn75, Ile102,
and Ser103 are maintained throughout the simulation. The RMSD
values of the protein Ca-atoms were generally below 1.75 A dur-

ing the first 175 ns and thereafter increased to 2.25 A. The lig-
and RMSD value was generally below 2.5 A in the first 175 ns
and thereafter increased to 5.6 A. The average MM-GBSA binding
free energy was —49,59 +/- 9.23 kcal/mol. The highest and low-
est binding energies were —26 and —77 kcal/mol respectively (See
Supplementary, Fig. $72).

InhA-6g complex (4BGE) having an MM-GBSA binding free
energy of —55.37 kcal/mol formed three hydrogens with the
sidechain of the crucial catalytic residue, Tyr158, backbones of
[le21 and Ile194 (Fig. 5A). During the 250 ns simulation, the hydro-
gen bond formed with Tyr158 was not maintained and shifted to
another crucial catalytic residue, Lys165 (28%). The hydrogen bond-
ing between the nitro group and Ile21 was continuous for 70% of
the simulation time while the hydrogen bonding between the sul-
fonyl group and Ile194 (99%) was sustained throughout the simu-
lation period. Also, hydrophobic interaction with Phe149 was ob-
served for 80% of the simulation time (Fig. 5B & 5C). The RMSD
value of the protein Co-atoms was stabilized at 2.8 A. The ligand
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The MM-GBSA binding energy obtained from the 250 ns MD simulations of the selected protein-ligand complexes.

MM-GBSA (kcal/mol)

Complex (PDB) Cocrystallized ligand (affinity)’

Compound 6g

Pks13 (5V3X)
FadD32 (5HM3)

~72,30 +/- 4.05 (ICsp: 260 nM)!
~112,02 +/- 7.03 (ICso: 6800 nM)'

AroQ (2Y71) —49.59 +/- 9.23 (K;: 42.5 nM)'

InhA (4BII) —274,26 +/- 15.36 (K;: 4800 nM)'

InhA (4BGE) —94,65 +/- 9.34 (K;: 4800 nM)'

InhA (4TZK)? —81,45 +/- 7.14 (ICs5p: 390 nM)'

InhA (4DOR)* —80.26 +/- 7.50 (ICs9: not yet published)

—61.88 +/- 3.44
~55.26 +/- 4.11
—39.51 +/- 9.17
~72.08 +/- 3.34
—7633 +/- 5.94; (—78.45 +/—3.90)°
—83.55 +/- 4.19
~75.19 +/- 3.76

! The binding affinity of the cocrystallized ligand according to BindingMOAD. [55,56].

2 InhA with the NAD cofactor.

3 The MM-GBSA binding energy during the 50 - 250 ns range of the MD simulation.
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energy (kcal/mol) during the MD simulation.

E) The Protein-ligand interaction
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energy (kcal/mol) during the MD simulation.

RMSD value was generally below 3 A indicating that the docked
pose was stable during the simulation. The slight increase of the
ligand RMSD in the last 30 ns was due to the large and frequent
rotation of the single bonds present in the pyrrolidinedithioate
part of the ligand that did not contribute to its binding (Fig. 5D).
The average MM-GBSA binding free energy of the InhA-6g com-
plex (4BGE) was —76.33 +/- 5.94 kcal/mol. The highest and lowest
binding energies were —55 and —90 kcal/mol respectively (Fig. 5E).

The MD simulation of InhA (4BGE) in complex with its cocrys-
tallized ligand indicates that the hydrogen bonds between Tyr158
and [le194 are maintained throughout the simulation. The RMSD
values of the protein Ca-atoms and the ligand were below 3.2 A.
The average MM-GBSA binding free energy was calculated as
—94.65 +/- 9.34 kcal/mol. The highest and lowest binding energies

E) The Protein-ligand interaction

were —70 and —130 kcal/mol respectively (See Supplementary, Fig.
S73).

Pyrrolidine ring has a small distance with Pro156 and Ala157.
The introduction of both an electrophilic group and bulky groups
cause clashes with Pro156. The nitro group interacts with the pro-
tein 34% of the simulation period.

The MM-GBSA binding free energy of InhA-6g complex (4TZK)
was calculated as —62.10 kcal/mol. The binding pose, however,
shows a single -7 interaction with the sidechain of Phe149. In
addition, the carbonyl group on the ligand forms a hydrogen bond
with the cofactor, NAD, present in the binding site (Fig. 6A). During
the 250 ns MD simulation, the -7 interaction between the lig-
and and the sidechain of Phe149 was maintained almost through-
out the simulation (81%). Another m-7r interaction was observed
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with the sidechain of Tyr158 which continued for more than 60%
of the simulation period (Fig. 6B & C). The RMSD value of the pro-
tein Ca-atoms and the ligand is stabilized at 2.1 A and 4 A, respec-
tively, indicating that protein conformation and the docked pose
were stable (Fig. 6D). The average MM-GBSA binding free energy
of the InhA-6g complex (4BGE) was —83.55 +/- 4.19 kcal/mol. The
highest and lowest binding energies were —60 and —90 kcal/mol
respectively (Fig. 6E).

The MD simulation of InhA (4TZK) in complex with its cocrys-
tallized ligand indicates that the hydrogen bond between the lig-
and and Tyr158 (25%) was not sustained throughout the simula-
tion. The RMSD values of the protein Ca-atoms and the ligand
were generally below 2.4 A. The average MM-GBSA binding free
energy was —81,45 +/- 7.14 kcal/mol. The highest and lowest bind-
ing energies were —59 and —93 kcal/mol respectively (See Supple-
mentary, Fig. S74).

10

E) The Protein-ligand interaction energy (kcal/mol) during the MD simulation.

Though the pyrrolidine ring is solvent exposed, it generally
moves toward the backbone of Glu96. The insertion of a het-
eroatom or a bulky group causes clashes with Glu96 (and Phe97).
The nitro group interacts with the protein 31% of the simulation
period.

The MM-GBSA binding free energy of InhA-6g complex (4BII)
was calculated as —55.58 kcal/mol. The sulfinyl group and carbonyl
group on the nitrosacharrin ring of the ligand formed hydrogen
bonds with the sidechain of catalytic residue Tyr158 and Ile194,
respectively. The ligand also formed 7 -7 interaction with both the
sidechains of Tyr158 and Phe149 (Fig. 7A). Throughout the 250 ns
simulation period, the ligand continuously interacted with Tyr158
via either -7 interaction or a water-bridged hydrogen bond. The
m-m interaction formed with the sidechain of Phe149 was only
maintained for approximately 40% of the simulation time. A hy-
drophobic interaction was observed with Ile215 for almost 50% of
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the simulation time. Prior to the simulation, the observed hydro-
gen bond between the sulfinyl group and Ile194 was not sustained,
however, the sulfinyl formed a new water-bridged hydrogen bond
with Thr196 and maintained the bond for 40% of the simulation
time. In addition, Thr196 equally formed another water-bridged hy-
drogen bond with the sulfonyl (Fig. 7B & C). The RMSD value of
the protein Ca-atoms is generally lower than 2.8 A indicating that
the protein conformation is stable. The ligand RMSD value was
generally below 3.5 A indicating that the docked pose was sta-
ble during the simulation (Fig. 7D). The average MM-GBSA bind-
ing free energy of the InhA-6g complex (4BGE) was —72.08 +/-
3.34 kcal/mol. The highest and lowest binding energies were —60
and —80 kcal/mol respectively (Fig. 7E).

The MD simulation of InhA complex (4BII) in complex with
its cocrystallized ligand indicates that the hydrogen bond between
the ligand and Tyr158 (28%) was not maintained and either a hy-

1

drogen bond or water-bridged hydrogen bond was present with
[le194 throughout the simulation. The RMSD values of the pro-
tein Co-atoms and the ligand were generally below 2.6 A and
4 A. The average MM-GBSA binding free energy was —274,27 +/-
15.36 kcal/mol. The highest and lowest binding energies were
—220 and —320 kcal/mol, respectively (See Supplementary, Fig.
S75).

The pyrrolidine ring is positioned in the hydrophobic region of
the binding pocket and this reflects the preference of hydrophobic
groups. The pyrrolidine frequently forms hydrophobic interactions
with Phe149, and Ala191, however, the introduction of bulky and
lengthy aliphatic groups causes steric clashes with these amino
acid residues.

The InhA-6g complex (4DOR) has shown the lowest MM-GBSA
binding free energy of —71.61 kcal/mol. The nitrosachharin ring
formed a - interaction with Phe149 and the nitro group formed
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m-cation interactions with both Phe149 and Tyr158. In addition,
the sulfinyl group on the ligand forms a hydrogen bond with the
cofactor, NAD (Fig. 8A). During the 250 ns simulation, the ligand’s
interaction with Phe149 was sustained throughout the simulation
either with -7 (57%) or m-cation (63%) interactions. The 7 -cation
interaction with Tyr158 continued as m-7 interaction and was
present for 65% of the simulation time. The in position of Phe149

12

enhanced the ligand to frequently interact with both Phe149 and
Tyr158. The hydrophobic interaction with 11e202 and n new -
cation interaction formed with Trp222 were present for 26% each
(Fig. 8B & C). The RMSD value of the protein Co-atoms is generally
lower than 2.2 A indicating that the protein conformation is sta-
ble. The ligand RMSD value was generally below 2.7 A indicating
that the docked pose was stable during the simulation (Fig. 8D).
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The average MM-GBSA binding free energy of the InhA-6g complex
(4DOR) was —75.19 +/- 3.76 kcal/mol. The highest and lowest bind-
ing energies were —65 and —84 kcal/mol, respectively (Fig. 8E).

The MD simulation of InhA complex (4DOR) in complex with
its cocrystallized ligand indicates that the ligand interacted with
Phe149 via -7 interaction (36%) and other hydrophobic contracts
during the simulation. The RMSD values of the protein Co-atoms
and the ligand were below 2 A and 4.5 A, respectively. The average
MM-GBSA binding free energy was —80.26 +/- 7.50 kcal/mol. The
highest and lowest binding energies were —60 and —100 kcal/mol
respectively (See Supplementary, Fig. S76).

The pyrrolidine ring and the backbone of Asp148 are right next
to each other. A substitution of an electrophilic group ring causes
clashes with Asp148 and the introduction of bulky groups also
causes clashes with both the backbone of Asp148 and the side
chain of Lys165. The nitro group interacts with the protein for
more than half of the simulation period.

2.4. Single crystal X-Ray analyses

Crystals of compound 6e were obtained from slow evapora-
tion from chloroform and subjected to single X-ray analyses to
further elucidate its structure. The molecular structure of com-
pound 6e, represented in the atom-numbering scheme, is gener-
ated with OLEX (v2.1, OlexSys Ltd, Regensburg, Germany) and plot-
ted in Fig. 9. The molecule crystallized in a monoclinic system with
P21/c space group. Each unit cell contains 4 independent molecules
(Z = 4). All the bond distances and bond angles are generally in
agreement with similar crystals previously reported [57-59]. The
molecule crystallized in a thione form (C = S). The C9—S3 bond
lenght is 1.656 (7) A, which is closer to the average value for C=S
(1.681 A) [60] and shorter than a single C—S bond as in C8—S2 and
C9—S2 with bond lengths of 1.804 (6) A and 1.786 (6) A, respec-
tively. The thiocarbamate S3—C9—N4 forms a bond angle of 122.9°
(4) agrees with the literature [57]. The S = O bond distances (S1—
04/S1—05) are 1.420 (4) A and 1.410 (4) A, respectively, and the
bond angle of 04—S1-05 (0 = S = 0) is 117.4(3) which are all
in agreement with the crystals of saccharin derivatives available in
the literature [58,59]. The saccharin S1/N2/C1-C7 and the phenyl
ring C14-C19 are mostly planar. The piperazine ring displays a chair
conformation. Further details on crystal data, data collection, and
refinements are included in the supporting information (Table S77-
$82) and can also be found by downloading CCDC 2209087 via
http://www.ccdc.cam.ac.uk/conts/retrieving.html.

3. Conclusion

A series of dithiocarbamates and dithiocarbonates containing a
nitrosaccharin group has been successfully prepared via a multi-
step synthesis, and tested for their antimycobacterial activities. The
dithiocarbamates showed generally stronger mycobacterial growth
inhibition compared to the dithiocarbonates. Among the dithio-
carbamate derivatives, compounds 6d and 6g were found to be
the most active compounds with ICqy values of 0.460 pg/mL and
0.450 pg/mlL, respectively. Reverse docking studies in combination
with molecular dynamics simulations were performed against nine

13
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different potential target proteins of mycobacterium tuberculosis to
understand the probable mechanism of action of the most active
compound 6g. These studies indicate that compound 6g may exert
its antimycobacterial activity via an interaction mainly with InhA
and to a lesser extent with Pks13. Interestingly, compound 6g was
expected to bind to both the apo-form and the NAD-bound form
of InhA. Thus, these compounds, and compound 6g in particular,
might be considered potential lead molecules for the development
of novel anti-TB medicines.

4. Materials and methods
4.1. Chemical material and apparatus

All chemicals used were obtained from commercial sources.
All melting points were measured in open capillary tubes with
Buchi 540 and left uncorrected. The progress of the reaction and
the purity of the compounds were controlled with TLC on sil-
ica gel HF254 (E.Merck, Darmstadt, Germany). Infrared (IR) spec-
tra were recorded as thin KBr pellets on Perkin-Elmer 1600 FTIR
spectrophotometer and all values are expressed as vmax cm™!.
TH NMR, 3C NMR(APT), and HSQC spectra were recorded on
a VarianN'TYINOVA 500 MHz and Bruker Avance Neo 500 MHz
spectrometers using DMSO-dg as a solvent, and chemical shifts
are given in ppm with TMS as a Standard. Elemental analysis of
all new compounds was performed on a Carlo Erba Model 1106
elemental analyzer. Mass spectral data (APCI+ and ESI+) were
recorded on a Waters Alliance HPLC and ZQ micromass (Waters
Corporation, Milford, MA, USA), and Agilent 1260 Infinity II LC-MS
(Agilent Technologies, Santa Clara, CA, USA) Mass Spectrometer.

4.1.1. Synthesis of 6-nitrosachharin (3)

2-methyl-5-nitrobenzenesulfonamide (2) (0.01 mol) prepared as
reported in the literature was treated with concentrated H,SO4
(12 mL) in a 100 mL beaker. The mixture was heated at 75-80 °C
in a steam bath. Chromium (VI) oxide (3 eq) was gently added in
small portions until the reaction mixture turned green and viscous.
The reaction mixture was further stirred for 10 mins at 65-75-80
°C, cooled in an ice bath, poured into a beaker containing cold wa-
ter, and eventually stirred to give a crude precipitate of compound
3 which was purified by recrystallizing it from hot ethanol. m.p.
207-208 °C; IR(KBr): v 1731 (C = 0), 1185, 1239 (S = 0); 'H NMR
(DMSO-dg/500 MHz): 4.89 (1H, s, NH), 8.04 (d, 1H, J = 8.29 Hz,
bzi. C4_H), 8.55 (dd, 1H, J;= 8.29, J,=1.95 Hz, bzi. C5_H); 8.76 (d,
1H, J = 1.47 Hz, bzi. C;_H). 3C NMR-HSQC (DMSO-ds/125 MHz):
8.76, 117.32 [bzi. C;_H, bzi. C;]; 8.04, 126.59 [bzi. C4_H, bzi. C4];
8.55, 129.93 [bzi. C5_H, bzi. Cs]; 134.70 [bzi. C3,]; 142.62 [bzi.
C7.]; 151.89 [bzi. Cg]; 161.78 [C = O]. Anal. Calcd for C;H4N,05S
(216.17): C, 36.85; H, 1.77; N, 12.28; S, 14.05. Found: C, 36.53; H,
1.49; N, 11.93; S, 14.24.

4.1.2. Synthesis of 6-nitro-2-(hydroxymethyl)-1,2-benzisothiazol-
3(2H)-on 1,1-dioxide (4)

To a solution of 3 (0.1 mol) in ethanol (100 mL), 37% formalde-
hyde (70 ml) was added, and the reaction mixture was kept at 0 °C
for 16 h. The crude product formed was filtered out and recrystal-
lized from ethanol to afford 4. m.p. 180-181 °C; IR(KBr): v 1738
(C = 0), 1186, 1241 (S = 0); 'H NMR (DMSO-dg/500 MHz): 5.22
(s, 2H, N-CH,-), 5.59 (br s, 1H, -OH), 8.36 (d, 1H, J = 8.39 Hz, bzi.
C4-H), 8.73 (dd, 1H, J;= 8.39, J,=1.98 Hz, bzi. Cs_H); 9.25 (d, 1H,
J = 1.83 Hz, bzi. C;_H). 13C NMR-APT (DMSO-dg/125 MHz): 63.90
(N-CH,-), 118.43 (bzi. C;), 127.53 (bzi. C4), 130.71 (bzi Cs), 13113
(bzi. C3,), 138.55 (bzi. C7,), 152.29 (bzi. Cg), 157.36 (C = 0O).]. Anal.
Calcd for CgHgN,0gS (246.20): C, 37.21; H, 2.34; N, 10.85, S, 12.42.
Found: C, 37.28; H, 2.52; N, 10.76; S, 12.56.
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4.1.3. Synthesis of
6-nitro-2-(chloromethyl)-1,2-benzisothiazol-3(2H)-on 1,1-dioxide (5)

A solution of 4 (0.02 mol) in ether (20 mL) was treated with
SOCl, (40 mL) and kept in an ice bath for 24 h. Excess of SOCl,
was evaporated in vacuo and the obtained residue was recrystal-
lized from acetone to give 5. m.p. 184-185 °C; IR(KBr): v 1745
(C = 0), 1186, 1244 (S = 0); 'H NMR (DMSO-dg/500 MHz): 5.84
(s, 2H, N-CH,_Cl), 8.40 (s, 1H, bzi. C4_H), 8.73 (dd, 1H, J;= 8.30,
J»=1.95 Hz, bzi. Cs_H); 9.34 (d, 1H, J = 1.95 Hz, bzi. C;_H). 13C
NMR-HSQC (DMSO-dg/125 MHz): 9.34, 119.12 [bzi. C;_H, bzi. C;];
8.40, 128.15 [bzi. C4-H, bzi. C4]; 8.73, 131.21 [bzi. Cs_H, bzi. Cs];
135.42 [bzi. C3,]; 143.24 [bzi. C7,]; 152.93 [bzi. Cg]; 156.75 [C = O].
Anal. Calcd for CgH5CIN,O5S (276.65): C, 34.73; H, 1.82; N, 10.13;
S, 11.59. Found: C, 34.98; H, 1.96; N, 10.07; S, 11.30.

4.14. General synthesis of
(1,1-dioxido-6-nitro-3-oxo-1,2-benzisothiazol-2(3H)-yl)methyl
N,N-disubstituted dithiocarbamates (6a-g) / O-alkyl dithiocarbonates
(7a-d)

Under reflux, the ethanolic solution of 5 (0.005 mol) was heated
for 1 h with N,N-disubstituted dithiocarbamate (1 eq) for com-
pounds 6a-g and O-alkyldithiocarbonate (1 eq) for compounds 7a-
d. The solvent was removed under reduced pressure. The crude
residue was washed with H,0 and recrystallized from ethanol.

(1,1-Dioxido-6-nitro-3-o0xo-1,2-benzisothiazol-2(3H)-
yl)methyl N,N-methyldithiocarbamate (6a).

Ivory powder, yield 29%; m.p. 107-108 °C; IR(KBr): v 1737
(C = 0), 1236 (C = S), 11851266 (S = 0); 'H NMR (DMSO-
dg/500 MHz): § 2.40 (s, 6H, 2xCH3), 5.53 (s, 2H, N-CH,-S), 8.34 (d,
1H, J = 8.29 Hz, bzi. C4_H), 8.71 (dd, 1H, J;= 8.79, J,=1.96 Hz, bzi.
Cs_H); 9.29 (d, 1H, J = 1.96 Hz, bzi. C;_H); 13C NMR (APT, DMSO-
dg/125 MHz): 36.62, 36.90 (2xCH3), 45.16 (N-CH,-), 118.70 (bzi.
C7), 127.53 (bzi. C4), 130.84 (bzi. Cs), 130.80 (bzi. C3,), 138.31 (bzi.
C72), 152.52 (bzi. Cg), 157.32 (C = 0), 192.09 (C = S). MS-ESI (+):
m/z 360.3 [M]". Anal. Calcd for C;;H11N305S3 (361.41): C, 36.56; H,
3.07; N, 11.63; S, 26.62. Found: C, 36.73; H, 3.30; N, 11.39; S, 26.85.

(1,1-Dioxido-6-nitro-3-o0xo-1,2-benzisothiazol-2(3H)-
yl)methyl N,N-ethyldithiocarbamate (6b).

Ivory powder, yield 35%; m.p. 141-142 °C; IR(KBr): v 1735
(C = 0), 1236 (C = S), 11851266 (S = 0); 'H NMR (DMSO-
dg/500 MHz): § 1.19 (t, 6H, J] = 6.83 Hz, 2xCH3), 3.72 (q, 2H,
J = 6.83 Hz, N-CH,), 3.97 (q, 2H, J = 6.83 Hz, N-CH,), 5.83 (s,
2H, N-CH,-S), 8.33 (d, 1H, J = 8.78 Hz, bzi. C4_H), 8.70 (ddd, 1H,
Ji= 8.29, J,=1.95, J3=0.97 Hz, bzi. Cs_H); 9.26 (d, 1H, ] = 1.95 Hz,
bzi. C;_H). MS-ESI (+): m/z 390.0 [M + H]*. Anal. Calcd for
C13H15N305S3 (389.47): C, 40.09; H, 3.88; N, 10.79; S, 24.70. Found:
C, 40.21; H, 3.93; N, 10.62; S, 24.57.

(1,1-Dioxido-6-nitro-3-o0xo-1,2-benzisothiazol-2(3H)-
yl)methyl piperidin-1-carbodithioate (6c).

Ivory powder, yield 27%; m.p. 143-144 °C; IR(KBr): v 1745
(C = 0), 1241 (C = S), 1186, 1260 (S = 0); 'H NMR (DMSO-
dg/500 MHz): 6 1.60-1.67 (m, 6H, piperidine C345-H), 4.16 (br
s, 4H, piperidine C,6-H)), 5.84 (s, 2H, N-CH,-S), 8.33 (d, 1H,
J = 731 Hz, bzi. C4_H), 8.70 (dd, 1H, J;= 7.31, J,=195 Hz, bzi.
Cs_H); 9.26 (d, 1H, J = 1.95 Hz, bzi. C;_H); 13C NMR (HSQC, DMSO-
dg/125 MHz): § 1.60-1.67, 24.12 [piperidine C545-H, piperidine
C55]; 1.60-1.67, 25.89 [piperidine C345-H, piperidine C4]; 5.84,
45.76 [N-CH,-]; 4.16, 52.78 [piperidine C,_H, piperidine C,]; 4.16,
55.87 [piperidine Cg_H, piperidine Cg]; 9.26, 118.86 [bzi. C;_H, bzi.
C7]; 8.33, 127.76 [bzi. C4_H, bzi. C4]; 8.70, 131.02 [bzi. C5_H, bzi.
Cs]; 131.04 [bzi. Cs,]; 139.99 [bzi. Cr,]; 152.74 [bzi. Cg]; 157.52
[C = O]; 191.39 [C = S]. MS-ESI (+): m/z 402.0 [M + H]'. Anal.
Caled for Ci4Hi5N305S3 (401.48): C, 41.88; H, 3.77; N, 1047; S,
23.96. Found: C, 41.80; H, 3.58; N, 10.53; S, 23.79.

(1,1-Dioxido-6-nitro-3-o0xo-1,2-benzisothiazol-2(3H)-
yl)methyl 3-methylpiperidin-1-carbodithioate (6d).
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Light yellow powder, yield 36%; m.p. 121-122 °C; IR(KBr): v
1725 (C = 0), 1231 (C = S), 1188,1264 (S = 0); 'H NMR (DMSO-
dg/500 MHz): § 0.88 (s, 3H, piperidine CHs3), 1.24-1.34 (m, 1H,
piperidine C4-Hax.), 1.43-1.49 (m, 1H, piperidine Cs_Ha.), 1.71-
1.79 (m, 3H, C3_H, C45-Heq), 3.06, 3.15 (2t, 1H, J = 12.20 Hz, piperi-
dine C,_Hax ), 3.37 (d, 1H, J = 10.74 Hz, piperidine Cg_H.x ), 4.20,
4.29 (2d, 1H, J = 1318 Hz, piperidine C,_Heq.), 5.03 (br s, 1H,
piperidine Cg_Heq.), 5.84 (s, 2H, N-CH,-S), 8.34 (d, 1H, ] = 8.29 Hz,
bzi. C4_H), 8.70 (dd, 1H, J;= 8.29, J,=1.95, bzi. C5_H); 9.26 (d, 1H,
J =195 Hz, bzi. C;_H). MS-ESI (+): m/z 415.9 [M + H]*. Anal. Calcd
for Ci5sH7N305S3 (415.50): C, 43.36; H, 4.12; N, 10.11; S, 23.15.
Found: C, 43.52; H, 4.19; N, 10.04; S, 23.36.

(1,1-Dioxido-6-nitro-3-oxo-1,2-benzisothiazol-2(3H)-
yl)methyl 4-phenylpiperazin-1-carbodithioate (6e).

Yellow powder, yield 40%; m.p. 178-179 °C; IR(KBr): v 1746
(C = 0), 1226 (C = S), 1182,1272 (S = 0); 'H NMR (DMSO-
dg/500 MHz): § 4.05 (br s, 4H, piperazine Css_H), 4.37 (d, 4H,
J = 14.64 Hz, piperazine C,¢-H), 5.87 (s, 2H, N-CH,-S), 6.80 (t, 1H,
J = 7.32 Hz, phenyl C4_H), 6.92 (d, 2H, ] = 8.30 Hz, phenyl C;5-H),
7.21 (t, 2H, ] = 8.30 Hz, phenyl C35-H), 8.34 (d, 1H, ] = 8.78 Hz,
bzi. C4_H), 8.70 (dd, 1H, J;= 8.29, J,=1.95 Hz, bzi. C5_H), 9.27 (d,
1H, J = 1.95 Hz, bzi. C;_H). 13C NMR (HSQC, DMSO-dg/125 MHz):
8 5.87, 45.58 [N-CH,-S]; 4.05, 50.51 [piperazine C35-H, piperazine
Cs5]; 4.37, 51.95 [piperazine C,¢-H, piperazine C,z]; 6.92, 116.16
[phenyl Cy6-H, phenyl Cy5]; 9.27, 118.90 [bzi. C;_H, bzi. C;]; 6.80,
120.01 [phenyl C4_H, phenyl C4]; 8.34, 127.78 [bzi. C4_H, bzi. C4];
7.21, 129.74 [phenyl Cs5-H, phenyl Css]; 8.70, 131.04 [bzi. Cs_H,
bzi. Cs]; 131.05 [bzi. C3,]; 138.57 [bzi. C;;]; 150.64 [phenyl C;];
152.75 [bzi. Cg]; 157.54 [C = O]; 192.18 [C = S]. MS-ESI (+): m/z
479.0 [M + H]*. Anal. Calcd for C;9H1gN405S3 (478.57): C, 47.68;
H, 3.79; N, 11.71; S, 20.10. Found: C, 47.46; H, 3.52; N, 11.79; S,
20.31.

(1,1-Dioxido-6-nitro-3-oxo-1,2-benzisothiazol-2(3H)-
yl)methyl 2,6-dimethylmorpholin-4-carbodithioate (6f).

Yellow powder, yield 55%; m.p. 194-195 °C; IR(KBr): v 1727
(C 0), 1233 (C = S) 11851264 (S = 0); 'H NMR (DMSO-
dg/500 MHz): § 115 (d, 6H, ] = 1.46 Hz, 2xCH3), 2.90 (t, 1H,
J = 1144 Hz, morpholine C3_Ha.x ), 3.06 (t, 1H, J] = 1144 Hz,
morpholine Cs_Hax), 3.59 (br s, 2H, morpholine C,¢-H), 4.35
(dd, 1H, J;=9.31, J,=4.27 Hz, morpholine C5_Heq.), 523 (d, 1H,
J = 13.58 Hz, morpholine C3_Heq.), 5.87 (s, 2H, N-CH,-S), 8.36 (d,
1H, J = 8.39 Hz, bzi. C4_H), 8.73 (dd, 1H, J;= 8.39, J,=1.98 Hz, bzi.
Cs_H), 9.30 (d, 1H, J = 1.83 Hz, bzi. C;_H). 3C NMR (APT, DMSO-
dg/125 MHz): 18.61, 18.90 (2xCHj3), 45.16 (N-CH,-), 55.53 (mor-
pholine Cs), 56.76 (morpholine C3), 71.29 (morpholine C,¢), 118.70
(bzi. C7), 127.53 (bzi. C4), 130.84 (bzi. C5), 130.80 (bzi. Cs;), 138.31
(bzi. C,), 152.52 (bzi. Cg), 157.32 (C = 0), 192.09 (C = S). 13C NMR
(HSQC, DMSO-dg/125 MHz): é 1.15; 18.61, 18.90 [CH;]; 3.06, 4.36;
55.53 [morpholine C5;_Hax; morpholine C5_Heq; morpholine Cs];
2.90, 5.20; 56.76 [morpholine C3_Hax; morpholine C3_Heq; mor-
pholine C3]; 5.87, 45.16 [N-CH,-]; 9.30, 118.70 [bzi. C;_H, bzi. C;];
8.36, 127.53 [bzi. C4_H, bzi. C4]; 8.73, 130.84 [bzi. C5_H, bzi. Cs].
MS-ESI (+): m/z 432,38 [M + H]*. Anal. Calcd for Cy5H;7N306S3
(431.50): C, 41.75; H, 3.97; N, 9.74; S, 22.29. Found: C, 41.87; H,
4.01; N, 9.58; S, 22.41.

(1,1-Dioxido-6-nitro-3-oxo-1,2-benzisothiazol-2(3H)-
yl)methyl pyrrolidin-1-carbodithioate (6g).

Ivory powder, yield 70%; m.p. 226-7 °C; IR(KBr): v 1743
(C = 0), 1211 (C = S), 1183, 1265 (S = 0); 'H NMR (DMSO-
dg/500 MHz): § 1.93 (2H, p, ] = 6.87 Hz, pyrrolidine C3_H), 2.02
(2H, p, J] = 6.71 Hz, pyrrolidine C4-H), 3.64 (2H, t, ] = 6.87 Hz,
pyrrolidine C,_H), 3.82 (2H, t, ] = 6.87 Hz, pyrrolidine Cs_H),
5.85 (2H, s, CHy), 835 (1H, d, J = 8.39 Hz, C4_H), 8.73 (1H, dd,
J = 8.39, 1.98 Hz, C5_H), 9.30 (1H, d, ] = 1.98 Hz, C;_H). 13C NMR
(APT, DMSO-dg/125 MHz): 24.13 (pyrrolidine C3), 25.97 (pyrroli-
dine C4), 44.75 (N-CH,-), 51.14 (pyrrolidine C,), 55.97 (pyrrolidine
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Cs), 118.68 (bzi. C7), 127.52 (bzi. C4), 130.81 (bzi. C5), 138.34 (bzi.
C72), 152.74 (bzi. Cg), 157.39 (C = 0), 187.66 (C = S). MS-APCI (+):
m/z 388.50 [M + H]". Anal. Calcd for C;3H3N305S3 (387.454): C,
40.30; H, 3.38; N, 10.85; S, 24.83. Found: C, 40.21; H, 3.51; N,
10.74; S, 24.93.

(1,1-Dioxido-6-nitro-3-oxo-1,2-benzisothiazol-2(3H)-
yl)methyl O-ethyl dithiocarbonate (7a).

Yellow powder, yield 65%; m.p. 111-112 °C; IR(KBr): v 1737
(C = 0), 1235 (C = S), 11851265 (S = 0); 'H NMR (DMSO-
dg/500 MHz): § 145 (t, 3H, J = 7.17 Hz, ethyl CHs3), 4.71 (q, 2H,
J = 7.17 Hz, 0-CH,), 5.55 (s, 2H, N-CH,-S), 8.36 (d, 1H, J = 8.39 Hz,
bzi. C4-H), 8.74 (dd, 1H, J;= 8.39, J,=1.98 Hz, bzi. Cs_H), 9.32 (d,
1H, J = 2.44 Hz, bzi. C;_H). 13C NMR (APT, DMSO-dg/125 MHz):
13.81 (CH3), 42.62 (N-CH,-), 71.75 (0-CH,), 118.69 (bzi. C;), 127.59
(bzi. C4), 130.85 (bzi. Cs), 138.20 (bzi. C7,), 152.51 (bzi. Cg), 157.12
(C = 0), 209.71 (C = S). MS-APCI (+): m/z 165.80. Anal. Calcd for
C11H1oN,06S3 (362.40): C, 36.46; H, 2.78; N, 7.73; S, 26.54. Found:
C, 36.50; H, 2.69; N, 7.71; S, 26.69.

(1,1-Dioxido-6-nitro-3-o0xo0-1,2-benzisothiazol-2(3H)-
yl)methyl O-propyl dithiocarbonate (7b).

Ivory flakes, yield 60%; m.p. 71-72 °C; IR(KBr): v 1737 (C = 0O),
1238 (C = S), 1184, 1265 (S = 0); 'H NMR (DMSO-dg/500 MHz):
6 0.99 (t, 3H, J] = 7.32 Hz, propyl CH3), 1.86 (hex., 2H, ] = 7.32 Hz,
propyl -CH,-), 4.62 (t, 2H, ] = 6.71 Hz, O-CH,), 5.55 (s, 2H, N-CH,-
S), 836 (d, 1H, J = 8.39 Hz, bzi. C4_H), 8.73 (dd, 1H, J;= 8.39,
J»=1.98 Hz, bzi. C5_H), 9.33 (d, 1H, J = 1.98 Hz, bzi. C;_H). 13C
NMR (APT, DMSO-dg/125 MHz): 10.66 (CH3), 21.43 (-CH,-), 42.57
(N-CH,-), 77.01 (O-CH,), 118.72 (bzi. C;), 127.60 (bzi. C4), 130.87
(bzi. Cs), 130.89 (bzi. C3,), 138.19 (bzi. C7,), 152.52 (bzi. Cg), 157.13
(C = 0), 209.88 (C = S). MS-APCI (+): m/z 165.73. Anal. Calcd for
Ci1oH12N,06S3 (376.42): C, 38.29; H, 3.21; N, 7.44; S, 25.55. Found:
C, 38.25; H, 3.24; N, 7.51; S, 25.47.

(1,1-Dioxido-6-nitro-3-oxo-1,2-benzisothiazol-2(3H)-
yl)methyl O-pentyl dithiocarbonate (7c).

Yellow flakes, yield 65%; m.p. 62-63 °C; IR(KBr): v 1739
(C = 0), 1238 (C = S), 1183, 1259 (S = 0); 'H NMR (DMSO-
dg/500 MHz): § 0.89 (t, 3H, ] = 717 Hz, pentyl CH3), 1.30-
142 (m, 4H, OCH,CH,CH,CH,CH3), 185 (2H, | = 6.87 Hz,
OCH,CH,CH,CH,CH3), 4.66 (t, 2H, ] = 6.56 Hz, O-CH;), 5.55 (s,
2H, N-CH,-S), 8.36 (d, 1H, J = 8.39 Hz, bzi. C4_H), 8.74 (dd, 1H, J;=
8.39, J,=1.98 Hz, bzi. C5_H), 9.33 (d, 1H, J = 1.83 Hz, bzi. C;_H). 13C
NMR (APT, DMSO-dg/125 MHz): 14.25 (CHs3), 22.23 (pentyl C4_H),
27.58 (pentyl C3_H), 27.88 (pentyl C,_H), 42.57 (N-CH,-), 75.57
(O-CH,), 118.73 (bzi. C;), 127.59 (bzi. C4), 130.86 (bzi. Cs5), 130.88
(bzi. C3,), 138.19 (bzi. C7,), 152.50 (bzi. Cg), 157.12 (C = 0), 209.83
(C = S). MS-APCI (+): m/z 165.24. Anal. Calcd for Ci4HgN,0¢S3
(404.48): C, 41.57; H, 3.99; N, 6.93; S, 23.78. Found: C, 41.61; H,
4.03; N, 6.98; S, 23.67.

(1,1-Dioxido-6-nitro-3-o0xo-1,2-benzisothiazol-2(3H)-
yl)methyl O-cyclopentyl dithiocarbonate (7d).

Ivory powder, yield 68%; m.p. 100-101 °C; IR(KBr): v 1747
(C = 0), 1238 (C = S), 1188,1267 (S = 0); 'H NMR (DMSO-
dg/500 MHz): 6 1.61-1.63 (m, 2H, cyclopentyl C34-Hax), 1.76-
1.78 (m, 2H, cyclopentyl C34-Heq.), 1.94-1.98 (m, 4H, cyclopentyl
Cy5-H), 548 (s, 2H, N-CH,-S), 5.84-5.85 (m, 1H, cyclopentyl
C;-H), 8.34 (d, 1H, J = 8.30 Hz, bzi. C4_H), 8.70 (dd, 1H, J;= 8.30,
J>=1.95, bzi. C5_H), 9.30 (d, 1H, ] = 1.95 Hz, bzi. C;_H); 13C NMR
(HSQC, DMSO-dg/125 MHz): § 1.61-1.63; 1.76-1.78; 24.28 [cy-
clopentyl C34-Hax; cyclopentyl C34-Heq; cyclopentyl C34]; 1.94-
1.98, 32.65 [cyclopentyl C,5_-H cyclopentyl C,s]; 5.48, 42.44
[N-CH,-S]; 5.84-5.85, 89.63 [cyclopentyl C{_H, cyclopentyl C;];
9.30, 118.94 [bzi. C;_H, bzi. C;]; 8.34, 127.81 [bzi. C4_H, bzi. C4];
8.70, 131.09 [bzi. C5_H, bzi. Cs]; 138.44 [bzi. C,]; 152.76 [bzi. Cg];
157.32 [C = O]; 208.87 [C = S]. MS-ESI (+): m/z 424.9 [M+Na]*.
Anal. Calcd for C14H14N,06S5 (402.46): C, 41.78; H, 3.51; N, 6.96;
S, 23.90. Found: C, 41.81; H, 3.59; N, 6.92; S, 23.85.
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4.2. Biological activity

Microplate Alamar Blue Assay (MABA)

Antimicrobial susceptibility testing was performed in black,
clear-bottomed, 96-well microplates (black view plates; Packard In-
strument Company, Meriden, Conn.) to minimize background fluo-
rescence. Outer perimeter wells were filled with sterile water to
prevent dehydration in experimental wells. Initial drug dilutions
were prepared in either dimethyl sulfoxide or distilled deionized
water, and subsequent twofold dilutions were performed in 0.1 mL
of 7H9GC (no Tween 80) in the microplates. BACTEC 12B-passaged
inocula were initially diluted 1:2 in 7H9GC, and 0.1 mL was added
to wells. The determination of bacterial titer yielded 1 x 106
CFU/ml in plate well for Hs;Rv. Frozen inocula were initially di-
luted at 1:20 in BACTEC 12B medium followed by a 1:50 dilution in
7HIGC. The addition of 1/10 mL to wells resulted in a final bacte-
rial titer of 20x10° CFU/ml for H3;Rv. Wells containing drugs only
were used to detect autofluorescence of compounds. Additional
control wells consisted of bacteria only (B) and medium only (M).
Plates were incubated at 37 °C. Starting on day 4 of incubation,
20 puL of 10x alamarBlue solution (Alamar Biosciences/Accumed,
Westlake, Ohio) and 12.5 uL of 20% Tween 80 were added to one
B well and one M well, and plates were reincubated at 37 °C.
Wells were observed 12 and 24 h later for a color change from
blue to pink and a reading of >50,000 fluorescence units (FU).
Fluorescence was measured in a Cytofluor Il microplate fluorome-
ter (PerSeptive Biosystems, Framingham, Mass.) in bottom-reading
mode with excitation at 530 nm and emission at 590 nm. If the B
wells become pink after 24 h, the reagent is added to the entire
plate. If the well remains blue or >50,000 FU is measured, addi-
tional M and B wells are tested daily until a color change occurred,
at which time reagents are added to all remaining wells. Plates
were then incubated at 37 °C, and results were recorded at 24 h
post-reagent addition. Visual MICs were defined as the lowest con-
centration of drug that prevented a color change. For fluorometric
MICs, background subtraction was performed on all wells with a
mean of triplicate M wells. Percent inhibition was defined as (1 -
(test well FU/mean FU of triplicate B wells) x 100). The lowest drug
concentration effecting an inhibition of >90% was considered the
MIC.

4.3. Single crystal X-Ray instrumentation

Single crystals of compound 6e (CigHi;gN405S3) were ob-
tained by from slow evaporation. A suitable crystal was then se-
lected, mounted on a micromount, and attached to a goniome-
ter head on a Bruker D8 VENTURE diffractometer. The crys-
tal was kept at room temperature (296.27 K) during data col-
lection. Using Olex2 [61], the structure was solved with the
SHELXS-1997 [62] structure solution program using direct meth-
ods and refined with the Olex2.refine [63] refinement pack-
age using Levenberg-Marquardt minimization. A highly disordered
solvent (water) molecule was masked using Squeeze software
[64].

4.4. Molecular modeling studies

The Schrédinger software package (v2021-2, Schrodinger, Inc.,
New York) was used for the modeling studies.

Preparation of Protein Structures

Selected crystal structures were downloaded from the Protein
Data Bank. Chain A of each structure was retained and the rest
of the chains with the water molecules were deleted except for
4BII, where chain D was retained instead of chain A. The Protein
Preparation Wizard module was used to prepare the remaining
protein structures, which were pre-processed by adding hydrogens
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and missing side chains if present. The N- and C-terminals of the
proteins were capped and subsequently, the system was minimized
using the OPLS4 force field.

Receptor Grid Generation

A grid file was generated using the Receptor Grid Generation
tool. The grid was prepared around the centroid of the cocrystal-
lized ligand. All hydroxyl groups of the Ser, Thr-and Tyr-residues
that were lining the binding pocket were allowed to rotate during
dockings.

Reverse Virtual Screening

First, the docking protocols were validated by successfully re-
docking the reference ligands into the active site of the selected
crystal structures using high throughput virtual screening (HTVS)
protocol and flexible ligand sampling. The default scaling factor of
0.8 and partial charge cutoff of 0.15 for van der Waals radii were
maintained. The planarity of conjugated m groups was enhanced
and Epik state penalties for docking were used. Using the Virtual
Screening Workflow module and the prepared grids, the ligand
was sequentially docked with the HTVS scoring function (5 poses
per ligand retained) and subsequently rescored with the Standard
Precision (SP) and Extra Precision (XP) scoring functions. Finally,
only the highest scoring docked pose (XP) was retained and en-
ergy minimized and rescored with MM-GBSA. All binding pocket
amino acids within 5 A from the ligand were included in the min-
imization.

Molecular Dynamics Simulations

All molecular dynamics simulations were performed using the
Desmond tool. The selected docked poses (ligand-enzyme com-
plexes) were initially placed at the center of an orthorhombic box
with periodic boundary conditions (minimal distance of 10A be-
tween protein and boundary). Afterward, both water molecules
(Tip5p) and counter ions (NaCl; 0.15 M) were added to generate a
solvated and neutral system. The system was energy minimized for
100 ps (OPLS4) with position restraints on all protein and ligand
atoms. Finally, the system was simulated for 250 ns at constant
temperature (300K, Nose-Hoover Chain, default values) and pres-
sure (1bar, Martyna-Tobias-Klein, default values) using the RESPA
integrator and without any position restrains. The time step was
set to 0.002 fs. Root Mean Square Deviation (RMSD) of the pro-
tein Ca-atoms and the interactions between the ligand and the
protein obtained during the 250 ns MD simulation were analyzed
from simulated trajectories using the Simulation Interaction Dia-
gram tool. The MM-GBSA binding free energies of the complexes
during the 250 ns simulation period were calculated using the
thermal_MMGBSA.py script [65].
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