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ABSTRACT: Electron deficient nitroaromatic compounds
such as BTZ043 and its closest congener, PBTZ169, and
related agents are a promising new class of anti-TB
compounds. Herein we report the design and syntheses of
1,3-benzothiazinone azide (BTZ-N3) and related click
chemistry products based on the molecular mode of activation
of BTZ043. Our computational docking studies indicate that
BTZ-N3 binds in the essentially same pocket as that of BTZ043. Detailed biochemical studies with cell envelope enzyme fractions
of Mycobacterium smegmatis combined with our model biochemical reactivity studies with nucleophiles indicated that, in contrast
to BTZ043, the azide analogue may have a different mode of activation for anti-TB activity. Subsequent enzymatic studies with
recombinant DprE1 from Mtb followed by MIC determination in NTB1 strain of Mtb (harboring Cys387Ser mutation in DprE1
and is BTZ043 resistant) unequivocally indicated that BTZ-N3 is an effective reversible and noncovalent inhibitor of DprE1.
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Tuberculosis (TB) is a disease mainly caused by
Mycobacterium tuberculosis (Mtb). Besides Mtb, other

TB-causing mycobacteria include Mycobacterium africanum,
Mycobacterium bovis, Mycobacterium canetti, Mycobacterium
caprae, Mycobacterium microti, Mycobacterium mungi, and
Mycobacterium pinnipedii. Together these mycobacteria are
referred as the Mycobacterium tuberculosis complex (MTBC).1

The complete sequencing of the Mtb genome was completed
more than 10 years ago.2,3 Concurrently, the past decade has
seen major progress in the understanding of TB and, as a result,
several therapeutic leads have been identified to help contain
the infection. Recently, TMC207 (bedaquiline) was the first
new anti-TB agent to be approved in over 40 years.4 However,
TB still remains persistently prevalent, resulting in approx-
imately two million deaths every year.5 The emergence of
multidrug resistant (MDR), extensive drug resistant (XDR)
and, recently, totally drug resistant strains further emphasizes
the desperate, growing need for new anti-TB agents.
The discovery of 1,3-benzothiazin-4-ones (BTZs), especially

BTZ043 (1, Figure 1)6 as a potent agent for the treatment of
tuberculosis, led to the identification of several other classes of
nitroaromatic compounds as anti-TB agents. BTZ0436 and its
closest congener, PBTZ1697 (2), and analogues have been
shown to kill Mtb in vitro, ex vivo, and in mouse models of TB.

Both of these agents were shown to be suicide inhibitors of
DprE1, a key enzyme of the cell wall assembly for
mycobacteria.
The detailed mode of suicide inhibition by 1 and 2 was

elucidated, and it was shown to involve the reductive activation
of the nitro group into a nitroso intermediate apparently aided
by the hydride from FADH2 (see Figure 2A, compound 4),
resulting in further covalent inactivation of DprE1 as a
semimercaptal adduct (Figure 2A, structure 5).8,9 The detailed
mechanistic and proteomics studies carried out by Makarov and
Trefzer et al.6,8,9 have shown that the cysteine at the active site
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Figure 1. Structures of 1,3-benzothiazinone anti-TB agents, BTZ043
(1), PBTZ169 (2), and BTZ-N3 (3).
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is essential for the anti-TB activity of 1 and 2 and its mutation
to any other amino acid resulted in the dramatic loss of activity.
Our efforts related to the mechanistic understanding of the
reductive activation of 1 suggest that 1 and other related
nitroaromatic anti-TB agents may undergo chemical activation
of the constituent nitro group to the nitroso intermediate by a
cine addition reaction (Figure 2B). Therefore, cine addition of
either thiolate from the active site cysteine of DprE1 or hydride
from a cofactor FADH2 may be responsible for the generation
of the nitroso intermediate at the enzyme active site.10 It should
be noted that in the absence of the enzyme, such nitroso
intermediates, undergo dimerization or subsequent reduction
(s) to hydroxylamines and amines.10

We envisioned that the substitution of the nitro group of the
1,3-benzothiazinone scaffold by an electron withdrawing azide
group (3, Figure 1) could result in a similar mode of activation
and/or inhibition because the first nucleophilic step of a cine
addition by either the thiolate from the essential cysteine or
hydride from FADH2 would still occur similar to that shown in
Figure 2B.10 However, in the case with an azide group, the
formation of the nitroso derived “semimercaptal adduct” would
not be possible and activity might depend on subsequent
alternative chemistry. Additionally, recent studies identified
“non-nitroaromatic” hits that bind to the same pocket as
BTZ043 without formation of the covalent semimercaptal
adduct.11 Therefore, synthesis and evaluation of the anti-TB
activity of 3 was of interest and is reported herein.
Azide 3 was synthesized in two steps from 1 by first reducing

the nitro group of the latter using Fe/CH3COOH under reflux
conditions (120 °C) for 2 h to give the reduced amine 6. The
amino group of 6 was subsequently treated with tert-butyl
nitrite (t-BuONO) followed by azidotrimethylsilane
(TMSN3)

12 to afford 3 in good yield over two steps (Scheme
1).

To explore and compare the binding of 3 with that of 1 at
the active site of DprE1, both 3 and 1 were docked into the
crystal structure of DprE1 (PDB # 4NCR)7 using Autodock
Vina.13 Because 2 was crystallized as a covalent adduct with
DprE1, the optimization of the docking protocol was achieved
as described in the Supporting Information (SI). Briefly, the
benzothiazinone ligand (semimercaptal) present in the crystal
structure was deleted and no hydrogen was added to the
formed thiolate of cys 387. The docking protocol was
optimized by the redocking of the hydroxylamine form of
pBTZ169 into the active site (see SI, Figure S1).
Next, we repeated the docking with BTZ-N3 to explore its

binding. Our docking study indicated that it binds essentially in
the same binding pocket as that of 2 (Figure 3). This docking
provided further incentive to evaluate 3 in anti-TB assays.

The in vitro activity of azide 3 in two different mycobacterial
growth media (7H12 and GAS)14−16 is summarized in Table 1.
The corresponding activity of BTZ043 (1) is also shown in
Table 1 for comparison.
As can be seen from Table 1, azide 3 showed excellent

activity against the H37Rv strain of Mtb, albeit not as
outstanding as BTZ043 itself. Similar to our earlier studies of
the mechanistic chemistry of BTZ04310 and because of the
similarity in electronic features to that of 1, we decided to
determine the possible cine reactivity of azide 3 with
nucleophiles. Mulliken charges17 calculated by semiempirical
AM1 method18 (see Table 2) indicated that, in contrast to
BTZ043, azide 3 has two highly electrophilic sites, namely the
cine position (see Table 2, C1) and the terminal nitrogen of the
azide group (see Table 2, N3).
To probe further, we subjected 3 to reactions with sodium

methanethiolate (NaSMe) and potassium cyanide (KCN) in
acetonitrile/water (Scheme 2). Interestingly, the reaction of 3
with NaSMe did result in rapid net reduction of the azide to an

Figure 2. Proposed enzymatic and chemical activation of the nitro
group of BTZs leading to the covalent inhibition of DprE1.

Scheme 1. Synthesis of BTZ-N3
a

aReagent and conditions: (a) Fe, CH3COOH, 120 °C, 2 h, 87%; (b) t-
BuONO, TMSN3, 30 min, 62%.

Figure 3. Overlay of the docked pose of 3 on the semimercaptal
adduct of 2 with DprE1. The carbons of 2 are colored in white,
whereas carbons of 3 are in cyan.
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amine (see SI). Although mechanistic details have not yet been
elucidated, the reactivity is consistent with its anti-TB activity.
Our earlier studies of the reaction of BTZ043 with other

nucleophiles, including cyanide, were also consistent with cine
addition chemistry. However, while reaction of azide 3 with
cyanide was clean and facile, the product obtained (cyano-
triazene, 7) resulted from nucleophilic addition at the terminal
nitrogen of the azide. A low resolution X-ray structure

confirmed that the nucleophilic cyanide did not attack at the
C1 carbon (see Table 2 for the numbering). Recall that
BTZ043 and other nitrobenzamides have been shown to
undergo nucleophilic attack at the C1 position by cyanides,
resulting in the formation of bicyclic or tricyclic ring systems.10

This indicates that, although azide 3 has a 1,3-benzothiazinone
scaffold, it might, however, undergo a somewhat different
reaction (mode of activation) at the active site of DprE1.
To confirm that the observed anti-TB activity of BTZ-N3 (3)

was due to the combination of both the azide functionality and
the benzothiazinone scaffold, we synthesized the corresponding
“desazido-BTZ-N3” (8) as a control molecule. As shown in
Scheme 3, amine 6 was treated with tert-butyl nitrite in THF for

30 min to give 8 in 32% yield after purification. However, as
predicted, unlike its predecessors BTZ-N3 or BTZ043, 8 was
notably less active against H37Rv strain of Mtb (Table 1).
The availability of benzothiazinone azide 3 afforded an

opportunity to synthesize and evaluate click chemistry19

reaction products. Therefore, 3 was treated with N,N-
dimethylpropargylamine, phenylpropyne, and ethylpropiolate
as representative alkynes under standard reaction conditions
(Scheme 4) to give triazoles 9, 10, and 11, respectively, in 68−
99% yields.

As now expected, the substitution of the nitro or azido group
by triazole functionality led to a decrease in the electron
deficiency of the 1,3-benzothiazinone ring. This was also
verified by Mulliken charge calculations (Table 2). Interestingly
while the anti-TB activity of the triazoles was diminished
relative to 1 and 3, as expected, it was still notable, especially for
triazole 9 (Table 2). A docking study carried out with 9 as a
representative triazole indicated that the whole scaffold is
positioned further away from the binding pocket (see SI, Figure
S2).
To investigate if the anti-TB activity of 3 was indeed due to

inhibition of DprE1, compounds 3, 8, and BTZ043, as a
control, were tested in the enzymatic assay with membrane and

Table 1. In Vitro Activity of Azide 3, Amine 6, Desazido
BTZ, 8, and Click Chemistry Products 9−11 and Controls
against H37Rv Strain of Mtb (in 7H12 and GAS Media)a

compd
MABA:MIC 7H12

(μM)
MABA:MIC
GAS(μM) MIC NTB1

3 0.47 0.46 0.5
6b >10 (12%) >10 (10%)
8 >100 8.68
9 0.87 0.95
10c 9.90 9.27
11d 0.93 >1
1 (BTZ043) <0.004 < 0.004
rifampin 0.05 0.04

aMABA, microplate alamar blue assay; GAS, glycerol-alanine-salts
medium; 7H12, 7H9 medium plus casitone, palmitic acid, albumin,
and catalase. b87% and 0% inhibition was observed at a concentration
of >1 μM for 7H12 and GAS media, respectively. c0% inhibition was
observed at >1 μM concentration for both 7H12 and GAS media.
d34% inhibition was observed at >1 μM concentration for GAS media.
NTB1, Mtb strain with Cys387Ser mutation.

Table 2. Mulliken Charges for Compounds 1, 3, and 9a

Mulliken charges 1 3 9

C1 0.21 0.14 0.09
N1 0.57 −0.23 −0.14
N2 NA 0.22 0.01
N3 NA −0.01 −0.05

aThe Mulliken charges are only shown for the numbered atoms for
comparison.

Scheme 2. Reactivity of BTZ-N3 with a Thiolate and
Cyanidea

aReagents and conditions: (a) NaSMe, CH3CN/H2O; (b) KCN,
CH3CN/H2O.

Scheme 3. Synthesis of “Desazido-BTZ-N3”
a

aReagent and conditions: (a) t-BuONO, THF, 30 min.

Scheme 4. Click Reactions of BTZ-N3
a

aReagent and conditions: (a) CuSO4 5H2O, sodium ascorbate, tert-
butanol/water.
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cell envelope fractions prepared from M. smegmatis.20,21 These
were incubated with 14C-radiolabeled phosphoribosyl pyro-
phosphate (PRPP), which serves as a precursor of decap-
renylphosphoryl arabinose (see SI for the detailed assay
procedure).
However, while BTZ043 efficiently inhibited conversion of

decaprenylphosphoryl ribose to decaprenylphosphoryl arabi-
nose through its interaction with DprE1 enzyme, as expected,
compounds 3 and 8 did not show any effects on synthesis of
decaprenylphosphoryl arabinose (see SI, Figure S3). This
experiment along with the distinct chemical reactivity of 3 with
cyanide as a nucleophile hints that, unlike BTZ043, 3 may not
be a covalent inhibitor of DprE1 and may either inhibit DprE1
by noncovalent mechanism or has a different target. To address
this difference, 3 was also assayed against the recombinant
DprE1, prepared as previously reported,22 demonstrating that it
is an effective DprE1 inhibitor, with an IC50 of 9.6 ± 0.5 μM
(see SI). Moreover, to demonstrate that the inhibition is
reversible, 3 was incubated with recombinant DprE1 in the
presence of farnesylphosphoryl-β-D-ribofuranose (FPR) as
substrate according to the previously published procedure
(see SI for details).22 After the incubation, determination of
residual enzymatic activity conclusively indicated that, while
BTZ043 led to an irreversible inhibition of DprE1, in vitro
compound 3 reversibly inhibited the enzyme (Figure 4).

Additionally, the MIC value of 3 was determined in the NTB1
strain (Cys387Ser mutation in DprE1)23,24 that was shown to
be resistant to BTZ043. Here also, 3 was found to be an
effective inhibitor (Table 1), indicating that it is a reversible and
noncovalent inhibitor of DprE1 (see SI).
In conclusion, BTZ-azide 3 has impressive activity against

TB. The significantly reduced activity of the des-azido
compound 8 and moderated activity of triazole click products
9−11 again emphasize that electronically activating functional
groups (such as NO2, or N3) promote anti-TB activity of the
1,3-benzothiazinones. The biological activity of BTZ-N3
combined with the chemical reactivity described in Scheme 2
indicates that BTZ-N3 might have alternative modes of
reactivity with DprE1. Indeed, additional biochemical and
enzymatic studies substantiated our hypothesis that, while
BTZ043 is a covalent inhibitor of DprE1, BTZ-azide is an
efficient reversible and noncovalent inhibitor. The studies
described here indicate that the BTZ scaffold may provide still

further opportunities for development of much needed new
anti-TB agents.
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