
The antibacterial prodrug activator Rv2466c is a mycothiol-
dependent reductase in the oxidative stress response of
Mycobacterium tuberculosis
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The Mycobacterium tuberculosis rv2466c gene encodes an
oxidoreductase enzyme annotated as DsbA. It has a CPWC
active-site motif embedded within its thioredoxin fold domain
and mediates the activation of the prodrug TP053, a thienopy-
rimidine derivative that kills both replicating and nonreplicat-
ing bacilli. However, its mode of action and actual enzymatic
function in M. tuberculosis have remained enigmatic. In this
study, we report that Rv2466c is essential for bacterial survival
under H2O2 stress. Further, we discovered that Rv2466c lacks
oxidase activity; rather, it receives electrons through the
mycothiol/mycothione reductase/NADPH pathway to acti-
vate TP053, preferentially via a dithiol– disulfide mechanism. We
also found that Rv2466c uses a monothiol– disulfide exchange
mechanism to reduce S-mycothiolated mixed disulfides and
intramolecular disulfides. Genetic, phylogenetic, bioinformat-
ics, structural, and biochemical analyses revealed that Rv2466c
is a novel mycothiol-dependent reductase, which represents a
mycoredoxin cluster of enzymes within the DsbA family differ-
ent from the glutaredoxin cluster to which mycoredoxin-1

(Mrx1 or Rv3198A) belongs. To validate this DsbA–myco-
redoxin cluster, we also characterized a homologous enzyme of
Corynebacterium glutamicum (NCgl2339) and observed that it
demycothiolates and reduces a mycothiol arsenate adduct with
kinetic properties different from those of Mrx1. In conclusion, our
work has uncovered a DsbA-like mycoredoxin that promotes
mycobacterial resistance to oxidative stress and reacts with free
mycothiol and mycothiolated targets. The characterization of the
DsbA-like mycoredoxin cluster reported here now paves the way
for correctly classifying similar enzymes from other organisms.

Mycobacterium tuberculosis, the causative agent of tubercu-
losis (TB),4 is the second deadliest infectious agent in the world
after HIV (1–3). In 2014, TB caused nearly 1.5 million deaths,
with an estimated 9.6 million new cases of infection. One of
the major features making M. tuberculosis a successful human
pathogen is its exquisite ability to survive under anaerobic and
aerobic conditions. M. tuberculosis effectively adapts to persist
under hypoxic conditions, such as those found in granulomas,
by promoting an overall down-regulation of its metabolism
while up-regulating specific genes involved in respiration and
central metabolism (4, 5). In contrast, to survive and multiply
within the oxidizing and acidic environment of macrophages,
M. tuberculosis has acquired a variety of mechanisms to main-
tain its redox equilibrium (6, 7). One of these mechanisms that
is clearly different from the human host is the use of a different
low-molecular weight (LMW) defense mechanism. In the
human host, the tripeptide GSH (�-L-glutamyl-L-cysteinylgly-
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cine) is the main LMW thiol, whereas in M. tuberculosis, myco-
thiol (MSH; 1-D-myo-inosityl 2-(N-acetylcysteinyl)amido-2-
deoxy-�-D-glucopyranoside) is the main LMW thiol involved
in detoxification and in maintaining redox homeostasis (8, 9).
Protein S-mycothiolation, which is a post-translational modifi-
cation that protects sensitive cysteines from overoxidation, is
probably the link between stress resistance and mycothiol (10).
To date, the only enzyme known to reverse the post-transla-
tional mycothiolation, using a monothiolic or a dithiolic mech-
anism, is mycoredoxin-1 (Mrx1) (11, 12). Mrx1 is exclusively
linked to the mycothiol electron transfer pathway, and its main
function is to reduce protein–MSH mixed disulfides (11). Struc-
tures of reduced and oxidized Mrx1 revealed a thioredoxin fold
with a CGYC catalytic site motif (11). Mrx1 activity was demon-
strated with S-mycothiolated mycothiol peroxidase (Mpx) and
thiol peroxidase (Tpx) from Corynebacterium glutamicum, methi-
onine sulfoxide reductase A (MsrA) from C. glutamicum and
Corynebacterium diphtheriae, and alkylhydroperoxide reductase
E (AhpE) from M. tuberculosis (10, 13–16).

For anti-TB drugs, efficacy against both replicating and non-
replicating bacilli is an important feature; however, only a limited
number of compounds fulfill these criteria (3). Recently, a new
series of thienopyrimidine (TP) compounds able to effectively kill
replicating and non-replicating M. tuberculosis were discovered,
and the overexpression of Rv2466c in M. tuberculosis H37Rv
increased the sensitivity to one of these TP compounds (TP053),
supporting a potential role of TP053 as prodrug (17).

Rv2466c is a soluble protein, annotated as a DsbA, and its
expression is transcriptionally regulated during oxidative stress
response (18, 19). Kinetic data indicated that Rv2466c catalyzes
the reduction of TP053 through the action of DTT and an
unknown heat-stable cofactor present in a boiled Mycobacte-
rium smegmatis extract. However, the real mode of action of
Rv2466c and the nature of the electron donor pathway as well as
the biological function of Rv2466c in Mycobacterium spp.
remain largely unknown.

Here we report on Rv2466c, a newly uncovered mycoredoxin,
renamed as Mrx2. We show that this enzyme belongs to a DsbA-
like mycoredoxin cluster, which is evolutionarily different from
the glutaredoxin cluster to which Mrx1 belongs. Rv2466c is
directly involved in the H2O2 response of M. tuberculosis and is
essential to mediate the TP053 prodrug activation in a M. tuber-
culosis H37Rv cell culture model. Compared with Mrx1, Rv2466c
is less specific in receiving electrons, because both the mycothiol/
mycothione reductase/NADPH (MSH/Mtr/NADPH) and the thi-
oredoxin/thioredoxin reductase/NADPH (TrxC/TrxR/NADPH)
pathways regenerate oxidized Rv2466c. Although more promiscu-
ous compared with Mrx1, kinetics show that the MSH/Mtr/
NADPH pathway is the preferred one.

Results

M. tuberculosis rv2466c null mutant (TB461) is sensitive to
oxidative stress

Because rv2466c is one of the main targets of SigH (18, 19),
which is strongly linked to the oxidative stress response in
M. tuberculosis, we constructed an rv2466c null mutant in
M. tuberculosis H37Rv (TB461b). We tested the sensitivity of

the Tb461b mutant to three thiol-specific oxidative agents,
diamide, hydrogen peroxide, and sodium hypochlorite, using
an agar-based disc diffusion assay (Table 1 and supplemental
Fig. S1). Tb461b mutant was more sensitive to diamide and
hydrogen peroxide, when compared with the WT parental
strain. In addition, phenotypes were fully restored by the rein-
troduction of a WT copy of rv2466c at an ectopic locus of the
chromosome. Similarly, we analyzed the impact of the three
oxidative agents in the sigH null mutant ST49 (18). Interest-
ingly, the inhibition patterns were not significantly different
from those obtained with the Tb461b mutant, suggesting that
ST49 sensitivity to oxidative stress is mainly due to its inability
to induce the expression of rv2466c (Table 1). Although
Rv2466c is viewed as non-essential in M. tuberculosis under
normal growth conditions (20), under oxidative stress condi-
tions, both SigH and Rv2466c are essential for survival. These
findings strongly support the hypothesis that Mrx1 and
Rv2466c have similar roles in the maintenance of M. tubercu-
losis redox homeostasis under oxidative stress; both are individ-
ually essential. However, care must be taken because Mrx1 oxi-
dative stress sensitivity was evaluated in the model organism
M. smegmatis (11).

Rv2466c is essential to mediate TP053 activation in
M. tuberculosis

TP053 is the most promising molecule from a series of TP
derivatives targeting replicating and non-replicating M. tuber-
culosis. It has been shown that TP053 is a prodrug activated by
Rv2466c (17). To further understand the molecular mechanism
by which Rv2466c activates the prodrug TP053, the sensitivity
of the Tb461 mutant to TP053 was compared with that of its
WT parental strain H37Rv using a resazurin microtiter assay
(REMA). This assay measures cell respiration through conver-
sion of resazurin to resorufin and is commonly used to deter-
mine mycobacterial MICs to drugs (21). We found that the
Tb461b mutant was more resistant than WT H37Rv, with an
MIC � 4 �g/ml versus an MIC of 0.25 �g/ml (Fig. 1). Reintro-
duction of a WT copy of rv2466c in an ectopic locus of the
chromosome (Tb462) fully restored the sensitivity to TP053,
confirming Rv2466c as essential for TP053 activation (Fig. 1).

The MSH/Mtr/NADPH pathway as an electron source for
Rv2466c

Actinomycetes, including Streptomyces and Mycobacterium
spp., produce LMW thiols to maintain a reducing cellular envi-
ronment under oxidative stress (11, 22, 23). Specifically, MSH is

Table 1
Inhibition growth parameters of M. tuberculosis H37Rv variants
exposed to oxidative stress

Strain Diamide H2O2 NaClO

mm
H37Rv NDa 4.25 � 0.25 1.35 � 0.07
Tb461b (�-rv2466c) �8 7.0 � 0.06b 1.4 � 0.2
Tb462 (complemented) ND 4.1 � 0.1 1.2 � 0.01
ST49 (�-sigH) �8 �8c 1.25 � 0.07

a ND, no inhibition zone was detected.
b Statistically significant difference compared with values of H37Rv and comple-

mented strain; p � 0.01.
c Statistically significant difference compared with values of H37Rv and comple-

mented strain; p � 0.005.
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the major LMW thiol produced by mycobacteria (9). The intra-
cellular levels of MSH are tightly regulated during exponential
and stationary phases of growth and synchronized in the course
of various stresses, playing a critical role in the survival and
pathogenicity of mycobacteria (23).

To identify possible electron donor pathways coupled to
Rv2466c reduction, two of the most important electron transfer
pathways responsible for keeping the redox potential in balance
were reconstructed in vitro, that of the MSH/Mtr/NADPH and
TrxC/TrxR/NADPH (23). First, we mycothiolated Rv2466c
with the intent to observe Rv2466c–MSH mixed disulfide com-
plex formation using an anti-MSH dot blot visualization (sup-
plemental Fig. S2). The Rv2466c–MSH complex was observed
from 0.5 to 10 min of room temperature exposure to a 1:1 molar
excess of hydrogen peroxide, indicating a stable mixed-disul-
fide complex. In the absence of H2O2, a weaker anti-MSH signal
was also observed, indicating that untreated Rv2466c is already
partially in its oxidized state (disulfide or/and sulfenic acid).

Following steady-state kinetics with Rv2466c oxidized with a
4-fold molar excess of diamide (Rv2466cox) as substrate, initial
velocities of 11 � 2 nM�min�1�mg�1 and 1.25 � 0.5
nmol�min�1�mg�1 were measured for the MSH/Mtr/NADPH
and the TrxC/TrxR/NADPH electron donor pathways, respec-
tively (Fig. 2A). It is worth noting that reduction of the oxidized
form of Mrx1 (Mrx1ox) through the MSH/Mtr/NADPH path-
way resulted in an initial velocity of 88 � 6 nmol�min�1�mg�1

(Fig. 2A), and Mrx1 has been shown previously not to use the
TrxC/TrxR/NADPH electron donor pathway (11). Here, we
clearly show that, although Rv2466cox can be reduced by both
electron-shuttling pathways, the enzyme is reduced 8.8-fold
faster with MSH/Mtr/NADPH compared with the TrxC/
TrxR/NADPH pathway. Interestingly, Mrx1ox catalyzed an
8-fold faster reaction coupled to MSH/Mtr/NADPH when
compared with Rv2466cox, indicating a different specificity for
both enzymes (Fig. 2A).

The pKa values of the cysteines within the active-site motif of
Rv2466c are more acidic

Accessibility and pKa values of cysteine residues are the most
important features in determining the reactivity of the thiolate
group toward disulfide bonds (24). To understand the reactivity
of Cys19 and Cys22 within the active-site motif, we measured the
cysteine pKa of WT and the C19S and C22S variants by moni-
toring the difference in absorption at 240 nm between the thiol
and thiolate groups (R–S�) across a pH range from 5.0 to 9.4
(supplemental Fig. S3). For the resolving Cys22, pKa values of
8.17 � 0.07 and 8.75 � 0.04 were calculated for the WT and
Rv2466c C19S, respectively. A reliable measurement of the pKa
of Cys19 was not possible, because the C22S mutant precipi-
tated at low pH. However, based on the pH profile, we esti-
mated a value lower than 6 (supplemental Fig. S3). For Mrx1,
the pKa values of both respective cysteines were more basic; the
nucleophilic Cys14 was measured to be 6.8, whereas the resolv-
ing Cys17 has a pKa value of 11.1 (11).

Figure 1. Rv2466c is essential to mediate TP053 activation in M. tubercu-
losis. Determination of MIC to TP053 by REMA. Cells were exposed to increas-
ing concentrations of TP053. An MIC of 0.25 �g/ml was found for WT strain.
No apparent growth inhibition was observed in the null variant (Tb461b). WT
copy of rv2466c reintroduction fully restored the sensitivity (Tb462). Concen-
trations from 2 to 4 �g/ml are not shown for the sake of clarity because there
was no growth variation. The experiment was performed in triplicate. Error
bars, S.D.

Figure 2. Rv2466c is preferably reduced by the MSH pathway, is not an oxidase, and demycothiolates mixed disulfides. A, steady-state Rv2466c
reduction utilizing the TrxC/TrxR/NADPH and MSH/Mtr/NADPH pathway and Mrx1 reduction utilizing the MSH/Mtr/NADPH pathway. The TrxC/TrxR/NADPH
pathway with Mrx1 has no activity (data not shown). Trx, TrxC/TrxR/NADPH; MSH, MSH/Mtr/NADPH. B, Rv2466c is not a DsbA-oxidoreductase. The methylene
blue RNA intercalating assay was utilized to quantify the activity of RNase I (0.5 �M) (29). E. coli RNase I was reduced, and the recovering of activity was
monitored in the presence of several enzymes (5 �M DsbA, 5 �M DsbC, 5 �M DsbA or 5 �M DsbC, 5 �M Rv2466c WT, and 5 �M Mrx1). Rv2466c was unable to
catalyze the disulfide bond formation in a previously reduced RNase I, indicating that Rv2466c is not a DsbA-oxidoreductase as predicted by sequence
similarity. Reactions were performed in duplicate. C, Rv2466c demycothiolates HED–MSH mixed disulfide. An increase in HED–MSH conversion of 15% was
observed when the resolving Cys22 was substituted by a serine. No activity was found in the presence of C19S as a catalyst. D, Rv2466c reduces the HED–GSH
mixed disulfide. In a reaction mixture containing HED–GSH, a very low activity was observed in the presence of Rv2466c. No activity was measurable for Mrx1
in the presence of HED–GSH. Demycothiolation of HED–MSH (C) and deglutathionylation of HED–GSH (D) were continuously monitored at 340 nm and are
represented by NADP� formation per min in �M. Control measurements were performed in the absence of Rv2466c (WT, C19S, or C22S) or Mrx1. Reactions were
performed in duplicate. Error bars, S.D.
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Rv2466c reduces mycothiolated mixed disulfides and
intramolecular disulfide bonds via a monothiol mechanism

Mycothiolation and glutathionylation are crucial post-trans-
lational cysteine modifications that protect cysteine residues
from overoxidation during oxidative stress (9, 25). To test the
ability of Rv2466c to reduce mixed disulfides, we compared its
reactivity with Mrx1 using 2-hydroxyethyl disulfide (HED)–
MSH as a source of mixed disulfide (Fig. 2, C and D). We fol-
lowed the NADPH consumption coupled to MSH and Mtr at
340 nm. In a reaction mixture containing HED-MSH, initial
velocities of 8.3 � 0.9 nmol�min�1�mg�1 and 2.8 � 0.2
nmol�min�1�mg�1 were measured for Mrx1 and Rv2466c,
respectively (Fig. 2C). The resolving cysteine mutant (Rv2466c
C22S) also displayed a slightly higher reducing activity of 3.2 �
0.6 nmol�min�1�mg�1 toward mixed disulfides, whereas the
C19S was inactive. This cysteine substitution experiment indi-
cated that Rv2466c is functioning under a monothiol mode of
action where only the nucleophilic Cys19 is required to catalyze
mixed disulfide bond reduction. Interestingly, the resolving
cysteine mutant C22S is 15% faster than the WT enzyme. For
comparison, we also checked the reactivity with HED–GSH as a
source of mixed disulfide coupled to glutathione reductase and
NADPH (Fig. 2D). We measured a low reactivity of 0.77 � 0.03
nmol�min�1�mg�1, whereas Mrx1 has been shown to be unable
to reduce the HED–GSH mixed disulfide (11).

We further checked the ability of Mrx1 and Rv2466c to
reduce intramolecular disulfide bonds in an insulin assay (26)
(Table 2 and supplemental Fig. S4). Using DTT as an electron
donor, a similar reactivity toward insulin disulfide bond reduc-
tion was observed. However, after introducing the MSH/Mtr/
NADPH pathway as an electron donor, the activity of Mrx1
became almost 2-fold faster in reducing insulin compared with
Rv2466c. In the absence of the resolving cysteine (Rv2466c
C22S), a rate increase of 35% was observed, which is in line with
a rate increase of 15% for an HED–MSH mixed disulfide reduc-
tion with this mutant.

Rv2466c activates TP053 coupled to the MSH/Mtr/NADPH
pathway preferably via a dithiol mechanism

Because Rv2466c is preferentially reduced by the MSH path-
way, we decided to assay the two compounds with the lowest
MIC values of the TP series (TP053 � 0.125 �g/ml and
TP092 � 0.2 �g/ml) and a structurally similar compound inef-
fective against M. tuberculosis (TP055 � 100 �g/ml) as sub-
strates for Rv2466c in a reaction mixture containing MSH, Mtr,
and NADPH. For TP053 and TP092, we measured initial veloc-
ities of 0.0034 � 0.0001 and 0.0052 � 0.0001 s�1, respectively.
No electron transfer with TP055 as substrate was found (Fig.
3A). Activation of TP092 is in the same range as TP053 activa-
tion, which is in line with the previously published MIC values
(17).

Because TP053 has been demonstrated to have a slightly
lower MIC value than TP092, this compound was chosen for
further biochemical characterization. Steady-state kinetic
experiments carried out with the MSH/Mtr/NADPH pathway
and Rv2466c yielded a Km value of 12 � 2 �M and kcat of 0.016 �
0.002 s�1 for TP053 (Fig. 3B). These kcat and Km values for
TP053 measured through the MSH/Mtr/NADPH pathway are
in the same range as those measured by DTT and an M. smeg-
matis methanol extract (Km � 6.4 �M and kcat � 0.048 s�1).
Activation of TP053 decreased with 75% in the absence of the
resolving cysteine (Cys22), and for the C19S mutant, no activa-
tion was measured (Fig. 3C). This led us to conclude that acti-
vation of TP053 preferably occurs via a dithiol mechanism.
Interestingly, Mrx1 was not able to catalyze TP053 activation
under the same experimental conditions utilized for Rv2466c
(data not shown), which shows that Rv2466c is specific for
TP053 activation. A schematic representation of TP053 acti-
vation through the MSH/Mtr/NADPH pathway is shown in
Fig. 4.

TP053 localizes close to the nucleophilic cysteine

The crystal structure of the reduced form of Rv2466c has
been solved recently, revealing a canonical thioredoxin fold
with a Cys19-Pro20-Trp21-Cys22 active-site motif, a typical fea-
ture of the thioredoxin superfamily of oxidoreductases (27).
Rv2466c is a homodimer in which a �-strand is swapped
between the thioredoxin fold domains of each subunit (28). As
a consequence, the exposed face of the extended �-sheets
forms a large, mostly hydrophobic groove flanked by an array
of five �-helices on each side, where the active site is located
(supplemental Fig. S5A). To observe the structure of com-
plex formation within the binding cleft, we performed a
computational docking of TP053 at the catalytic site of
Rv2466c (Protein Data Bank entry 4NXI) (Fig. 3D). The
binding signature indicates that TP053 is localized in the
vicinity of the nucleophilic Cys19, suggesting a crucial role
for Cys19 during TP053 activation.

Formation of Cys19–MSH mixed disulfide and a Cys19–Cys22

disulfide

To gain further insight into the reaction mechanism used by
Rv2466c, we decided to identify possible enzyme adducts from
the reaction of TP053 with Rv2466c and its cysteine mutants.
We analyzed the mass of WT and both Cys variants after the
reaction with TP053 and the MSH/Mtr/NADPH pathway with
LC–MS (supplemental Fig. S6). Before the reaction, we checked
the molecular mass of all three enzymes. For Rv2466c WT, a
mass of 23,086 Da (supplemental Fig. S6A); for Rv2466c C22S a
mass of 23,086 Da (supplemental Fig. S6C; �16 Da from a sul-
fenic acid); and for Rv2466c C19S, a mass of 23,073 Da (supple-
mental Fig. S6E) was obtained. This result shows that by remov-

Table 2
Insulin reduction parameters

DTT MSH/Mtr/NADPH
Controla TrxB Mrx1 Rv2466c Controla Mrx1 Rv2466c C22S C19S

Rate of precipitation (A600 	 10�5 s�1) 14.09 � 0.08 16.42 � 0.03 21.56 � 0.03 20.24 � 0.03 2.8 � 0.1 22.67 � 0.02 13.03 � 0.02 17.56 � 0.01 2.9 � 0.1
Starting point (s) 2,025 1,535 1,785 1,725 2,640 1,300 1,667 1,422 2,575

a Control, reaction without catalyst.
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ing the resolving cysteine, Cys19 becomes more sensitive to
oxidation, forming a sulfenic acid.

After the reaction with Rv2466c WT, two species were
found, the enzyme with a mass of 23,084 Da (supplemental Fig.
S6B) showing the formation of a disulfide and the mycothio-
lated form with a mass of 23,571 Da (supplemental Fig. S6B).
After the reaction with Rv2466c C22S, a mycothiolated form
was detected (23,554 Da) (supplemental Fig. S6D), and for
Rv2466c C19S, no mycothiolation was found.

All in all, the molecular mass for Rv2466c and its variants
shows that at the end of the reaction and in the absence of
Cys22, MSH directly interacts with Cys19. Further, we
showed with Rv2466c WT that Cys22 resolves the Cys19–
MSH mixed disulfide, leading to the formation of a Cys19–
Cys22 disulfide.

Rv2466c has no oxidase properties like DsbA

Amino acid sequence similarity searches between Rv2466c
and the non-redundant sequence database using the BLAST
web server retrieve only DsbA oxidoreductases (CPWC motif)
in the top 100 matches, which means that Rv2466c was anno-
tated as a DsbA oxidoreductase. To test its putative DsbA-oxi-
doreductase activity, we used Escherichia coli RNase I as a sub-
strate. RNase I is active with its four disulfide bonds correctly
formed, making it an ideal model enzyme for oxidative protein
folding evaluation (29). We used methylene blue intercalated
RNA as a substrate to check the RNase activity at 659 nm after
the incubation of reduced unfolded RNase I with DsbA, DsbC,
Rv2466c, and Mrx1 (30). Unlike E. coli DsbA, Rv2466c did not
catalyze the oxidative refolding of RNase I (Fig. 2B). Reduced
RNase I (unfolded) demonstrated 14.9% of activity relative to

Figure 3. Rv2466c coupled to the MSH/Mtr/NADPH pathway activates TP053, preferably via a dithiol mechanism. The steady-state kinetic parameters
for the activation of the TP compounds are shown and are in good agreement with the values previously published (17). A, TP derivative activation follows the
Rv2466c/MSH/Mtr/NADPH pathway. Steady-state activation of TP053, TP055, and TP092 compounds by the Rv2466c/MSH/Mtr/NADPH pathway was evalu-
ated by following the consumption of NADPH as a function of time. TP055 has no activity in this pathway (data not shown). Control measurements were
performed in the absence of Rv2466c or Mrx1. B, steady-state kinetic parameters were determined at varying concentrations of TP053 (1–15 �M) and initial
velocities calculated from the linear portion of the reaction curve. C, relative activity of C22S indicating a decrease of 75%. No activity was detected in the
reaction mixture containing the C19S variant as catalyst. D, docked configuration of TP053 in the active-site cleft of Rv2466c. TP053 is colored by atoms. The
Rv2466c �-helical bundle is shown in yellow, and the thioredoxin fold is shown in orange. Reactions were performed in duplicate. Error bars, S.D.

Figure 4. Schematic representation of the MSH/Mtr/NADPH/Rv2466c/TP053 catalytic cycle. Rv2466c in its reduced form reacts with TP053, leading to the
formation of uncharacterized compounds. Subsequently, disulfide bond Rv2466c is recycled by the MSH/Mtr/NADPH pathways. The kcat value in the presence
of MSH/Mtr/NADPH is in a good agreement with the values previously published in the presence of DTT and M. smegmatis methanol extract. However, the kobs
for DTT and methanol extract is 80-fold faster than the value with MSH/Mtr/NADPH (17).
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folded RNase I (100%). In contrast, in the presence of DsbA,
64.7% of activity was recovered. Interestingly, combining DsbC
with DsbA triggered the recovery of the refolding up to 79.9% of
the folded RNase I. Thus, despite its high sequence similarity to
DsbA, Rv2466c clearly did not act as an oxidase.

Rv2466c is a novel mycothiol-dependent reductase

To support the existence of a new class of enzymes currently
wrongly classified as DsbA-oxidoreductases, a phylogenetic
reconstruction of mycoredoxins, oxidoreductases, and glutare-
doxins was performed. To this end, 63 sequences were chosen
from the NCBI database, including a diverse range of bio-
chemically/structurally characterized and uncharacterized
enzymes. According to the catalytic CXXC motif, sequences

were classified into seven different groups: CPHC, CPWC,
CPFC, CPYC, CGYC, CGFS, and 3	CGFS (Fig. 5 and supple-
mental Fig. S7). Strikingly, Rv2466c forms a new cluster with
other putative DsbA-like redox enzymes, preserving the CPWC
active-site sequence motif (Fig. 5). In addition, this cluster con-
tains two enzymes from C. glutamicum exhibiting the catalytic
motif CPFC. Pro-154 was the only amino acid strictly conserved
over the 63 sequences analyzed (according to Rv2466c number-
ing and thereafter), an essential residue for maintaining the Trx
fold architecture (31). Residues Asp16 and His99 were conserved
over the Rv2466c cluster (shown in salmon and deep purple in
Fig. 5) in the phylogenetic analysis, although they are not pres-
ent in the M. tuberculosis and C. glutamicum Mrx1 sequences
(Fig. 6A). It has been demonstrated previously that the substi-

Figure 5. A phylogenetic reconstruction (cladogram) of mycoredoxins, glutaredoxins, and oxidoreductases (DsbA) points to a distinct group of
mycoredoxins. The new group of mycoredoxins is shown in salmon and deep purple. To give experimental support to the phylogenetic reconstruction,
biochemically characterized enzymes were utilized, such as E. coli DsbA (45), S. cerevisiae Grx (64), and H. sapiens Grx (65), among others (32).

Rv2466c is a DsbA-like mycoredoxin that activates TP053

13102 J. Biol. Chem. (2017) 292(32) 13097–13110

http://www.jbc.org/cgi/content/full/M117.797837/DC1
http://www.jbc.org/cgi/content/full/M117.797837/DC1


tution of His99 by serine leads to a remarkable decrease in activ-
ity (28). His99 is proposed to stabilize the interface between the
thioredoxin domain and the �-helical subdomain of Rv2466c
and, as such, is directly involved in protein stability. This pre-
diction comes from the observation that the H99S mutant
undergoes a large structural change to adopt a conformation
similar to that of the oxidized form of Rv2466c, indicative of a
crucial structural role for His99 (28).

Additionally, this phylogenetic reconstruction positions
Mrx1 in the cluster comprising the classical E. coli Grx1 and its
homologs from Homo sapiens and Saccharomyces cerevisiae
(32, 33) (Fig. 5), indicating that Mrx1 is a Grx-like mycoredoxin
displaying a Grx classical mode of action but utilizing MSH
instead of GSH. Altogether, we propose Rv2466c as a novel
mycothiol-dependent reductase, mycoredoxin-2 (Mrx2), embed-
ded in a biochemically related cluster of DsbA-like mycoredox-
ins (shown in salmon and deep purple in Fig. 5).

Difference between the DsbA-like and Grx-like mycoredoxin
cluster validated

To further validate the discovery of a new class of DsbA-like
mycoredoxins, the enzymatic properties of one of its members
were studied. We decided to focus on the gene product of
NCgl2339 from C. glutamicum and wanted to show that this
enzyme is able to demycothiolate in vitro and in vivo. We
recombinantly expressed NCgl2339 and its C13S and C16S
variants and purified the proteins to homogeneity. Because
Mrx1 from C. glutamicum (CgMrx1) and NCgl2339 are
enzymes representing both mycoredoxin clusters, we decided
to compare their demycothiolating activity toward an As(V)-
MSH thiol–arseno adduct, as described (12). Following steady-
state kinetic data analysis, we found an initial velocity of 2.8 �

0.01 s�1 for NCgl2339 and 0.006 � 0.001 s�1 for CgMrx1 (Fig.
7, A and B), clearly indicating a different rate (NCgl2339 is
466-fold faster than CgMrx1) for both enzymes belonging to
different mycoredoxin clusters. As expected, the nucleophilic
cysteine mutant was not active, and the resolving cysteine
NCgl2339 C16S mutant has a 10-fold lower initial velocity of
0.29 � 0.02 s�1 (Fig. 7, A and B).

To further understand the role of NCgl2339 and CgMrx1 in
As(V) resistance at a cellular level, we disrupted (i) the
NCgl2339 gene and (ii) the gene encoding CgMrx1 (NCgl0808).
The NCgl2339 disruption mutant strain was found to be more
sensitive to As(V) than the WT strain (RES167) (Fig. 7C). The
resistant phenotype was fully restored by complementation
with the WT NCgl2339 enzyme. Interestingly, complementa-
tion with the C16S mutant partially restored the phenotype,
whereas complementation with C13S mutant did not alter the
killing phenotype to As(V). It has been shown that CgMrx1 is
directly involved in As(V) resistance (12); however, disruption
of the gene encoding for CgMrx1 did not result in lowered
resistance to As(V) (Fig. 7C). This cell culture experiment
shows different properties for both mycoredoxins representing
the DsbA and the Grx cluster.

Discussion

It is well known that M. tuberculosis produces and uses MSH
as its main LMW thiol involved in detoxification and signaling.
However, even today, important pieces in this redox puzzle are
missing, like enzymes receiving electrons via MSH (34, 35). In
this work, we uncovered a DsbA-like mycoredoxin (Rv2466c)
that reacts with free mycothiol and mycothiolated targets,
using a similar mode of action as the previously characterized
Grx-like Mrx1 (Rv3198A) from M. tuberculosis (11). Rv2466c

Figure 6. Mrx2 cluster alignment and active-site interaction. A, alignment of the amino acid sequences of the Mrx2 cluster (salmon and deep purple)
proposed by phylogenetic analysis. The figure was prepared with Boxshade, a web-based program hosted by Expasy (www.expasy.org). B, the hydrogen
bonding environment of the Cys19 sulfur is depicted by black dashed lines, and the respective distances between heavy atoms are given in Å. C, by rotating the
side chain of Asp16 (the stereochemistry of this residue was also optimized using the “regularize zone” function in COOT) the carboxylate oxygen forms a close
interaction with the sulfur of Cys22. The Rv2466c �-helical bundle is shown in yellow, and the thioredoxin fold is shown in orange.
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activates the prodrug TP053 (17), but no activation could be
observed in the presence for Mrx1. Despite sharing common
features, Rv2466c and Mrx1 show different enzymatic rates and
substrate preferences.

The phylogenetic reconstruction indicates that Mrx1 forms a
cluster closer to glutaredoxins (Fig. 5, blue clusters) instead of
clustering with the DsbA-like Mrx2 cluster (Fig. 6, salmon and
deep purple clusters). Grx1 enzymes are described as classical
glutaredoxins displaying the dithiol CPYC motif (32). This class
of enzymes can reduce disulfides containing targets like ribo-
nucleotide reductase, a key player in the cell metabolism main-
taining the necessary balance of deoxynucleotides for DNA
repair and synthesis (36, 37). Interestingly, the well-character-
ized E. coli Grx1 is the closest sequence to Mrx1 in the present
phylogenetic reconstruction and corroborates with the fact
that Mrx1 has a similar mode of action as E. coli Grx1, but
utilizing MSH instead of GSH (11, 38, 39). The closest bio-
chemically characterized enzyme to Rv2466c is Grx5 from
S. cerevisiae, an enzyme involved in oxidative and osmotic
stress (40). Grx5 knock-out showed a possible role in iron
metabolism due to the increased level of intracellular iron
(41). Whether Rv2466c will have a similar role in iron–sulfur
cluster formation within M. tuberculosis still needs to be
determined.

The pKa value of the nucleophilic Cys19 of Rv2466c is at least
one pH unit lower than the pKa observed for the corresponding
nucleophilic Cys14 of Mrx1 (supplemental Fig. S5B). Interest-
ingly, the respective conserved cysteines of DsbA enzymes have
a pKa of 
3.5 (42, 43), so the pKa value of nucleophilic Cys of
Rv2466c lies between the pKa values of the respective cysteines
of Mrx1 and DsbA. As a consequence of the lower pKa value of
the nucleophilic cysteine of Rv2466c compared with Mrx1,

Rv2466c is 8-fold less reactive compared with Mrx1 when cou-
pled to the MSH/Mtr/NADPH pathway (Fig. 2A). A close
inspection of the active site of Rv2466c suggests that the low
pKa observed for the nucleophilic Cys19 directly depends on the
hydrogen-bonding network of the sulfur (44). The crystal struc-
ture of Rv2466cRED (Protein Data Bank entry 4NXI) revealed
that rotation of the Asp16 side chain certainly promotes a close
interaction of its carboxylate moiety with both the Cys19 (3.8 Å)
and Cys22 (2.9 Å) sulfur groups (Fig. 6, B and C). This carboxy-
late moiety of Asp23 in E. coli Trx displays an unusual high pKa
of 7.58, allowing it to perform a protonation (acid) or deproto-
nation (base) of Cys35, thereby regulating the sulfur pKa reac-
tivity (45– 47). According to the active-site configuration,
Asp16 acts as a proton shuttle, deprotonating and polarizing
Cys19 or Cys22 through its carboxylate group (Fig. 8, step 3).
Therefore, the presence of a conserved aspartate residue in the
vicinity of both Cys residues in Rv2466c and E. coli Trx points
to a common catalytic activation mechanism. An alternative
mechanism would rely on a water cluster, which can be
observed in the vicinity of Cys19 and Cys22 in the crystal struc-
ture of Rv2466cRED, providing the potential for polar interac-
tions and proton transfer (48, 49). Another possible mechanism
is the Rv2466c Cys19 hydrogen-bonding with backbone atoms
like the nitrogens belonging to Trp21 and Cys22 that are 3.4 Å
from Cys19 sulfur or the hydroxyl portion of Thr153 that is 3.1 Å
from the sulfur atom, similar to the mechanism proposed for
Bacillus subtilis (48). Similarly, the pKa of Cys22 could be regu-
lated by the presence of Asp16 in its vicinity, increasing sulfur
reactivity and leading to a nucleophilic attack toward Cys19 sul-
fur, generating a disulfide bond (Fig. 8, step 4).

The biochemical data presented herein led to the general
hypothesis that resolving and nucleophilic cysteine residues in
a CXXC domain are in competition, where in this case the
resolving Cys22 slows down Rv2466c reduction by MSH via
intramolecular disulfide bond formation. The reductive path-
way (Fig. 8) describes the chemical steps used to reduce the
intramolecular disulfide formed by Cys19 and Cys22 under oxi-
dative stress, giving a reduced form of Rv2466c and mycothione
(MSSM). MSSM is converted back to MSH by Mtr, which is an
NADPH-dependent flavoenzyme (Fig. 8). An alternative path-
way can take place, where mycothiolated Cys19 (R-S-SM) is
under nucleophilic attack of Cys22. In the present mecha-
nism, a general base deprotonates Cys22 to produce the thio-
late form activated for nucleophilic attack (Fig. 8, step 4)
(48). This alternative pathway would then be in competition
with the reducing pathway (Fig. 8, steps 2 and 3). Interest-
ingly, in the absence of Cys22, a rate increase of 15% was
observed in HED–MSH reduction, and a 35% increase was
seen in the rate of intramolecular disulfide bond reduction
(Table 2 and Figs. 2 and 4).

Based on the LC–MS data (supplemental Fig. S5A), in the
presence of the resolving Cys22, disulfide bond formation
depicted in step 4 (Fig. 8) takes place concomitantly with the
reductive pathway in steps 2 and 3. In the absence of the resolv-
ing Cys22, only the reductive pathway is functional. These data
are in good agreement with a mechanism where the nucleo-
philic attack of Cys22 slows down the reduction of Rv2466c by
MSH. It has been demonstrated that the Mpx from C. glutami-

Figure 7. NCgl2339 from C. glutamicum is a Mrx2-like enzyme in-
volved in As(V) resistance. Steady-state As(V) reduction via As(V)-MSH
thiol–arseno complex formation utilizing CgMrx1 (A), Rv2466c (A),
NCgl2339 WT (B), and NCgl2339 C16S (B) as catalysts. NCgl2339 is a
mycoredoxin under a monothiol mode of action showing remarkably
higher activity than CgMrx1. Rv2466c reduces the thiol–arseno complex
as fast as CgMrx1. C, As(V) resistance-containing CgMrx1 and NCgl2339
variants. Genetic experiments show a pronounced susceptibility to oxida-
tive stress when the gene NCgl2339 is not present. Complementation was
performed by introducing the plasmids pECMx-WT, pECMC13S, and
pECMC16S. The absence of CgMrx1 did not affect bacterial growth, cor-
roborating the low steady-state activity observed. Reactions were per-
formed in triplicate. To ensure that the reduction of As(V)–MSH thiol–
arseno complex is the rate-limiting step, we used enzyme concentrations
varying from 0.5 to 500 nM. A linear initial velocity increase was observed.
Error bars, S.D.
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cum is under the same mode of action as proposed here (14).
Mpx contains three cysteine residues, Cys36, Cys64, and Cys79.
Under oxidative stress, Cys36 is oxidized to a sulfenic acid and
can be rescued from overoxidation by nucleophilic attack from
MSH or the resolving Cys79. In this scenario, reduction of Mpx
is in competition with the formation of a Cys36–Cys79 disulfide
bond in a similar mode of action proposed for Rv2466c. More-
over, a C79S mutation increased the MSH peroxidase activity of
Mpx, corroborating the competitive mechanism. A similar
mechanism was also shown for MsrA from C. diphtheriae,
which displays an increase of 15% in catalytic efficiency (kcat/
Km) when the resolving Cys215 is substituted by serine (16). On
the other hand, TP053 reduction by Rv2466c is 75% faster than
its resolving cysteine mutant (Fig. 3C), and in As(V) reduction,
NCgl2339 demonstrated a decrease in activity of 90% upon
mutation of the resolving Cys16 to serine (Fig. 7B). The decrease
in activity observed in the absence of Cys22 might be due to a
higher reactivity of its resolving cysteine sulfur compared with
the reactivity of the MSH sulfur. The pKa of the Cys22 sulfur
(8.17) is already lower than the pKa of the MSH sulfur (8.76)
(50), and it will most likely even be lowered by hydrogen bond-
ing with the carboxylate of Asp16 (Fig. 6, B and C). Moreover,
Cys22 is always present in the correct orientation within the
structural fold for a nucleophilic attack, whereas MSH first
needs to form a complex and reach the correct orientation
before a nucleophilic attack. This competitive system is con-
trolled by the rates of disulfide formation and MSH reduction
and is a common feature for every protein that can form an
intramolecular disulfide and a mixed disulfide with an LMW
thiol.

Experimental procedures

Rv2466c bacterial strains and growth conditions

M. tuberculosis H37Rv and derivatives were grown at 37 °C
in Middlebrook 7H9 broth (Difco) or on Middlebrook 7H10,
both supplemented with 0.2% glycerol, 0.05% Tween 80, and
10% albumin-dextrose-NaCl. Hygromycin (100 �g/ml) or

kanamycin (50 �g/ml) was added when necessary. For cloning
purposes, DH5� E. coli was grown in shaking flasks at 37 °C in
LB broth or on LB agar with kanamycin (50 �g/ml).

Construction of an M. tuberculosis rv2466c null mutant

An rv2466c null mutant was obtained by introducing a
519-bp in-frame deletion by two-step recombination as
described previously (51). Briefly, two DNA fragments flanking
and overlapping the distal parts of rv2466c were amplified from
genomic DNA of M. tuberculosis H37Rv using Q5� high-fidel-
ity DNA polymerase (New England Biolabs). Primers used for
the amplification were as follows: upstream fragment, RP1696
(5�-tttaaatcagccacagatcgtcccac-3�/RP1697 (5�-agatctatcggcga-
cagacttctggg-3�) (amplification product 1,032 bp); downstream
fragment, RP1698 (5�-ttcgcttcctacccgcacttt-3�/RP1699 (5�-ctg-
caggcaaccacgtccgcaacctc-3�) (amplification product 1,098 bp).
After amplification, the two fragments were cloned in the sui-
cide vector p1NIL. The cassette from pGOAL19 containing
lacZ sacB and a gene conferring hygromycin resistance was
then inserted into the unique PacI site of the resulting vector to
give the final construct pFRA218, which was introduced in
M. tuberculosis H37Rv by electroporation as described previ-
ously (52) and plated on Middlebrook 7H10 containing hygro-
mycin (Invitrogen) and X-gal 50 �g/ml (Sigma). Blue hygR

transformants were isolated and controlled by PCR to verify the
first crossover event. Three colonies with the correct integra-
tion were grown in no-drug Middlebrook 7H9 until stationary
phase and then plated on no-drug Middlebrook 7H10 contain-
ing X-gal and sucrose (2%) to select the second crossover.
White colonies able to grow on sucrose were collected, and the
structure of their rv2466c locus was verified by PCR to confirm
the gene deletion (not shown). A colony with the right structure
was chosen for further work and called Tb461c.

To obtain a complemented strain, rv2466c was amplified
with its upstream region (603 bp) using the primers RP1766
(5�-gatatccgccgttggagatcaccttc-3�/RP1767 (5�-gatatcccgacatt-
gtgcccgaca-3�) and cloned into in an integrative plasmid based

Figure 8. Proposed mechanistic model for Rv2466c reduction by mycothiol and disulfide formation. The proposed mechanism includes four
steps. As previously demonstrated, Cys19 and Cys22 form a disulfide bond when under oxidative stress (17, 28). 1, in the first chemical step, one molecule
of mycothiol reacts with the nucleophilic Cys19, forming a mixed disulfide (R-S-SM). Subsequently, two pathways can take place. 2, in the presence of a
second molecule of mycothiol, a nucleophilic attack takes place at the mixed disulfide, releasing mycothione and the reduced form of Cys19. 3, a general
base performs the deprotonation at Cys19, increasing the reactivity of the sulfur atom, leading to its thiolate form. 4, in a parallel reaction, the resolving
Cys22 pKa is lowered via deprotonation and performs a nucleophilic attack on the mixed disulfide, releasing one molecule of mycothiol and forming an
intramolecular disulfide, leading back to the start of the reaction scheme. This chemical step slows down the overall reaction.
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on pMV306 (53). The resulting plasmid was then electropo-
rated into Tb461c and selected on Middlebrook 7H9 plates
added with kanamycin to obtain the complemented strain,
which was called Tb462.

Construction of the NCgl2339 gene-disrupted mutant
C. glutamicum �NCgl2339

For disruption of the NCgl2339 gene, a 198-bp internal frag-
ment of the NCgl2339 gene was PCR-amplified using the
primer pair Mrx-intUp (5�-taaggatcctcgctgtcctaaacgaag-3�)/
Mrx-intDown (5�-taaaagcttcgatgacatcattgaagg-3�). The ampli-
fied fragment was BamHI/HindIII-digested and cloned into the
plasmid pK18mob (equivalently digested) for further ligation
and E. coli transformation assays, obtaining the recombinant
plasmid pKNCgl2339. This plasmid was used to transform the
E. coli strain S17-1 (donor strain), and the strain was further
used for plasmid mobilization to the recipient strain C. glu-
tamicum RES167. The transferred plasmids behave as suicide
in corynebacteria; therefore, only transconjugant clones with
the chromosomally integrated plasmid should be selected
under the pressure of kanamycin (12.5 �g/ml). PCR amplifica-
tion analysis and further fragment sequencing validated the
correct chromosomal plasmid integration.

Plasmidic constructions for in vivo complementation analysis
of NCgl2339 (WT) and its variants

The recombinant pET28a derivative plasmids (pETMrx-
WT, pETMrx-C13S, and pETMrx-C16S) were first used for
site-directed mutagenesis, to remove the BglII target present
inside the original NCgl2339 gene (and also within its muta-
genic variants C13S and C16S), using the mismatched primer
pair NCgl2339/176Fw (5�-gaggaagcaggagagatattcgacgcttcctt-
caag)/NCgl2339/176Rv (5�-cttgaaggaagcgtcgaatatctctcctgcttc-
ctc); the nucleotide mutagenesis (underlined) does not modify
the encoded amino acid. The clones lacking the BglII target
were selected by BglII digestion of the isolated plasmids and
further gene sequencing. Then the NCgl2339 and its Cys vari-
ants (lacking in all the cases the BglII sites) were PCR-amplified
using the primer pair NCgl2339-up/NCgl2339-down (indi-
cated above) and digested with NdeI/XhoI, and the isolated
fragments were used for subcloning with the equally digested
E. coli vector pXHisNpro (12). The obtained recombinant plas-
mids, named pXHMx-wt, pXHMC13S, and pXHMC16S, were
BglII-digested, and the individual 2-kbp cassettes (containing
the NCgl2339 gene variants under the control of the constitu-
tive kanamycin promoter (Pkan-NCgl2339)) were used for liga-
tion to the bifunctional mobilizable vector pECM2 (BamHI-
digested), obtaining plasmids pECMx-WT, pECMC13S, and
pECMC16S. These plasmids were adequately transferred by
conjugation to the C. glutamicum strains WT and �NCgl2339,
and complementation of the corresponding activity was
evaluated.

Mycothiol and protein expression and purification

Recombinant DsbA, DsbC, Grx, and RNase I from E. coli and
TrxB, TrxC, TrxR, Mtr, Mrx1, Rv2466c, and Rv2466c C19S and
C22S mutants from M. tuberculosis were produced in E. coli
and purified to homogeneity as described previously (11, 14, 17,

54). After Rv2466c-His6 purification, the enzyme was dialyzed
against 20 mM Tris, 150 mM NaCl, pH 7.6, to remove residual
imidazole and incubated with 1 mg of tobacco etch virus
nuclear inclusion-a endopeptidase per 10 mg of enzyme.
Cleaved Rv2466c was injected to a HisTrap chelating column
(GE HealthCare) and separated from the cleaved tag. Rv2466c
fractions were pooled and stored at �20 °C. MSH was overex-
pressed and purified as described previously (12).

Cloning, expression, and purification of NCgl2339

NCgl2339 was cloned into the expression vector pET28a (�)
(Novagen) using the primer pair NCgl2339-Fw (5�tatcatatggct-
caaaaagtaaccttctgg-3�)/NCgl2339-Rv (5�-tattctcgagttagtcgaa-
ctgtgggttctcag-3�) and the NdeI/XhoI restriction sites. Recom-
binant expression was done in E. coli BL21 (DE3) in LB. Upon
reaching 0.7 A600, 1 mM isopropyl �-D-thiogalactopyranoside
(Sigma-Aldrich) was added to induce protein expression. Cells
were harvested after overnight incubation at 30 °C. The
NCgl2339 purification procedure was the same as for Rv2466c
(17). For cloning, expression, and purification of C13S and
C16S variants, the same procedures as for the WT were
followed.

Detection of Rv2466c mycothiolation on dot blot

Rv2466c was incubated with a 1:1 molar excess of hydrogen
peroxide at room temperature, and aliquots were withdrawn at
different time points (0.5, 1, 1.5, 2, 4, 6, and 10 min). Subse-
quently, a 10-fold molar excess of MSH was added to the sam-
ples. The PVDF membrane was activated by soaking in metha-
nol for 1 min and equilibrated in 15 mM Tris-HCl, pH 7.6, 192
mM glycine, 20% methanol, and 0.03% SDS for 3 min. 4 �g of
Rv2466c was transferred to the PVDF membrane, and 1% milk
powder in PBS buffer was added to block the membrane. Pri-
mary antibody anti-MSH (14) (1:20,000 dilution) was added
and incubated for 1 h at room temperature. The PVDF mem-
brane was washed three times with PBS before adding the anti-
rabbit alkaline phosphatase (1:10,000), followed by a 1-h incu-
bation at room temperature. The membrane was washed three
times and developed in 100 mM Tris-HCl, pH 9.5, 100 mM NaCl,
5 mM MgCl2 buffer solution containing nitro blue tetrazolium
chloride/5-bromo-4-chloro-3-indolyl phosphate p-toluidine
for 30 min in the dark.

Computational docking of TP053 in Rv2466c

To assess the feasibility of the binding of TP053 at the cata-
lytic site of Rv2466c, computational docking of TP053 in the
active-site cleft of Rv2466c was performed using AutoDock
Vina (55). AutoDock Vina is a computational docking program
that applies an iterated local search global optimizer algorithm
to perform rapid gradient optimization searches of ligand dock-
ing conformations. The aim of using this program was to con-
firm that TP053 is able to bind in the vicinity of the nucleophilic
cysteine of Rv2466c with reasonable affinity. Of the 20 calcu-
lated conformations of docked TP053, the seventh highest
affinity binding mode (�6.4 kcal/mol) gave a docked configu-
ration in which C19 of Rv2466c was within a reasonable dis-
tance for a potential nucleophilic attack on TP053 (Fig. 3D).
The overall reaction for TP053 activation catalyzed by Rv2466c
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through the MSH/Mtr/NADPH pathway is schematically rep-
resented in Fig. 8.

Agar-based disk diffusion assay for M. tuberculosis

Bacterial strains were grown to early exponential phase and
100 �l of culture containing about 3 	 106 cfu was spread onto
20-ml Middlebrook 7H10 plates. Paper disks soaked with 10 �l
of a stock solution of the inhibitory reagent were placed on top
of the agar. Stock solutions were diamide (0.5 M), H2O2 (3.6%),
sodium hypochlorite (5%) (bleach). The diameter of the inhibi-
tion zones was measured after 15 days of incubation at 37 °C.
Experiments were performed in triplicate.

Resazurin microtiter assay

TP053 susceptibility of M. tuberculosis was determined by
using REMA, as described previously (21), Briefly, a log-phase
bacterial culture was diluted up to a theoretical A540 nm �
0.0005 and dispensed in a Nunclon 96-well flat bottom black
plate (Thermo Scientific) in the presence of serial compound
dilution. A growth control containing no compound and a ster-
ile control without inoculum were also included. After a 1-week
incubation at 37 °C, 10% (v/v) Alamar Blue (10 �l) (Invitrogen)
was added to each well. After a further 24 h of incubation at
37 °C, fluorescence values were measured using an Infinite
200Pro microplate reader (Tecan Group Ltd.; excitation � 535
nm, emission � 590 nm). The lowest drug concentration that
resulted in at least 90% inhibition of fluorescence development
was considered as the MIC. Experiments were performed in
triplicate.

In vivo arsenate resistance analysis of WT, mutants, and
complemented C. glutamicum strains

C. glutamicum strains RES167 (ATCC 13032 derivative
strain used as a control), the mutant �NCgl2339, and the com-
plemented �NCgl2339 derivatives were precultured in com-
plex medium (tryptone soy broth) at 30 °C overnight; flasks
containing minimal medium for corynebacteria (56) were inoc-
ulated with the precultures to an A600 of 0.05 and cultured up to
reach an A600 of 1.0. Cultures were then washed, and cells were
resuspended in an equal volume of water with cells ready to be
assayed. Samples of 10 �l were disposed on dishes containing
minimal medium for corynebacteria supplemented with differ-
ent concentrations of arsenate (0, 2, 10, and 20 �g/ml) and
further incubated at 30 °C for 24 –36 h.

Identification of Rv2466c species via LC–MS

The samples were analyzed by electrospray ionization mass
spectroscopy on a Micromass Q-Tof micro system coupled to a
Waters Breeze analytical HPLC system equipped with a Waters
2489 UV/visible detector (at a wavelength of 215 nm). The runs
were performed on a Grace Vydac C18 column (15 cm 	 2.1
mm, 3 �m) at a flow rate of 0.3 ml/min. The solvent system
consists of water and acetonitrile (containing 0.1% of formic
acid) with a linear gradient from 3 to 100% acetonitrile over 20
min. Electrospray data were acquired on electrospray positive
ionization mode scanning over the mass-to-charge ratio (m/z)
scale from 100 to 2,000 at a scan time of 1 s and a cone voltage of
38 V. Data collection was done with Masslynx software. The

molecular mass was determined using the maximum entropy
approach (57, 58).

Rv2466c pKa determination

The extinction coefficient of thiol groups (R-SH) at 240 nm is
the main readout utilized to measure pKa values of cysteine
residues due to the lack of absorption of its un-ionized coun-
terpart (R-S�) in the same wavelength (44). To cover a broad
pH range, a reaction mixture containing a poly-buffer solution
composed of 10 mM sodium acetate, 10 mM sodium phosphate,
10 mM sodium borate, and 10 mM sodium citrate, pH 9.4, was
used. Rv2466c was first reduced by incubation with 100 mM

DTT for 30 min and oxidized by incubation with 40 mM

diamide for 30 min, both at room temperature. For the oxida-
tion of cysteine mutants, a 10-fold excess of H2O2 was used.
Excess of DTT, diamide, or H2O2 was removed by gel filtration
on a Superdex200 10/300 GL column equilibrated with the
poly-buffer. A final reaction mixture of 20 �M Rv2466c
(reduced or oxidized) was titrated with 100 mM HCl. The pKa of
the Rv2466c C22S and C19S mutants was determined in the
same conditions as described for Rv2466c wild type. All of the
measurements were carried out in a Carry UV spectrophotom-
eter (Agilent Technologies) precooled at 10 °C.

The sigmoidal pH-dependent saturation curve was fitted to
the Henderson–Hasselbalch equation (54) (see Equation 2),
where Aexp is the experimental value A240/A280, ASH is the A240/
A280 value for the protonated form, and AS

� is the A240/A280 for
the deprotonated form. The data were fitted to Equation 1 using
GraphPad Prism version 7.0.

Aexp � ASH �
(AS� � ASH)

1 � 10(pKa � pH) (Eq. 1)

RNase I activity assay

Oxidase activity was measured as described previously (54).
DsbC was reduced with 20 mM DTT for 30 min at room tem-
perature, and DsbA, Rv2466c, and Mrx1 were oxidized with a
4-fold molar excess of diamide for 30 min at room temperature.
Excess DTT or diamide was removed with pre-equilibrated
Biospin6 columns (Bio-Rad) in 50 mM Hepes, pH 7.5, 150 mM

NaCl. Reduced RNase I was preincubated with the thiol/disul-
fide oxidoreductases in 50 mM Hepes, pH 7.5, 150 mM NaCl for
3 min at room temperature at a final concentration of 0.5 �M

reduced RNase I before RNase activity measurements. The
RNA hydrolysis activity was measured in a methylene blue
RNase assay using a buffer solution containing 1 mg of meth-
ylene blue in 200 ml of MOPS buffer solution (0.1 M MOPS,
pH 7.5, 2 mM EDTA). The absorbance was followed as a
function of time at 659 nm, the wavelength with a maximum
difference between methylene blue intercalated with RNA
and without RNA. The measured RNA activities are the ini-
tial velocities determined on the first 5% of the progress
curves.

TrxC/TrxR/NADPH electron transfer assay

Rv2466c and Mrx1 were oxidized using a 4-fold molar excess
of diamide for 30 min at room temperature, and the excess of
oxidizing agent was removed on a Superdex200 10/300 GL
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column equilibrated with 20 mM Tris, 150 mM NaCl, pH 7.6.
Rv2466c-dependent oxidation of NADPH in the TrxC/TrxR/
NADPH pathway was continuously monitored at 340 nm (� �
6.22 	 103 M�1�cm�1) in a 96-well plate reader at 37 °C in a
reaction mixture containing 500 �M NADPH, 5 �M TrxR, 5 �M

TrxC, and 50 �M Rv2466c in 50 mM Hepes, pH 8.0, and 50 mM

NaCl. All reactions were carried out at 37 °C and started by the
addition of oxidized Rv2466c or Mrx1 in a reaction mixture
previously incubated for 3 min at 37 °C. Control measurements
were performed in the absence of TrxC. Reactions were per-
formed in duplicate.

MSH/Mtr/NADPH electron transfer assay

Rv2466c and Mrx1 were oxidized using a 4-fold molar excess
of diamide for 30 min at room temperature, and the excess of
oxidizing agent was removed on a Superdex200 10/300 GL col-
umn equilibrated with 20 mM Tris, 150 mM NaCl, pH 7.6.
Rv2466c- or Mrx1-dependent oxidation of NADPH utilizing
the MSH/Mtr/NADPH pathway was continuously monitored
at 340 nm (NADPH � � 6.22 	 103 M�1�cm�1) in a 96-well
plate reader at 37 °C in a reaction mixture containing 500 �M

NADPH, 200 �M MSH, 5 �M Mtr, and 50 �M Rv2466c or
Mrx1 in 50 mM Hepes, pH 8.0, and 50 mM NaCl. Initial veloc-
ities were measured from the linear portion of the reaction
curve. All reactions were carried out at 37 °C, incubated for 3
min, and started by the addition of oxidized Rv2466c or
Mrx1. Control measurements were performed in the
absence of Rv2466c or Mrx1. Reactions were performed in
duplicate.

Arsenate electron transfer assay

Assays were performed as described previously, with some
modifications (12). Rv2466c, C. glutamicum Mrx1, and C. glu-
tamicum NCgl2339 (WT, C13S, or C16S) was previously
reduced by incubation with 20 mM DTT for 30 min at room
temperature, and the excess of DTT was removed with a Bios-
pin6 column (Bio-Rad). The final assay mixture contained 1 �M

C. glutamicum ArsC1, 5 �M C. glutamicum Mtr, 200 �M MSH,
and 250 �M NADPH and included 0.5 nM WT NCgl2339, 2.5 nM

C16S NCgl2339, or 0.5 �M CgMrx1, Rv2466c, or C13S
NCgl2339 (the concentrations were optimized to find the rate-
limiting condition). Reactions were started with the addition of
100 mM arsenate (Na2HAsO4-7H2O; Sigma). The reaction was
performed at 37 °C in 50 mM Hepes, pH 8.0, and monitored at
340 nm (NADPH � � 6.22 	 103 M�1�cm�1).

HED assay

The HED assay for GSH (26) was modified for MSH, as
described by Van Laer et al. (11). Briefly, the mixed disulfide
between MSH or GSH and 2-HED was formed by incubating
700 �M HED and 1 mM MSH or GSH, respectively, at 30 °C for
3 min. A final concentration of 250 �M MSH–HED or GSH–
HED substrate was added to the reaction mixture containing
500 �M NADPH, 200 �M MSH, 5 �M Mtr or GR, and 50 �M

Rv2466c or Mrx1. Control measurements were performed in
the absence of Rv2466c (WT, C19S, or C22S) or Mrx1. The
assay was performed at 25 °C in 50 mM Hepes, 50 mM NaCl, pH
8.0, and the absorption was monitored at 340 nm. All reactions

were started by the addition of the catalyst. Reactions were
performed in duplicate.

NADPH-dependent reduction of insulin

Rv2466c, TrxB, and Mrx1 was previously reduced by incuba-
tion with 20 mM DTT for 30 min at room temperature. Excess
of DTT was removed with a Biospin6 column (Bio-Rad). En-
zyme-dependent reduction of insulin was monitored continu-
ously at 600 nm in a 96-well plate reader at 37 °C in a reaction
mixture containing PBS, pH 7.4, 1 mM EDTA, 500 �M NADPH,
5 �M Mtr, 250 �M MSH, 100 �M insulin, and 5 �M reduced
Rv2466c, Mrx1, or TrxB. Insulin reduction containing DTT as
reductant was performed in the same conditions as described
for the MSH/Mtr/NADPH pathway, containing 100 �M DTT
instead of MSH/Mtr/NADPH. The reaction was started by the
addition of insulin, and control measurements were performed
in the absence of Rv2466c, Mrx1, or TrxB. The precipitation
starting point was defined as an increase of 0.02 absorbance
units at A600 after a stable baseline recording, and the rate of
precipitation was calculated using a linear regression composed
by A600 ranging from 2,000 to 2,500 s (26).

TP055, TP092, and TP053 steady-state kinetics

Steady-state kinetic parameters of MSH/Mtr/NADPH/
Rv2466c-dependent TP053 activation were determined at
varying concentrations of TP053 (1–15 �M) in a reaction mix-
ture containing 500 �M NADPH, 250 �M MSH, 0.5 �M Mtr, and
5 �M Rv2466c reduced (WT, C19S, or C22S) or Mrx1 in 50 mM

Hepes, 50 mM NaCl, pH 8.0. TP053 activation was continu-
ously monitored at 412 nm (TP053 � � 17.962 	 103

M�1�cm�1), and initial velocities were calculated from the
linear portion of the reaction curve. All reactions were car-
ried out at 37 °C and started by the addition of Rv2466c.
Control measurements were performed in the absence of
Rv2466c, and the final amount of 10% DMSO used to solu-
bilize the compounds was taken into account (59). TP055
and TP092 activation were performed in the same condi-
tions as TP053 activation. Non-linear regression was used to
fit the hyperbolic saturation curve to the Michaelis–Menten
equation (Equation 1) where v is the steady-state velocity, S
is the substrate concentration, Vmax is the maximum rate,
and Km is the Michaelis–Menten constant. The data were
analyzed using GraphPad Prism version 6.0 software.

v � Vmax[S]/(Km � [S]) (Eq. 2)

Phylogenetic reconstruction

To create an enzyme classification based on functionality, 63
amino acid sequences were selected to include mycoredoxins,
oxidoreducatases, and glutaredoxins. The sequences were
aligned using Muscle (Mega 6 software) (60). The resulting
alignment was utilized to generate a neighbor-joining phy-
logenetic three (61), and the Jones–Taylor–Thornton matrix
method (62) was utilized to generate the distance matrix. A
pairwise deletion was utilized, and the level of confidence
was measured based on 2,000 bootstrap replicates. The
web-based program iTOL was utilized to generate the final
figure (63).
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