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(Bacl(ground: Mycothiol, the major low-molecular weight thiol of Mycobacterium tuberculosis, is important for peroxide
Results: Mycothiol, together with mycoredoxin-1, a glutaredoxin-like protein, reduces the one-cysteine peroxiredoxin AhpE

Conclusion: Mycobacterium tuberculosis AhpE is a mycothiol/mycoredoxin-1-dependent peroxidase.
Significance: Our results provide the first molecular link between a thiol-dependent peroxidase and the mycothiol/mycore-
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Mycobacterium tuberculosis (M. tuberculosis), the pathogen
responsible for tuberculosis, detoxifies cytotoxic peroxides pro-
duced by activated macrophages. M. tuberculosis expresses
alkyl hydroxyperoxide reductase E (AhpE), among other perox-
iredoxins. So far the system that reduces AhpE was not known. We
identified M. tuberculosis mycoredoxin-1 (MtMrx1) acting in
combination with mycothiol and mycothiol disulfide reductase
(MR), as a biologically relevant reducing system for MtAhpE.
MitMrx1, a glutaredoxin-like, mycothiol-dependent oxidoreduc-
tase, directly reduces the oxidized form of MtAhpE, through a pro-
tein mixed disulfide with the N-terminal cysteine of MtMrx1 and
the sulfenic acid derivative of the peroxidatic cysteine of
MtAhpE. This disulfide is then reduced by the C-terminal cys-
teine in MtMrx1. Accordingly, MtAhpE catalyzes the oxidation
of wt MtMrx1 by hydrogen peroxide but not of MtMrx1 lacking
the C-terminal cysteine, confirming a dithiolic mechanism.
Alternatively, oxidized MtAhpE forms a mixed disulfide with
mycothiol, which in turn is reduced by MtMrx1 using a mono-
thiolic mechanism. We demonstrated the H,O,-dependent
NADPH oxidation catalyzed by MtAhpE in the presence of MR,
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Mrx1, and mycothiol. Disulfide formation involving mycothiol
probably competes with the direct reduction by MtMrx1 in
aqueous intracellular media, where mycothiol is present at mill-
imolar concentrations. However, MtAhpE was found to be asso-
ciated with the membrane fraction, and since mycothiol is
hydrophilic, direct reduction by M¢Mrx1 might be favored. The
results reported herein allow the rationalization of peroxide
detoxification actions inferred for mycothiol, and more
recently, for Mrx1 in cellular systems. We report the first molec-
ular link between a thiol-dependent peroxidase and the myco-
thiol/Mrx1 pathway in Mycobacteria.

Mpycobacterium tuberculosis is the causative agent of tuber-
culosis disease (TB).® Despite the efforts made during the last
two decades to reduce new TB cases and deaths, the global
burden of the disease remains enormous (1). Moreover, the
emergency of multi- and extensively drug resistant strains
underlines the need for the urgent development of new thera-
peutic approaches (1, 2). However, since many aspects of the
pathogenic mechanisms and virulence of M. tuberculosis are
still unknown, the identification of novel drug targets has been
very challenging (2).

M. tuberculosis survives inside the hostile environment of
host cells with diverse defense strategies. These antioxidant
defenses allow the pathogen to detoxify reactive oxygen and
nitrogen species formed by activated macrophages (3—-5). One
particular feature of the antioxidant systems of M. tuberculosis
as well as other Actinomycetes is the absence of glutathione,

¢ The abbreviations used are: TB, tuberculosis disease; AhpE, alkyhydroperox-
ide reductase E; 3-ME, B-mercaptoethanol; DTPA, diethylene triamine pen-
taacetic acid; DTT, dithiothreitol; NEM, N-ethylmaleimide; H,O,, hydrogen
peroxide; HRP, horseradish peroxidase; Mrx1, mycoredoxin-1 from Myco-
bacterium tuberculosis; MSH, mycothiol; MR, mycothiol disulfide reductase;
PEG-maleimide, methoxypolyethylene glycol maleimide; TCA, trichloro-
acetic acid.
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and the presence of millimolar concentrations of 1-p-myo-in-
osityl 2-(N-acetyl-L-cysteinyl)amido-2-deoxy-a-D-glucopyran-
oside (mycothiol or MSH) (6,7) as the main low molecular
weight thiol. Mycothiol is maintained in its reduced state by a
mycothiol disulfide reductase that uses NADPH as electron
donor (8) and plays a role in peroxide detoxification in vivo, as
evidenced by the increased susceptibility to hydrogen peroxide
(H,0O,), menadione and tert-butyl hydroperoxide in M. smeg-
matis and M. tuberculosis mutant strains disrupted in the genes
required for mycothiol biosynthesis (9-11). Compensatory
overexpression of an organic hydroperoxide resistance protein
(Ohr) in M. smegmatis lacking MSH suggests the existence
of a MSH-dependent organic hydroperoxide peroxidase (12).
Although these data are only indirect evidence for the presence
of a MSH-dependent peroxidase in these bacteria, the molecu-
lar link between MSH and peroxidase activity has not been
clearly established yet, and purified peroxidases studied so far
failed in using MSH as reducing substrate (13). Despite the
absence of glutathione, the M. tuberculosis genome encodes dif-
ferent glutaredoxin-like proteins (14). Among them, mycoredoxin
1 (MtMrx1 EC 1.20.4.3) has recently been described as a 10-kDa
protein with a CGYC catalytic motif that accepts electrons from
MSH and reduces MSH-containing mixed disulfides by a mono-
thiolic mechanism (7, 15). Strains of M. smegmatis lacking Mrx1
are more susceptible to different forms of oxidative stress (15).
Moreover, in Corynebacterium glutamicum, this protein par-
ticipates in the arsenate resistance system by reducing the
mycothiol arsenate adduct (16). More recently, twenty-five
proteins of C. glutamicum including thiol peroxidase (TPx)
were found mycothiolated under hypochloric stress conditions
(17). The S-mycothiolation of Tpx inhibits its peroxidase activ-
ity, but could be restored after treatment with CgMrx1. So far
no MtMrx1-dependent protein reduction has been described in
Mycobacteria. M. tuberculosis expresses a heme-dependent
peroxidase (catalase peroxidase, KatG, EC 1.11.1.6) and several
thiol-dependent peroxidases of the peroxiredoxin (Prx, EC
1.11.1.15) type, including alkyl hydroperoxide reductase C,
TPx, two bacterioferritin comigratory proteins (Bcp andBcpB)
and alkyl hydroperoxide reductase E (MtAhpE) (13, 18).” As a
one-cysteine peroxidase, MtAhpE lacks a resolving cysteine.
However, the structure and sequence of MtAhpE show greater
similarity with two-cysteine Prxs than with other one-cysteine
Prxs, and is considered as the prototype of a novel Prx subfamily
(19-21). We have previously investigated the peroxidase activ-
ity of MtAhpE, the only Prx of the AhpE subfamily to be func-
tionally characterized. It is a broad-spectrum peroxidase with
higher catalytic efficiency for fatty acid hydroperoxides and
peroxynitrite than for H,O,. Upon reaction with the peroxide
substrate (ROOH), the thiolate form of the peroxidatic cysteine
(Cp) is oxidized to a sulfenic acid (22, 23) as in Equation 1.

AhpE-S™ + ROOH — AhpE-SOH + RO~ (Eq. 1)

7 List of Gen Accession numbers (Tuberculist) of peroxidases and mycore-
doxin 1 from M. tuberculosis: catalase peroxidase, Rv1908; alkyl hydroper-
oxide reductase C, Rv2428; thioredoxin peroxidase, Rv1932; bacterioferri-
tin comigratory protein, Rv2521; bacterioferritin comigratory protein B,
Rv1608c; alkyl hydroperoxide reductase E, Rv2238c; mycoredoxin 1,
Rv3198A.
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MtAhpE catalytically reduces hydrogen peroxide (H,O,) in the
presence of dithiothreitol (DTT) or thionitrobenzoate (TNB) as
reducing agents (22). However, the physiological reducing sub-
strate(s) for this enzyme (as well as for AhpE-like Prxs from
several other bacteria) is/are still unknown. Neither N-acetyl-
cysteine nor glutathione reduced oxidized MtAhpE, but led to
the formation of mixed disulfides (22) in Equation 2.

AhpE-SOH + RS~ — AhpE-SS-R + OH~ (Eq.2)
Similar disulfide formation involving the main low molecular
weight thiol of the bacteria, mycothiol, had not been addressed
so far.

Herein, we report that MtMrx1 and MtMrx1 in combination
with mycothiol acts as a reducing substrate for MtAhpE. Our
data not only constitute the first report for biologically relevant
routes of reduction for an AhpE-like Prx, but also describe the
first acceptor for the electrons provided by a mycoredoxin in
Mycobacteria. We also propose a functional link between the
mycothiol/mycoredoxin-1 pathway and the bacterial perox-
ide detoxification systems, which helps to rationalize the
increased peroxide-dependent cytotoxicity in Mycobacteria
with a reduced MSH content (9-11).

EXPERIMENTAL PROCEDURES

Chemicals—H,0, was from Mallinckrodt Chemicals. Dithiot-
reitol (DTT), N-ethylmaleimide (NEM), B-mercaptoethanol
(B-ME), diethylenetriaminepentaacetic acid (DTPA), methoxy-
polyethylene glycol maleimide (PEG-maleimide), sodium dodecyl
sulfate (SDS), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid,
N-(2-hydroxyethyl) piperazine-N'-(2-ethanesulfonic acid),
(HEPES), and horseradish peroxidase (HRP) were from Sigma.
B-Nicotinamide adenine dinucleotide phosphate reduced tet-
rasodium salt (NADPH) was from Applichem. PageRuler™ pre-
stained protein ladder was from Fermentas. Amplex® red was
from Invitrogen. All other reagents were obtained from stand-
ard commercial sources and used as received. All experiments
were performed in 100 mm phosphate buffer, 0.1 mm DTPA, pH
7.4, and 25 °C, except if otherwise indicated.

Mycothiol Purification—MSH was purified from M. smeg-
matis as described (7).

Protein Expression and Purification—Mycothiol disulfide
reductase from either M. tuberculosis (MtMR) or C. glutamicum
(CgMR) were expressed and purified as previously described (15,
16). The CgMR preparation was more robust and active compared
with MtMR, and therefore it was preferentially utilized. MtAhpE
was expressed in Escherichia coli BL21 (DE3) (expression vector
pDEST17) as a recombinant His-tagged protein and purified as
previously described (22). The enzyme was stored at —80 °C under
argon atmosphere. Wild type MtMrxl (MtMrxlwt) and a
mutant form at the second cysteine residue (MtMrx1CXXA)
were expressed in Escherichia coli BL21 Star and purified as
previously described (15). Following the immobilized metal ion
affinity chromatography step, MtMrx1CXXA was further
purified by size exclusion chromatography using a Superdex
75 10/300 column in 100 mMm phosphate buffer, 0.1 mm
DTPA, pH 7.4. Both MtMrxlwt and MtMrx1CXXA were
stored at —20 °C in the presence of 5 mm DTT. Excess reduc-
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tant was removed by gel filtration using a HiTrap desalting
column (Amersham Bioscience) with UV-vis detection at
280 nm immediately before use.

Protein Thiol Reduction—MtAhpE was reduced before use
by incubation with 1 mm DTT for 30 min at 4 °C. Excess reduc-
tant was removed from all proteins immediately before use by
gel filtration as above indicated.

Peroxide, Protein, and Thiol Quantitation—The concentra-
tion of H,O, stock solutions was measured at 240 nm (A, =
43.6 M~ 'cm ™) (24). MtAhpE, MtMrx1wt, and MtMrx1CXXA
concentrations were determined spectrophotometrically at 280
nm, using molar absorption coefficients of 23,950 (22), 9,974
and 9,942 M~ ' cm ™, respectively, calculated from amino acidic
composition. Protein concentrations calculated refer to those
of monomers. The concentration of HRP was determined by its
absorption at the Soret band (A 43 = 1.02 X 10°M ™~ 'cm ™" (25)).
Protein thiol content was measured by Ellman’s assay (A,;, =
14,150 M~ tem ™) (26, 27). The concentration of MR was esti-
mated by the absorption of the FAD cofactor at 463 nm (e =
11,300 M~ 's™ ) as previously (8).

Protein Thiol Alkylation by PEG-maleimide and Electropho-
retic Analysis—Reaction mixtures (100 wl) containing reduced
and/or oxidized MtAhpE in the presence or absence of MSH,
MtMrx1lwt, or MtMrx1CXXA at indicated concentrations
were precipitated by addition of 10 ul of trichloroacetic acid
(TCA) (10% (w/v)) and kept on ice for 30 min. Protein precipi-
tates were pelleted, washed with 100 wl of ice-cold acetone,
dried at 37 °C, resuspended in 15 pl of 3 mM PEG-maleimide (in
50 mm Tris, 10 mm EDTA, 0.1% SDS, pH 7.5) and incubated at
45 °C for 45 min. Samples were immediately loaded on a 15%
SDS-PAGE in the absence of B-ME, and proteins were stained
with Coomassie Brilliant Blue.

Mass Spectrometrical Identification of Reaction Products—
Protein samples were diluted to ~5 um in 50% acetonitrile 0.1%
acetic acid and intact protein mass measurements were per-
formed by direct infusion in a microelectrospray ionization ion
trap mass spectrometer (LTQ XL, ThermoFisher Scientific, San
José, CA). The mass spectrometer was operated manually in
positive ion mode with a source voltage set at 3.8 kV and the ion
transfer tube at 220 °C The parent ions were submitted to in-
source dissociation (SID) using the minimal energy to promote
efficient declustering of water molecules and salts adducts. The
mass spectra were deconvoluted using the software ProMass
Deconvolution from ThermoFisher Scientific.

For the identification of MtAhpE-MtMrx1CXXA mixed
disulfide, the expected corresponding band was in-gel digested
with sequencing grade trypsin (0.5 ug) overnight at 30 °C. The
reaction was stopped by adding 0.1% trifluoroacetic acid.
The peptides were analyzed by LC-MS/MS as described (28). The
mass spectrometer was operated in the data-dependent-mode
and switched automatically between MS, Zoom Scan for charge
state determination and MS/MS for the most abundant ion.
Each MS scan was followed by a maximum of five MS/MS using
collision energy of 35%. Dynamic exclusion was enabled to
allow analysis of co-eluting peptides. For peptide identification
peak lists were generated using the application spectrum selec-
tor in the Proteome Discoverer 1.3 package. The resulting peak
lists were searched using Sequest against a homemade protein
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database containing the MtMrx1 and MtAhpE sequences (Uni-
prot Q8VJ51 and Q73Y]J5). The following parameters were
used: trypsin was selected with cleavage only after lysine and
arginine; the number of internal cleavage sites was set to 1; the
mass tolerance for precursor and fragment ions was 1.1 Da and
1.0 Da, respectively; and the considered dynamic modifications
were +15.99 Da for oxidized methionine and +71.0 Da for
acrylamide addition to cysteine. Peptide matches were filtered
using charge-state versus cross-correlation scores (Xcorr). The
mixed disulfide peptide between MtMrx1 and MtAhpE was
identified by the use of DBond software (29) and manually
validated.

Rate Constant Determination of AhpE-mycothiol (AhpE-
SS-M) Disulfide Formation—The kinetics of oxidized MtAhpE
reaction with mycothiol to form the mixed disulfide described
above was determined by a competition approach, following
MtAhpE overoxidation to sulfinic acid by excess H,O, in the
absence and presence of mycothiol, which does not compete for
initial oxidation of the peroxidatic cysteine due to the high rate
constant of the latter enzyme. Overoxidation was measured
following the accompanying intrinsic fluorescence increase,
using an Aminco Bowman Series 2 luminescence spectropho-
tometer as previously (22), as in Equation 3.

AhpE-SO™ + H,0, — AhpE-SO,” + H,0 (E.3)
Reduced MtAhpE (2 um) was mixed with H,O, (150 um) in the
absence or presence of MSH (11-33 um) producing a rapid
decrease in the enzyme intrinsic fluorescence intensity, corre-
sponding to its oxidation to sulfenic acid (k = 8.2 X 10* m !
s~ 1, reaction half-life under this conditions is ~0.06 s), followed
by an increase in fluorescence corresponding to the enzyme
overoxidation (k; = 40 m~ ' s !, reaction half-life under this
conditions is 115 s), as reported previously (22). Observed rate
constants of fluorescence increase (k) were determined by
fitting experimental data to single exponentials. In the presence
of mycothiol, in Equation 4,
kops=ky X [H,0,] + ky[MSH] (Eq.4)
where k, is the second order rate constant for the reaction
between oxidized MtAhpE and reduced mycothiol. k, at pH 7.4
and 25 °C was obtained from the slope of k. versus MSH con-
centration, and the offset corresponds to k; X [H,O,].

Reduction of MtAhpE-SS-M by MtMrxIwt—Reaction mix-
tures containing reduced MtAhpE (20 um) were treated with
mycothiol disulfide (MSSM, 20 um) or oxidized with an
equimolar concentration of H,O,. Immediately after oxidation,
reduced MSH was added to reach a final concentration of 20 um
and incubated for 30 min to form MtAhpE-SS-M. Time of incu-
bation was selected to allow =90% mixed disulfide formation as
calculated using Gepasy 3 software (30) and the rate constant of
the reaction reported below. Then, MtMrx1 wt was added to
one of the MtAhpE-SS-M containing samples (20 um Mrx1 and
10 uMm MtAhpE-SS-M final concentrations). After 15 min, sam-
ples were precipitated with TCA and analyzed by alkylation
with PEG-maleimide.

Reduction of MtAhpE-SOH by MtMrxIwt—Oxidized MtAhpE
was prepared by incubation of reduced MtAhpE (17 um) with an
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equimolar concentration of H,O, for 1 min immediately
after the oxidation step, reduced MtMrx1 was added to reach
a final concentration of 16 um MtMrx1 and 10 um MtAhpE.
Aliquots (90 ul) were taken at different times of incubation
(0.2, 0.5, and 4 min) and were directly added into tubes con-
taining 10 wl of 100% TCA to stop the reaction and to pre-
cipitate the proteins. Samples before H,O, addition
(reduced MtAhpE) and after oxidation and before MtMrx1
addition (oxidized MtAhpE) were used as positive and neg-
ative controls, respectively. Samples were analyzed by alky-
lation with PEG-maleimide.

Reaction of Oxidized MtAhpE with the Nucleophilic Thiol in
MtMrxI—Reaction mixtures containing reduced MtAhpE (10
M) in the absence or presence of MtMrx1wt or MtMrx1CXXA
(30 um) were treated with H,O, (10 um). After 15 min, TCA
was added, and samples were analyzed by SDS-PAGE.

Reaction of MtAhpE-SS-M with MtMrxIwt or MtMrx1CXXA—
Reaction mixtures containing reduced MtAhpE (16 um) in
the absence or presence of MSH (30 um) were treated with
H,0, (16 um), to form MtAhpE-SOH and MtAhpE-SS-M,
respectively. After 30 min, MtMrx1 wt or MtMrx1CXXA was
added (20 um MtMrxlwt or CXXA and 10 um MtAhpE-SOH
or MtAhpE-SS-M final concentrations). After 30 min, 10 mm
NEM was added and incubated for 15 min, and samples were
analyzed by SDS-electrophoresis in the absence of reductant.

Kinetics of Reaction of Oxidized MtAhpE with the Nucleo-
philic Thiol in MtMrx1CXXA—For the determination of the
second-order rate constant of reaction between MtAhpE-SOH
and MtMrx1 CXXA, reaction mixtures containing 1 um
MtAhpE and increasing concentrations of MtMrx1CXXA (10,
25 and 40 uM) were treated with 1 um H,O,. Because of the high
reactivity of the peroxidatic thiol in MtAhpE (8 X 10* M~ 's™!
(22)) compared with the thiol groups of MtMrx1 (6.6 M~ ' s~ ",
see below), H,0, is reduced by the former. 90-ul aliquots were
taken at different time points and pipetted into Eppendorf
tubes containing 10 ul of 100% TCA to stop the reaction and to
precipitate the proteins. Samples were analyzed by SDS-PAGE,
and Coomassie-stained gels were scanned in an Oddysey® LI-
COR at 700 nm. Band intensity corresponding to the M¢AhpE-
MtMrx1CXXA mixed disulfide (as identified by in gel digestion
and mass spectrometry analysis, see below) was normalized
against MtMrx1CXXA intensity, which was in =10-fold excess
over MtAhpE and therefore, should not be appreciably con-
sumed during the assays. Relative disulfide intensity was plot-
ted as a function of time, and plots were fitted to exponential
growth curves. The second-order rate constant of the reaction
of MtAhpE-SOH with MtMrx1CXXA was obtained from the
slope of the plot of the observed rate constants of mixed disul-
fide formation versus MtMrx1CXXA concentration.

Determination of the pK,, of the Thiols in Nucleophylic Cys-
teines of MtMrxIwt and CXXA—The pK, of the nucleophilic
cysteines of MtMrxlwt and the MtMrx1CXXA mutant were
determined spectrophotometrically as described (31). Note
that we used alkylated protein instead of oxidized (S-S) protein
to correct for the background. The proteins were alkylated with
10 mm iodoacetamide for 30 min at room temperature. Excess
of iodoacetamide was removed using size exclusion chroma-
tography on Superdex75 10/300.
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Kinetics of MtMrx1 Oxidation by H,O,—The intrinsic fluo-
rescence intensity of MtMrx1 (A, = 295 nm, A,,,, = 335 nm)
decreased upon oxidation by H,O,, in a way that was fully
reversible by DTT-treatment. We took advantage of this spec-
tral change to measure the kinetics of MtMrx1 reaction with
H,0,, as previously reported for Trypanosoma brucei trypare-
doxin 1 oxidation (32). Reduced MtMrx1 (10 wMm) was mixed
with an excess of H,O, (0.25-1.0 mMm) in an Aminco Bowman
Series 2 luminescence spectrophotometer, and time courses of
intrinsic fluorescence change were registered. Observed rate
constants of fluorescence decrease (k) were determined by
fitting experimental data to single exponentials. The second
order rate constant for the reaction between reduced M¢tMrx1
and H,0, at pH 7.4 and 25 °C was obtained from the slope of
the plot of k., versus H,O, concentration.

Catalytic Consumption of H,O, by MtAhpE in the Presence of
MtMrx1—H,0, was slowly delivered into solutions containing
2 um MtAhpE and/or reduced wild type or CXXA MtMrx1 (50
M) using a motor-driven syringe system (KD Scientific) under
continuous stirring (flux = 1 uM/min during 15 min). Aliquots
of 20 ul were taken at different times and directly pipetted into
plate wells (Fisherbrand® flat bottom well plate, clear) contain-
ing 180 ul of a solution of 1 um HRP and 20 um Amplex® red.
H,0,-dependent Amplex® red oxidation was measured using a
Fluostar BMG Lab plate fluorescence reader (A,, = 515 nm,
Aem = 590 nm). H,O, concentration of each sample was deter-
mined according to appropriate calibration curves.

NADPH-dependent Peroxidase Activity in the Presence of
MtMrx1 and MtAhpE—NADPH oxidation during MtAhpE-
mediated H,O, reduction was determined using an enzyme-
coupled assay. Briefly, reaction mixtures containing 100 um
NADPH, 20 um reduced MtAhpE, 5 uM reduced wt or CXXA
MtMrx1, were incubated in 50 mm HEPES, 0.5 mm EDTA, pH
7.8 at 25 °C, followed by sequential addition of 0.13 um CgMR,
30 um MSSM, and 20 uM H,O,. NADPH reduction was moni-
tored at 340 nm (€,,, = 6,220 M~ 'cm ') using a thermostated
Shimadzu UV-2450 spectrophotometer. Reaction mixtures
lacking MtAhpE or MtMrx1 were used as negative controls.

RESULTS

Reaction of AhpE-SOH with MSH—When reduced MtAhpE
was incubated with an excess of PEG-maleimide and then ana-
lyzed by SDS-PAGE, a protein molecular weight shift of 5 kDa
was observed, in agreement with the addition of one molecule
of PEG/protein and the presence of one thiol per M¢tAhpE mon-
omer. As expected, this increase in the molecular weight was
not observed when the enzyme was first oxidized to its sulfenic
acid derivative by addition of equimolar H,O,, in agreement
with specific alkylation of reduced cysteine residues (Fig. 14).
When oxidized MtAhpE was incubated with reduced MSH, no
thiol alkylation was observed, indicating that no reduction of
AhpE-SOH by MSH took place (Fig. 14). However, incubation
with MSH did protect MtAhpE from oxidation-dependent
dimerization, a slow process that takes place after initial sul-
fenic acid formation (22). Considering that AhpE-SOH reacts
with glutathione and N-acetylcysteine to form mixed disulfides,
we hypothesized that protection was due to the formation of an
MtAhpE-SS-M adduct according to Equation 5.
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FIGURE 1. Oxidized MtAhpE reacts with MSH forming a mixed disulfide that is reduced by MtMrx1. A, alkylation of MtAhpE with PEG-maleimide. Reduced
or oxidized MtAhpE (20 um) was incubated with or without MSH (200 um). Proteins were precipitated with TCA, treated with PEG-maleimide (5 mm), and
evaluated on a CBB-stained 15% SDS-PAGE. B, identification of S-mycothiolation on cysteine 45 of MtAhpE. Sample was obtained by adding MSH (60 um) to
oxidized MtAhpE (20 um). The LC-MS/MS spectrum shows data obtained from a 3+ parent ion with m/z = 1026.5. The spectrum displays one major daughter
ion at m/z 966.4 corresponding to the neutral loss of inositol (180 Da) after fragmentation at a C-O bond. The y- and b- series of ions allowed exact localization
of the mixed disulfide between mycothiol and the cysteine residue. C, kinetics of reaction of oxidized MtAhpE with MSH. Time-dependent decrease (oxidation)
and increase (overoxidation) in the intrinsic fluorescence intensity (Ao, = 295 nm, A, = 340 nm) of MtAhpE (2 um) in the absence (A) or presence (B) of MSH
(18 um) upon addition of H,0, (150 um) in 100 mm sodium phosphate buffer plus 0.1 mm DTPA. D, effect of the MSH concentration on the observed rate
constants of MtAhpE intrinsic fluorescence change caused by overoxidation. E, MtAhpE-SS-M reduction by MtMrx1. Reduced (lanes 1 and 2) or oxidized (lanes
3 and 4) MtAhpE (20 um) was incubated with MSSM (lane 2) or MSH (lanes 3 and 4)(20 um) for 30 min, followed by incubation without (lane 3) or with MtMrx1
(lane 4) (20 wm) for 15 min. Samples were treated with PEG-maleimide (5 mm) and evaluated by CBB-stained 15% SDS-PAGE.

AhpE-SOH + MSH — AhpE-SS-M + H,0 concentration (Fig. 1D). The slope results in a second-order
rate constant (k,) of 237 = 30 M~ ' s ! for the reaction of
MtAhpE-SOH with MSH at pH 7.4 and 25 °C. The offset cor-
responds to k; X [H,O,] and perfectly agrees with the previ-
ously determined rate constant of enzyme overoxidation (22).
Reduction of MtAhpE-SS-M by MtMrxIl—When reduced
MtAhpE (20 um) was incubated with mycothiol disulfide
(MSSM, 20 um) alkylation with PEG-maleimide was not abol-
ished, indicating that at least under these conditions the
reduced enzyme is not oxidized by the disulfide form of myco-
thiol. When MtMrx1 was added to pre-formed M¢AhpE-SS-M

(Eq.5)

MS studies demonstrated the S-thiolation of MtAhpE on cys-
teine 45 (Fig. 1B): the mass of the Cys-45 containing peptide
was found to be 484 Da higher, consistent with the covalent
attachment of MSH. Upon fragmentation of the precursor ion
of m/z1026.5 (z = 3), a predominant neutral loss of 180 Da was
observed, corresponding to inositol and consistent with previ-
ous results (15). The LC-MS/MS spectrum also allowed
exact localization of the mixed disulfide between mycothiol
and the cysteine residue.

Kinetics of MtAhpE-SOH Reaction with Mycothiol—Incuba-

tion of reduced M¢AhpE with H,O, in excess caused enzyme
overoxidation to sulfinic acid, followed by the accompanying
change in Trp fluorescence as previously described (22). After
the addition of H,O, in the presence of excess mycothiol, we
observed a decrease in the amplitude and an increase in the
observed rate constants (k) of MtAhpE overoxidation (Fig.
1C). The k., of the process linearly depended on the MSH
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and further treated with PEG-maleimide, the protein was alky-
lated (Fig. 1E), indicating that MtMrx1 reduces MtAhpE-SS-M.

Reduction of MtAhpE by MtMrx1—When oxidized MtAhpE
(10 um) was incubated with reduced MtMrx1 (16 um) for 0.2—4
min and further treated with PEG-maleimide, the enzyme was
alkylated (Fig. 2A4), indicating that MtAhpE is reduced by
MtMrx1 according to Equation 6.
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FIGURE 2. MtAhpE is reduced by wild type MtMrx1 by a dithiolic mechanism. A, reduced (lane 1) or oxidized (lanes 2—-6) MtAhpE (10 um) incubated
in the absence (lanes 1-3) or presence of reduced MtMrx1 (16 um) for indicated times (lanes 4 - 6) and treated with 5 mm PEG-maleimide were evaluated
on a Coomassie Brilliant Blue (CBB) stained 15% SDS-PAGE. B, reduced and oxidized MtAhpE alone (10 um), or oxidized MtAhpE incubated with MtMrx1
wt or MtMrx1 CXXA (30 um) for 15 min were evaluated on a CBB-stained 15% SDS-PAGE in the absence (lanes 1-4, respectively) or presence (lanes 4-8,
respectively) of B-ME. A novel band with a molecular mass compatible with a mixed disulfide formation between MtAhpE and MtMrx1CXXA is indicated
as MtAhpE-SS-MtMrx1. C, mass spectrometric analysis of the MtAhpE-SS-MtMrx1 complex is shown in Fig. 2B. A quadruply charged parent ion of
[M+4H]*" = 1183.7 Da shows fragmentation characteristics of a disulfide linkage between Cys'” of MtMrx1 and Cys*> of MtAhpE, as determined by the
DBond software (29). P*, one strand of a dipeptide; p*, the other strand of a dipeptide; capital letters, fragment ions from peptide P*; lowercase letters,
fragment ions from peptide p*. The loss of 34 atomic mass units represents formation of dehydroalanine from C-S bond fragmentation. D, reaction of
MtAhpE-SS-M with MtMrx1CXXA does not form a protein-protein intermolecular mixed disulfide. Reduced (lane 1) and oxidized MtAhpE (lanes 2-7)
alone (lanes 2, 4, and 6), or incubated with MSH during 30 min (lanes 3, 5, and 7), were incubated in the absence (lanes 2 and 3) or presence of MtMrx1 wt
(lanes 4 and 5) or MtMrx1CXXA (lanes 6 and 7) for 15 min. Reaction was stopped by addition of 5 mm NEM, and samples were evaluated on a CBB-stained
15% SDS-PAGE under non-reducing conditions. A novel band with a molecular mass compatible with a mixed disulfide formation between MtAhpE and
MtMrx1CXXA is indicated as MtAhpE-SS-MtMrx1.

AhpE-SOH + Mrx1-(SH), — AhpE-SH + Mrx1-S, + H,0O AhpE-SS-Mrx1-SH — AhpE-SH + Mrx1-S, (Eq.8)

(Eq.6)  Mass spectrometrical studies confirmed the mixed disulfide
formation. A tryptic digest of the proteins present in the band
corresponding to MtAhpE-MtMrx1 CXXA in Fig. 2Brevealed a
mixed disulfide between two cysteine-containing tryptic pep-
tides from each individual protein (Fig. 2C).

As above indicated, wild type M¢Mrx1l could directly
reduce MtAhpE-SOH (Fig. 2, A and B). Interestingly, when
MtMrx1CXXA was added to MtAhpE-SS-M, the AhpE-SS-
Mrx1 mixed disulfide was not observed (Fig. 2D), indicating
that the cysteine in MtMrx1CXXA reacts with the sulfur atom
of MSH, yielding reduced M¢AhpE through the following reac-
tion in Equation 9,

MtMrx1-dependent reduction of MtAhpE was ~50% complete
after 0.2— 0.5 min, suggesting a relatively fast reaction. Interest-
ingly, the addition of MtMrx1 partially inhibits the dimeriza-
tion of MtAhpE, which slowly occurs after oxidation (Fig. 24).

Di- versus mono-thiolic Reduction of MtAhpE by MtMrx1—
In C. glutamicum Mrx1, only the N-terminal cysteine residue of
the CXXC active site sequence motif was found to be essential
for the reduction of the arsenate-mycothiol adduct intermedi-
ate (16, 33). For the MtMrx1, however, the C-terminal cysteine
mutated to alanine (MtMrx1l CXXA) was not able to reduce
MtAhpE. It formed a mixed disulfide (MtAhpE-MtMrx1
CXXA), which was reducible by B-ME (Fig. 2B), indicating that
both cysteine residues of MtMrx1 are essential for the reduc-
tion of MtAhpE under these conditions, according to the fol-
lowing mechanism in Equations 7 and 8.

AhpE-SS-M — Mrx1-SH — AhpE-SH + Mrx1-S5-M
(Eq.9)

which is the reaction for a monothiolic mechanism of
reduction.

Kinetics of MtAhpE-SOH Reaction with MtMrx1CXXA—
When we oxidized MtAhpE to its sulfenic acid derivative in the

AhpE-SOH + Mrx1-(SH), — AhpE-SS-Mrx1-SH + H,O

(Eq.7)

FEBRUARY 21, 2014+VOLUME 289-NUMBERS  YASHEMBE\ JOURNAL OF BIOLOGICAL CHEMISTRY 5233



MSH/Mrx1 Reduces AhpE from M. tuberculosis

A

H,0, _—_ +

- e o o= am— e e AhpE-SS-Mrx1

h.-“—-.-——-—-——-AhpE

Seooceoe® '

Time
(sec) 0 10 20 40 60 120 260 480
1.8 - -
[]
2
2 16 n
il
£
Q
2 1.4
5
(4]
14
1.2 -
1.0 T T T T T
0 100 200 300 400 500
Time (s)

C o.08;

0,06 1

—
< 0,04 -

(s

obs

0,02 1

0,00

'0,02 T T T T T T T T
0 5 10 15 20 25 30 35 40

Mrx1CXXA (uM)

FIGURE 3.Kinetics of the reaction of MtAhpE-SOH with the nucleophilic thiol in MtMrx1CXXA. A, oxidized MtAhpE (1 um) was incubated with MtMrx1CXXA
(25 um), aliquots were taken at different incubation times and the reaction was stopped by addition of 10% TCA. Samples were evaluated on a CBB-stained 15%
SDS-PAGE. B, time-dependent increase of the relative band intensity of the mixed disulfide shown in A, expressed as MtAhpE-SS-MtMrx1/MtMrx1CXXA.
MtMrx1CXXA in concentrations of more than 10 times excess remain constant, and was used as protein load control. The continuous line shows the best fit to
an exponential curve. C, effect of increasing MtMrx1CXXA concentrations on the observed rate constants of intermolecular disulfide formation.

presence of excess MtMrx1CXXA, a time-dependent increase
of the mixed disulfide between MtAhpE and MtMrx1CXXA
was observed (Fig. 3A4). Time courses of formation of this mixed
disulfide fitted to exponential curves (Fig. 3B), and the observed
rate constants were dependent on the MtMrx1CXXA concen-
tration (Fig. 3C). From the slope of the plot shown in Fig. 3C, a
second-order rate constant, for the reaction between oxidized
MtAhpE and the N-terminal thiol in MtMrx1CXXA to form a
mixed disulfide, of (1.6 = 0.3) X 10°Mm s~ 'at pH 7.4and 25 °C
was determined.

pK, Values of the Nucleophylic Cysteines in MtMrxIwt and
MtMrx1CXXA—In previous work, we had determined the pK],
value of the nucleophilic cysteine residue of MtMrx1wt as 6.8
(15). To investigate the possible influence of the CXXA mutation
on the reactivity of the nucleophilic cysteine, we determined the
pK,, value of the nucleophilic cysteine of MtMrx1CXXA. We
obtained a midpoint value of 7.6 (Fig. 4A4).

Kinetics of MtMrx1 Thiol Oxidation by H,O,—When
MitMrx1 (10 um) was oxidized with H,O, (1 mm), a time-de-
pendent decrease in protein intrinsic fluorescence was
observed in a way that was fully reversible by DTT treatment,
indicating specificity for protein thiol oxidation (Fig. 4B). Time
courses of fluorescence decay fitted to exponential curves, and
observed rate constants were dependent on H,O, concentra-
tions (Fig. 4C). From the slope of the plot, a second-order rate
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constant for MtMrx1 oxidation by H,O, of (6.6 = 0.6) M~ 's™'
at pH 7.4 and 25 °C was obtained.

MtAhpE-catalyzed H,0, Reduction via MtMrx1—We tested
whether MtAhpE was able to catalytically consume H,O, in the
presence of reduced MtMrx1l. When a flux of H,O, (1 um
min~ ") was infused to reduced MtMrx1 (50 um), a time-depen-
dent increase of H,0O, was observed (Fig. 5). After 15 min,
nearly 14 um H,O, was accumulated, indicating that <10% of
the H,0O, was consumed. This is consistent with a low reactivity
of MtMrx1 toward H,0, (6.6 = 0.6 M s~ 'at pH 7.4, Fig. 4C).
Reduced MtAhpE (2 um) alone was not able to catalytically
consume H,O,. However, when the same flux of H,O, was
infused to a mixture containing both reduced MtMrx1 and
MtAhpE, a much slower increase in H,O, concentration was
observed: 2.8 um H,O, accumulated after 15 min, indicating
that 81% of the infused H,O, has been consumed (Fig. 5).
Importantly, while MtAhpE catalytically consumed H,O, in
the presence of wt MtMrx1, the peroxidase activity of MtAhpE
abolished when the MtMrx1CXXA variant was used, once
again indicating that both cysteine residues of MtMrx1 are
essential for direct MtAhpE reduction (Fig. 5).

MtAhpE Catalyzes the H,O,-dependent NADPH Oxidation—
The addition of MSSM (30 uM) to a reaction mixture contain-
ing NADPH (100 uMm), reduced MtAhpE (20 um), reduced
MitMrx1 wt (5 puMm), and CgMR (0.13 pm) caused a rapid
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FIGURE 5. MtAhpE catalyzes H,0, reduction in the presence of MtMrx1.
H,0, was infused (J = 1 um min~ ') to reaction mixtures containing 50 um
reduced MtMrx1 wt (triangles), 50 um reduced MtMrx1 CXXA + 2 um MtAhpE
(circles), or 50 um reduced MtMrx1 wt + 2 um MtAhpE (squares). Remaining
H,O, was measured at different time points, using Amplex®red oxidation
assay. Data points represent an average of n = 3 = S.D.

decrease in NADPH concentration, coupled to the reduction of
MSSM, after which the absorbance remained constant. Subse-
quent addition of H,O, (20 um) led to an acceleration of
NADPH consumption (1.6 = 0.1 wm/min) indicating that the
complete system supports a NADPH-dependent peroxidase
activity (Fig. 6, A and B). This acceleration was not seen in the

askviEe
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absence of MtMrx-1 or MtAhpE. Notably, even when the
CXXA mutant instead of wt MtMrx-1 was used, a H,O,-depen-
dent acceleration of NADPH consumption was observed,
although to a lower extent (~65% with respect to wt MtMrx-
1)(Fig. 6B).

DISCUSSION

In previous work, we demonstrated the peroxidase activity of
the one-cysteine peroxiredoxin from M. tuberculosis, MtAhpE,
using different peroxides and artificial reducing substrates. We
found peroxynitrite and fatty acid hydroperoxides as preferen-
tial oxidizing substrates for this enzyme (22, 23), which inter-
estingly was found associated to the membrane fraction of the
bacterium (34). We have also proposed and used MtAhpE as a
model to study the mechanisms of cysteine residues oxidation
(from thiol to sulfenic acid) and overoxidation (from sulfenic to
sulfinic acid) in proteins (23). However, the identification of a
biologically relevant reducing pathway to complete its catalytic
cycle was lacking so far.

In the present work, we demonstrate that MSH is not able to
reduce the sulfenic derivative of MtAhpE, but forms a mixed
disulfide with the enzyme, as confirmed by mass spectrometry
(Fig. 1, A and B), with a rate constant of 237 M~ 's™' at pH 7.4
and 25 °C (Fig. 1, C and D). Mycoredoxin-1 was able to reduce
the mixed disulfide formed between the enzyme and mycothiol

JOURNAL OF BIOLOGICAL CHEMISTRY 5235



MSH/Mrx1 Reduces AhpE from M. tuberculosis

A130-

CgMTR MSSM
I HO
110 1 272 —
—_ \*\._/ =
= =
100 4
= ] T
T 90 o
(] 1 g
< 4
= e
70 4
60 -
50 T T T T 1
0 5 10 15 20 25
Time {min)

5 - HZOZ
1/
wio M1

-5 1 wio AhpE
104
151 M1 CXXA
-20
25 M1 wi

0 5 10 15
Time {min)

FIGURE 6. NADPH consumption during MtAhpE-mediated H,0, reduction. A, time-dependent consumption of NADPH (100 um) in a coupled assay
containing 20 um MtAhpE, 5 um MtMrx1wt, 0.13 um CgMR, 30 um MSSM, and 20 um H,0, in 50 mm HEPES, 0.5 mm EDTA, pH 7.8 at 25 °C. The arrows indicate the
addition of the last three mentioned components to the mixture. B, NADPH consumption upon addition of H,O, (arrow) in mixtures asin A (Mrx1 wt); with CXXA
instead of wt MtMrx1 (Mrx1 CXXA); in the absence of MtMrx1 (w/o Mrx1) or in the absence of MtAhpE (w/o AhpE). Representative traces that were repeated in

independent days with the same results are shown.

(Fig. 1E). The second thiol moiety of MtMrx1 was not needed
for MtAhpE-SS-M reduction, as indicated by the lack of detec-
tion of M¢AhpE-S-S-MtMrx1 adduct upon incubation with the
MtMrx1CXXA mutant (Fig. 2D). Moreover the catalytic con-
sumption of NADPH by a coupled assay consisting of NADPH/
CgMR/MSH/MtMrx1/MtAhpE/H,O, was also functional when
MtMrx1 was substituted for MtMrx1 CXXA (Fig. 6B). These
results are consistent with the reported data for CgMrx1-de-
pendent reduction of arsenate by CgArsC1 and CgArsC2. In
these enzymes, the proposed mechanism of reaction involves
the initial formation of an arseno (V)-sulfur complex, followed
by a nucleophilic attack by MSH resulting in a arseno mycothiol
(As(V)-MSH) complex. Mrx1 reacts with the latter, releasing
As(III) and forming a mixed disulfide with MSH which is then
reduced by a second molecule of MSH yielding reduced Mrx1
and mycothiol disulfide. For MtAhpE-SS-M reduction by
MtMrx1, we propose an analogous monothiolic mechanism
(16, 33), as illustrated in Fig. 7 described below.

We also showed that MtMrx1 reduces oxidized MtAhpE as
shown by thiol alkylation assays (Fig. 24). However, a mutant
form of MtMrx1 where the C-terminal cysteine was substituted
for alanine (MtMrx1CXXA) forms a mixed disulfide with oxi-
dized MtAhpE, which was evidenced on SDS-PAGE (Fig. 2B)
and peptide identification by mass spectrometry (Fig. 2C).
Thus, the sulfenic acid at the peroxidatic cysteine in oxidized
MtAhpE reacts with the N-terminal Cys residue in MtMrx1,
which is subsequently reduced by the second thiol moiety pres-
ent in wild type MtMrxl, regenerating reduced M¢AhpE.
Accordingly, wild type but not CXXA MtMrx1 supports the
catalytic consumption of fluxes of H,O, by MtAhpE (Fig. 5). To
note, reduced MtMrx1 caused a marginal H,O, consumption
in the absence of MtAhpE, in agreement with the lack of per-
oxidase activity of MtMrx1 previously reported (15), and con-
sistent with the rate constant of the reaction determined herein
(6.6 = 0.6 M 's™ ! at pH 7.4, Fig. 4). This value agrees with the
quite low nucleophilic cysteine pK, value (6.8) previously
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FIGURE 7. Mechanisms proposed for MSH/Mrx1-dependent MtAhpE
reduction. MtAhpE is oxidized by the peroxide to form a sulfenic acid (reac-
tion 1). Sulfenic acid is then directly reduced by MtMrx1 (reactions 2 and 3), or
through an intermediate disulfide formation with mycothiol (reaction 4), fol-
lowed by reduction by MtMrx1 (reaction 5). The leaving Mrx1-S, and Mrx1-
SS-M disulfide species are then reduced by a second mycothiol molecule
forming mycothiol disulfide (MSSM) and reduced MtMrx1 as reported (7, 15).
The formed MSSMis in turn reduced by the NADPH dependent flavoenzyme,
mycothiol disulfide reductase (MR), as previously reported (8, 15). Both reduc-
ing pathways may compete with enzyme oxidative inactivation (overoxida-
tion) to a sulfinic acid (reaction 6). The lower pathway (reactions 4-5) would
predominate in the cytosol while the upper one (reactions 2-3) could be
favored in membrane-associated compartments due to the hydrophilic
nature of MSH.

reported (15), and pH-independent rate constants of thiolate
oxidation by H,O, in the 18 =26 M~ 's™ ' range (35).

The MtMrx1CXXA mutant was used to estimate the second-
order rate constant of the reaction between the sulfenic acid of
MtAhpE and the nucleophilic cysteine in MtMrx1 as (1.6 *
0.3) X 10° M~ 's™ ' at pH 7.4 (Fig. 3). This value is similar to that
determined for the reaction between the sulfenic acid of
MtAhpE and the aromatic thiolate thionitrobenzoate ((1.5 *
0.3) X 10> M~ 's™ ' at pH 7.4 (22)) and higher than that deter-
mined for enzyme reduction by DTT (90 M~ 's™ ', at pH 7.4
(23)). The rate constant determined this way is that of the first
step leading to M¢AhpE reduction (Equation 8) and relies on a

VOLUME 289-NUMBER 8+-FEBRUARY 21,2014



mutant with potentially altered properties. In this respect, the
pK, value of the nucleophilic cysteine in MtMrx1CXXA is 7.6,
which is 0.8 pH units higher than that of MtMrx1wt (Fig. 4A4).
Thus, the nucleophilic thiol is 80% deprotonated at pH 7.4 for
MtMrx1lwt and only 40% for its CXXA mutant, which could
result in a ~50% lower reactivity at physiological pH. The rate
constant obtained using this mutant is most probably a lower
limit for the rate-limiting step during the overall process (Equa-
tion 7), since experiments using wild type MtMrx1 (16 um)
showed an important fraction of MtAhpE (10 uMm) reduction
(=50%) in only 0.2— 0.5 min (Fig. 2A4), which is consistent with
a global rate constant of reduction in the ~10°-10* M~ 's™!
range according to computer-assisted simulations using
Gepasy 3 software. When comparing with reduction of other
MtPrxs by thioredoxins, MtMrx-1-catalyzed MtAhpE reduc-
tion seems to approach the reported rate constant of thiore-
doxin-mediated reduction of other Prxs (M¢TPx or MtAhpC),
which occur with rate constants in the 10* M~ 's™ " range (13,
36). The rate constant of MtAhpE reduction by MtMrx1 is
~10-fold higher than that of mixed disulfide formation with
mycothiol (Fig. 1, C and D). However, as mentioned above, the
concentration of mycothiol is in the millimolar range in the
M. tuberculosis cytosolic fraction (6) and therefore, to effec-
tively compete with mycothiol for oxidized MtAhpE, the
MtMrxlconcentration (which is unknown so far) should
be =50 um. As indicated, proteomic analysis found MtAhpE in
the membrane-associated fraction. Direct MtMrx1-dependent
MtAhpE reduction might be favored in these hydrophobic
compartments that are difficult to reach for a polar molecule,
such as MSH. In any case, both direct reduction by MtMrx1 and
mixed disulfide formation with mycothiol are fast enough to
compete with H,0O,-mediated enzyme oxidative inactivation
(rate constant of 40 M~ 's™ ') (Figs. 3C and 1D, respectively).
Whether MtAhpE oxidative inactivation can compete with
enzyme reduction by MSH/MtMrx1 in vivo will not only
depend on the rate constants of reactions, but also on the
steady-state concentrations of reducing as well as oxidizing
substrates.

MtAhpE reduction by the MSH/Mrx-1 system led to myco-
thiol oxidation that was reduced by CgMR as indicated by the
NADPH consumption observed using a coupled assay shown in
Fig. 6. No NADPH-dependent peroxidase activity occurred in
the absence of MtAhpE. This was also true in the absence of
MtMrx-1, indicating that oxidized MtAhpE or the mixed disul-
fide MtAhpE-SM adduct could not be reduced directly by
MR/NADPH. Moreover, MtMrx1CXXA had 65% of the activ-
ity measured using MtMrx1wt, indicating that in the presence
of mycothiol most MtAhpE reduction occurs through a mono-
thiolic mechanism. These results are in agreement with the lack
of AhpE-Mrx1CXXA adduct detection by SDS-PAGE in the
presence of mycothiol (Fig. 2D, lane 7). To our knowledge, this
is the first identification of a biologically relevant reducing
enzyme for this one-cysteine peroxiredoxin from M. tuberculo-
sis or any other member of the AhpE family of Prxs. It is also the
first report on the reduction of a mycothiol-containing protein
mixed disulfide by Mrx1 from Mycobacteria. Moreover, the
data reported herein specifies a molecular link between a per-
oxidase system and the mycothiol/mycoredoxin-1 pathway in
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Mycobacteria. We propose a mechanism of peroxide sensing
and/or detoxification (Fig. 7) where MtAhpE is oxidized by the
peroxide to form a sulfenic acid (Fig. 7, reaction 1). The sulfenic
acid is then directly reduced by MtMrx1 (Fig. 7, reactions 2 and
3), by a dithiolic mechanism involving a MtAhpE-SS-MtMrx1
intermediate. Alternatively, disulfide formation with MSH fol-
lowed by reduction by MtMrx1 occurs (Fig. 7, reactions 4 and
5). In any case, the leaving MtMrx1-S, and MtMrx1-SS-M
disulfide are then reduced by mycothiol (7, 15) which in turn is
maintained in its reduced state by mycothiol disulfide reduc-
tase (MR) at the expense of NADPH (8). Both reducing path-
ways compete with enzyme overoxidation to sulfinic acid (Fig.
7, reaction 6). To note, glutaredoxins from different cellular
sources have been reported to be involved in homologous Prxs
reduction and both monothiolic and dithiolic mechanisms
have been proposed (37—41).

A recent report using thiol redox proteomic and mass spec-
trometry to identify S-mycothiolated proteins in C. glutami-
cum during NaOCI stress revealed that TPx was one of the
proteins that is modified on its thiols. S-Mycothiolation
affected CgTPx activity that was restored by incubation with
CgMrx1 (17). MSH/Mrx1-dependent reduction has not been
described in other Prxs from Mycobacteria (TPx and AhpC)
studied so far, where NADPH/thioredoxin reductase is directly
used to reduce different isoforms of thioredoxin, the reducing
substrates for most of the bacterial Prxs (13, 18). For MtAhpC,
an alternative reducing system, based on dihydrolipoamide
linked to metabolic enzymes, has been demonstrated (42).
Mrx-1 was not evaluated as reducing substrate for other perox-
iredoxins from M. tuberculosis (Bcp and BcpB) so far.

Thioredoxins, tryparedoxins, as well as different glutaredox-
ins and NrdH-redoxins, are known to reduce many other pro-
tein substrates besides thiol-dependent peroxidases, such as
ribonucleotide reductases (43—45). Similarly, we propose that
reduction of protein oxidized cysteine residues, either at the
sulfenic acid or MSH-mixed disulfide state, by MtMrx1, may be
not specific for MtAhpE. Ongoing structural and functional
studies on the MtAhpE-Mrx1 adduct will help to understand
the bases of the interaction, which could predict protein molec-
ular features required for a dithiolic mechanism of Mrx1-de-
pendent protein reduction to operate. Similarly, structural data
regarding the MtAhpE-SSM mixed disulfide could provide the
basis for the identification of proteins susceptible to this mod-
ification, which, as glutathionylation in other cellular systems,
may importantly affect protein function.

MitMrx1-dependent MtAhpE reduction provides an expla-
nation for the increased susceptibility to oxidative stress in
strains of Mycobacteria lacking functional Mrx1 or with a low
MSH content® (7-9, 11). Moreover, Prxs and other thiol-de-
pendent peroxidases have recently been proposed as key medi-
ators in peroxide signaling (46 —48). The results shown herein,
taken together with our previous reports establishing peroxyni-
trite and fatty acid hydroperoxides as preferential substrates for
MtAhpE (23), provide a possible route for sensing these perox-
ides in Mycobacteria (12). The importance of this metabolic

8 Mrx1-deletion studies were performed in M. smegmatis, which contains an
AhpE with 71% protein identity to MtAhpE according to PeroxiBase (20).
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pathway in vivo and its possible consequences on infectivity and
pathogenesis will be the subject of future investigations.
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