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ABSTRACT:Drug resistance and virulence ofMycobacterium tuberculosis are partially related to the pathogen’s
antioxidant systems. Peroxide detoxification in this bacterium is achieved by the heme-containing catalase
peroxidase and different two-cysteine peroxiredoxins.M. tuberculosis genome also codifies for a putative one-
cysteine peroxiredoxin, alkyl hydroperoxide reductase E (MtAhpE). Its expression was previously demon-
strated at a transcriptional level, and the crystallographic structure of the recombinant protein was resolved
under reduced and oxidized states. Herein, we report that the conformation ofMtAhpE changed depending
on its single cysteine redox state, as reflected by different tryptophan fluorescence properties and changes in
quaternary structure. Dynamics of fluorescence changes, complemented by competition kinetic assays, were
used to perform protein functional studies.MtAhpE reduced peroxynitrite 2 orders of magnitude faster than
hydrogen peroxide (1.9� 107M-1 s-1 vs 8.2� 104M-1 s-1 at pH 7.4 and 25 �C, respectively). The latter also
caused cysteine overoxidation to sulfinic acid, but at much slower rate constant (40 M-1 s-1). The pKa of the
thiol in the reduced enzyme was 5.2, more than one unit lower than that of the sulfenic acid in the oxidized
enzyme. The pH profile of hydrogen peroxide-mediated thiol and sulfenic acid oxidations indicated thiolate
and sulfenate as the reacting species. The formation of sulfenic acid as well as the catalytic peroxidase activity
ofMtAhpE was demonstrated using the artificial reducing substrate thionitrobenzoate. Taken together, our
results indicate that MtAhpE is a relevant component in the antioxidant repertoire of M. tuberculosis
probably involved in peroxide and specially peroxynitrite detoxification.

Tuberculosis (TB)1 is a serious, often lethal infectious disease
caused by Mycobacterium tuberculosis, which affects about one-
third of the human population. Multidrug resistance TB is an
emerging problem of great public health concern worldwide,
making new drug development a priority (1). This bacterium is
able to live and proliferate within the phagosomes of activated
macrophages, where it is exposed to a strong oxidative stress (2)
that includes hydrogen peroxide (H2O2) and peroxynitrite2 pro-
duction.Reactive oxygen andnitrogen species are cytotoxic (3-5),
and several lines of evidence indicate their role in the control of

M. tuberculosis infection (5-7). Thus, the mechanisms that allow
the pathogen to cope with these species constitute an active field of
investigation (2, 8, 9).

The antioxidant defense in M. tuberculosis is unusual in many
aspects.WhileM. tuberculosis lacks the typical glutathione system,
it contains millimolar concentrations of mycothiol [2-(N-acetyl-
cysteinyl)amido-2-deoxy-R-D-glucopyranosylmyoinositol](10),
mycothiol reductase (11), and different thiol disulfide oxido-
reductases (12, 13). It also contains catalase peroxidase, a heme-
dependent peroxidase that reduces different peroxides includ-
ing peroxynitrite, and is responsible for the activation of
the first line antituberculosis prodrug isoniazid (14, 15). As
expected, mutations of katG result in resistance to this
drug (16), and interestingly, infective forms of katG mutants
show increased expression of alkyl hydroperoxide reductase
C (AhpC) (17), a member of the peroxiredoxin (Prx) family.
M. tuberculosis also expresses thioredoxin peroxidase (TPx),
another two-Cys Prx, which is known to react rapidly with
peroxynitrite (9) and has been recently proved to be an important
virulence factor in cellular and animal models of TB (18). In
addition, M. tuberculosis genome codifies for three other
Prxs (19). Among them, the hypothetical bacterioferritin comi-
gratory proteins have proved to be important for survival under
oxidative stress conditions in other organisms (20, 21). Finally, a
gene for a putative one-Cys Prx, alkyl hydroperoxide reductase E
(AhpE, annotated as Rv2238c), has also been identified in M.
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tuberculsosis and is highly conserved among many other Myco-
bacteria (19, 22). The regulated expression of MtAhpE has been
reported at a transcriptional level (23), and the crystallographic
structures of the recombinant protein under reduced and oxidized
states have been determined (24). In solution, the enzyme was
reported to be present as a mixture of dimeric and octameric
forms, but redox state-dependent changes in its quaternary
structure, as observed for other Prxs (25), have not beenpreviously
investigated. The functional properties ofMtAhpE have not been
addressed so far. MtAhpE protein contains a single cysteine
residue (Cys45) that is predicted to be the peroxidatic cysteine
(CP), since it is located in a typical PXXXTXXC motif, well
conserved in the amino acidic sequence of Prx active sites. More-
over, structural data on the recombinant enzyme show that an
arginine residue (Arg116) interacts by hydrogen bonding with
Cys45 (∼3.5 Å distant) allowing thiolate stabilization, another
conserved feature among different Prxs (26).

During the oxidative part of the catalytic cycle of Prxs the
thiolate in CP (Prx-S-) reduces peroxide substrates such as
hydrogen peroxide (H2O2), peroxynitrous acid (ONOOH), or
organic peroxides (ROOH) to water, nitrite, or alcohols (ROH),
respectively, in a two-electron oxidation process that leads to
sulfenic acid (Prx-SOH) formation:

Prx-S- þ
H2O2

ONOOH
ROOH

f Prx-SOHþ
HO-

NO2
-

RO-
ð1Þ

In the crystal structure of the oxidized formofMtAhpE,Cys45was
oxidized to a stable sulfenic acid (24), as previously reported for the
humanone-CysPrx (27). In contrast tomost two-CysPrxs (28), the
reducing step of one-Cys Prxs is still unclear (29-33).

Alternatively, and in the presence of high peroxide concentra-
tions, sulfenic acid in Prxs canbe overoxidized to sulfinic acid (Prx-
SO2H), through the reaction with a second molecule of oxidizing
substrate, in a process that results in enzyme inactivation.

Prx-SOHþROOH f Prx-SO2HþROH ð2Þ
Overoxidation of the mammalian one-Cys Prx has been detected
in cellular systems (34). There is just one estimation for the second-
order rate constant of the reaction in eq 2, which is related to
mammalian Prx 1 overoxidation by H2O2 (57 M-1 s-1 at
physiological pH (35) estimated from ref 36). The mechanism of
the reaction, including the reacting species (RSO- vs RSOH) as
well as the pKa of Prx sulfenic acids, which may affect the rate of
the reaction at physiological pH, is far from being resolved.

In this work we demonstrate the peroxidatic activity of the
putative one-cysteine Prx of M. tuberculosis, AhpE. Taking
advantage of the different intrinsic fluorescence properties of
this enzyme at its different redox states, or by using competition
kinetic approaches, we investigated the enzymatic selectivity
toward the main peroxide substrates the bacterium may encoun-
ter during infection. We performed mechanistic and kinetic
studies on enzymatic overoxidation. The pKa values of the thiol
in the reduced enzyme as well as that of the sulfenic acid in the
oxidized enzyme were determined. The results obtained add to
our knowledge of the peroxide detoxification mechanisms in
M. tuberculosis, an important issue for understanding the biology
of this extremely successful human pathogen.

MATERIALS AND METHODS

Chemicals. Horseradish peroxidase (HRP) and lignine per-
oxidase (LiP) were obtained from Sigma and Fluka, respectively.

Argon (99.5% pure) was from AGA Gas Co., Montevideo,
Uruguay. H2O2 was fromMallinckrodt Chemicals. Peroxynitrite
was synthesized from H2O2 and nitrous acid as described
previously (37, 38). Treatment of a stock solution of peroxynitrite
with granular manganese dioxide eliminated H2O2 remaining
from the synthesis. Nitrite contamination was typically less than
30% of peroxynitrite concentration. 5-Thio-2-nitrobenzoate
(TNB) free of its disulfide, 5,50-dithiobis(2-nitrobenzoate)
(DTNB), was synthesized as previously described (39). All other
reagents were obtained from standard commercial sources and
used as received.

All experiments were performed in 100mM sodiumphosphate
buffer containing 0.1 mM diethylenetriaminepentaacetic acid
(dtpa), pH 7.4 and 25 �C, unless otherwise indicated.
Protein Expression and Purification. MtAhpE (TB Data-

base gene name Rv2238c) was expressed in Escherichia coli
BL21(DE3) (expression vector pDEST17) as a recombinant
His-tagged protein and purified as previously described (24).
The MtAhpE mutant C45S was generated by site-directed muta-
genesis using the QuikChange site-directed mutagenesis kit
(Stratagene) as described by the manufacturer (previously re-
ported in ref 31) using the following primers: C45Sfw, 50 CAC
GGG CAT CTC ACA GGG CGA GC 30; C45Srev, 50 GCT
CGC CCT GTG AGA TGC CCG TG 30.
Peroxide, Protein, and Thiol Quantitation. The concen-

tration of H2O2 stock solutions was measured at 240 nm (ε240 =
43.6 M-1 cm-1) (40). Peroxynitrite concentration was determined
at alkaline pH at 302 nm (ε302 = 1670 M-1 cm-1) (38). MtAhpE
concentration was determined spectrophotometrically at 280 nm,
using a molar absorption coefficient of 23950M-1 cm-1 calculated
according to ref 41, that was in good agreement with protein
measurements by thebiuret assay (not shown). Protein thiol content
was measured by Ellman’s assay (ε412 = 14150 M-1 cm-1).
Recently purified MtAhpE typically contained ∼0.9 thiol/pro-
tein, and thiol content diminished with storage (under argon
atmosphere, at -80 �C).3 The concentrations of HRP and LiP
were determined by their absorption at the Soret band (ε403 =
1.02� 105M-1 cm-1 (42) and ε409 = 1.68� 105M-1 cm-1 (43),
respectively).
Protein Thiol Reduction and Alkylation. MtAhpE was

reduced immediately before use by incubation with 1 mM DTT
for 30 min at 4 �C. Excess reductant was removed either by gel
filtration using a HiTrap column (Amersham Bioscience) and
UV-vis detection at 280 nm or, when using small volumes
(<200 μL), by passing the enzyme twice throughMicrobiospin 6
chromatography columns (Bio-Rad). Samples were extensively
purged with argon once collected. For protein thiol alkylation,
previously reduced MtAhpE was incubated with N-ethylmalei-
mide (NEM) (5 or 10 mM) for 30 min at 4 �C, and excess NEM
was removed as described for DTT.
Changes in the Intrinsic Fluorescence Intensity of

MtAhpE. Emission spectra (λexc = 280 or 295 nm) of wild-type
or C45S enzyme (1.5 μM) were obtained using an Aminco
Bowman Series 2 luminescence spectrophotometer.
Size-Exclusion Chromatography. MtAhpE (250 μL,

0.1 mg of protein) under different redox states was resolved on
a Superdex 75 10/300 column, preequilibrated with phosphate
buffer (20 mM, 150 mM NaCl, pH 7.4), with UV detection

3Due to the rapid reaction of oxidizedMtAhpEwithTNB (see below),
that could result in thiol content underestimation, thiol quantitations
were performed in prereduced enzyme or in recently purified enzyme.
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at 215 and 280 nm and a flow rate of 0.5 mL/min at
25 �C. The column was calibrated with molecular weight
standards (Sigma-Aldrich).
Electrophoretic Analysis of MtAhpE. SDS-PAGE elec-

trophoresis of reduced and oxidized enzyme under nonreducing
conditions was performed using 13% acrylamide gels (0.2 μg of
protein per well) that were silver stained for protein detection.
Electrospray Ionization Mass Spectrometry (ESI-MS)

analysis. Freshly purified enzyme was incubated with the
indicated concentrations of NEM (during 30 min), DTT or
H2O2 (during 2 min), or H2O2 (during 1 min) followed by
DTT, N-acetylcysteine (NAC), or glutathione (GSH) addition
for 2 minutes in the above-mentioned buffer, pH 7.4 and 25 �C.
Samples were passed twice through Microbiospin 6 columns
equilibrated with H2O, diluted into 1:1 acetonitrile:H2O, 0.1%
acetic acid, pH 4.5, to a final concentration of 1 μM and loaded
into a QTRAP 2000 mass spectrometer (Applied Biosystems/
MDS Sciex). Positive ion ESI mass spectra were collected using
an m/z range of 700-1700, with ion spray voltage (IS) 5000 V,
declustering potential (DP) 60 V, and entrance potential (EP)
10 V. Data acquisition was set to 3 min, and the final mass of
MtAhpE was calculated by automatic deconvolution using
Analyst 1.4 software.
Kinetics ofMtAhpEOxidation and Overoxidation Studied

Using a Direct Fluorometric Approach. The rate constants of
MtAhpE oxidation by H2O2 and peroxynitrite (eq 1) were
determined by taking advantage of the decrease in protein
intrinsic fluorescence intensity (λexc = 280 nm) that occurred
upon oxidation. Reduced, NEM-blocked wild-type MtAhpE or
the C45S mutant (MtAhpEC45S) was rapidly mixed with either
peroxynitrite or H2O2 in excess in an Applied Photophysics SX-
17MV stopped-flow spectrophotometer with a mixing time of
<2 ms. Although peroxynitrite is an unstable species, it decays
with a first-order rate constant of 0.27 s-1 at pH 7.4 and 25 �C,
much slower than the reaction with MtAhpE, so that pseudo-
first-order conditions are maintained over the time course of the
reaction (<0.1 s). Observed rate constants of fluorescence
decrease (kobs) were determined by fitting stopped-flow data to
single exponential functions. Second-order rate constants for the
reaction between prereduced enzyme and peroxynitrite or H2O2

were obtained from the slope of the plot of kobs versus oxidant
concentration.

For the determination of the rate constant of oxidizedMtAhpE
overoxidation by H2O2 (eq 2), we took advantage of the increase
in the enzyme intrinsic fluorescence intensity that occurred when
it was treated with a large excess of H2O2. Reduced or NEM-
blocked wild-type MtAhpE (1 μM) was mixed with H2O2

(100-450 μM) in an Aminco Bowman Series 2 luminescence
spectrophotometer, and time courses of fluorescence intensity
change (λexc = 295 nm, λem = 338 nm) were registered. Second-
order rate constants were obtained as described above for enzyme
oxidation.

The pKa of both the peroxidatic thiol group in reduced
MtAhpE and the sulfenic acid in oxidized MtAhpE were
measured by determining the rate constants of H2O2-mediated
MtAhpE CP oxidation and overoxidation (eqs 1 and 2, respec-
tively) at different pH values. Buffer systems used were sodium
phosphate, 100 mM, plus 0.1 mM dtpa (pH 5.8-7.8) or sodium
acetate buffer, 100mM,plus 0.1mMdtpa (pH<5.8), withNaCl
additions so as to keep ionic strength constant. When analyzing
the effect of pH on overoxidation, the reduced enzyme was
previously oxidized to sulfenic acid by treatment with an

equimolar amount of H2O2 for 2 min at pH 7.4, 25 �C, and then
exposed to excess H2O2 at the pH of interest. Rate constants for
oxidation and overoxidation (kapp) were plotted against pH and
fitted to

kapp ¼ k2
KAH

KAH þ ½Hþ� ð3Þ

where kapp is the observed rate constant for MtAhpE thiol
oxidation (kAhpE-S-app) or overoxidation (kAhpE-SO-app) at a given
pH value, k2 represents the maximum rate constants for the
reactions at alkaline pH, i.e., the pH-independent rate constants,
and KAH is the equilibrium constant for the deprotonation
processes, where AH represents either the peroxidatic thiol or
the sulfenic acid intermediate.
Kinetics ofMtAhpEOxidation Studied by aCompetition

Approach. The second-order rate constants for the reactions
between reduced MtAhpE and H2O2 or peroxynitrite were also
determined by competition assays as reported previously (44-47).
HRP was used to determine the rate constant for the reaction
betweenMtAhpE and peroxynitrite, whereas LiP was used for
determining that between MtAhpE and H2O2. In both cases,
the reactions were followed using an Applied Photophysics
SX-17MV stopped-flow spectrophotometer.

In the case of peroxynitrite-mediated HRP oxidation, the
reaction was followed at 398 nm and HRP-compound I concen-
tration was measured using a Δε398 = 4.2 � 104 M-1 cm-1 (48).
The rate constant of peroxynitrite-mediated HRP oxidation to
compound I was determined as 3 � 106 M-1 s-1 under the
experimental conditions employed herein (data not shown) in
agreement with previously published data (49). The rate constant
of peroxynitrite-mediated MtAhpE oxidation was calculated as
previously (44-47).

In the case of H2O2-mediated LiP oxidation, the reaction was
followed at 401 nm (isosbestic point for LiP-compound I and II
determined by us; data not shown), and LiP-compound I
concentration was determined assuming an equimolar reaction
with H2O2. The rate constant for H2O2-mediated LiP oxidation
to compound I was measured as 6.5� 105M-1 s-1 at pH 7.4 and
25 �C (data not shown), in agreement with previously reported
values (43). The rate constant of H2O2-mediated MtAhpE
oxidation was calculated as above.

Computer-assisted simulations were performed using GEPA-
SI 3 program (50, 51).
Kinetics ofMtAhpEReaction with TNB andDTNB.The

reactionswere studied using aVarianCary 50 spectrophotometer
with a stopped-flow accessory (Applied Photophysics RX 2000).
Thionitrobenzoate has been previously used to quantify sulfenic
acid formed in one-Cys Prxs and human serum albumin upon
oxidation (39, 52). Herein, the kinetics of MtAhpE reduction by
TNBwas studied bymixing increasing concentrations of reduced
MtAhpE (0.5-2.5 μM) and TNB (74 μM) in one syringe with
H2O2 (20 μM) in the other syringe, at pH 7.4 and 25 �C, and
recording TNB absorbance at 412 nm. The rate constant of
reduced MtAhpE oxidation by DTNB was determined by
measuring initial rates of TNB formation from the reaction
between reducedMtAhpE (6 μM) with DTNB (100-500 μM) at
pH 7.4 and 25 �C.

RESULTS

MtAhpE Oxidation and Overoxidation Are Accompanied
bySignificantStructuralChanges. (A)ChangesonMtAhpE
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Fluorescence Intensity.When recombinantHis-taggedMtAhpE
(1.5 μM) was exposed to H2O2 (0.85 μM), an important decrease
in the intrinsic fluorescence intensity was observed (Figure 1A).
This change was reverted by reduction with DTT (1 mM), which
recovered intensities to even higher levels than initially
(Figure 1A). This is in agreement with the fact that the enzyme
used had been stored for some days and was only partially
reduced. No change in the fluorescence intensity was observed
when either reduced MtAhpE previously treated with NEM or
MtAhpEC45S was exposed to the same treatments (not shown).
These data confirm that the oxidation of the peroxidatic (and
single) cysteine of MtAhpE is required for the observed fluore-
scence intensity changes. Moreover, when prereduced MtAhpE
(1 μM) was treated with a large excess of H2O2 (300 μM), there
was an initial fast decrease followed by a slower increase in
protein fluorescence intensity (Figure 1B). Again, these changes
were precluded by pretreatment of the enzyme with NEM in
excess (not shown), indicating the participation of the cysteine
residue in the process, and supporting that H2O2-dependent
overoxidation of the sulfenic acid of the oxidized enzyme
(CP-SOH) to sulfinic acid (CP-SO2H) was responsible for the
fluorescence recovery (see below).

(B) MtAhpE Quaternary Structure Is Dependent on Its
Oxidation State. Reduced MtAhpE migrated as a monomer,
and only a slight fraction of oxidized enzyme formed intramo-
lecular disulfides when analyzed by nonreducing SDS-PAGE

electrophoresis (not shown). In size exclusion chromatography,
reduced enzyme (60 μM) eluted as a unique peak with an elution
volume corresponding to a dimer (Figure 2A, solid line).Oxidation
of the enzyme with an equimolar amount of H2O2 resulted in the
slow formation of higher molecular weight species, while addition
of excess H2O2 to promote enzyme overoxidation resulted again in
a dimeric form (Figure 2A). The higher molecular weight species
formed after incubationwith equimolarH2O2were reversed by the
addition of 1 mM DTT (Figure 2B). Interestingly, addition
of 1 mM N-acetylcysteine (NAC; low molecular weight thiol
that can be formed from mycothiol enzymatic degradation in
M. tuberculosis (53)) to MtAhpE treated with equimolar H2O2

resulted in a destabilization of the dimer, leading to lower
molecular weight species (Figure 2B). This could be due to the
formation of a mixed disulfide through the reaction between the
cysteine sulfenic acid (CP-SOH) in oxidizedMtAhpE and the thiol
group of NAC, as confirmed by mass spectrometry (see below).
These results show that the quaternary structure of the protein is
tightly controlled by the redox state of the peroxidatic cysteine.
Mass Spectrometry Analysis of Cysteine Modifications

inMtAhpE.Recently purified enzymewithout further additions
displayed a molecular mass of 19319 Da (Figure 3A).When

FIGURE 1: Intrinsic fluorescence of MtAhpE under different redox
states. (A) Fluorescence emission spectra (λex= 295 nm) ofMtAhpE
(1.5 μM,0.83 μMthiol) without any further addition (solid line), plus
0.85 μM H2O2 (dotted line), and plus 1 mM DTT (dashed line).
(B) PrereducedMtAhpE (1.0μM)without any further addition (solid
line) or after addition of 300 μM H2O2 for 1 min (dashed line) or
10 min (dotted line).

FIGURE 2: Redox-mediated changes in quaternary structure of
MtAhpE. (A) Elution profiles ofMtAhpE on a Superdex 75 10/300
column. MtAhpE (0.1 mg) was loaded onto a column previously
equilibrated with 20 mM phosphate buffer, and 150 mM NaCl,
pH 7.4, with no previous treatment (solid line), upon incubation with
equimolarH2O2 (1min, dashed line; 60min, dashed-dotted line), and
after addition of a 20-fold excess of H2O2 (10 min, dotted line).
Arrows indicate the position of molecular mass calibrants: from a to
d, 67, 43, 25, and 13.7 kDa. (B) Solid line, the same as in (A) after
treatment with equimolar amounts of H2O2 for 60 min and with
further addition of 1 mM DTT (dashed line) or 2 mM N-acetylcys-
teine (dotted line).
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MtAhpE (50 μM)was incubatedwith excessNEM (5mMduring
30 min), the observed shift in molecular weight was consistent
with the complete alkylation of CP, indicating a k>0.5M-1 s-1

for the reaction at pH 7.4 and 25 �C (Figure 3B). Upon oxidation
of MtAhpE (50 μM) with equimolar H2O2 we were unable to
detect the free sulfenic acid form of the enzyme. In the search for
potential traps for sulfenic acid in oxidizedMtAhpE, the enzyme
was exposed to equimolar H2O2 and 2 min later, it was incubated
with excessDTT,NAC, orGSH. In the first case, a peak of 19319
Da was observed (Figure 3C), corresponding to the reduced
enzyme. Incubation with NAC or GSH caused a mass shift
of þ162 and þ306, respectively (Figure 3D,E), due to the
formation of mixed disulfides with the oxidized enzyme. Finally,
upon exposure of the enzyme (50 μM) to excess H2O2 (250 μM)
for 2 min, a mass increment of 32 Da was detected, consistent
with the addition of two oxygen atoms (Figure 3F).
Kinetics ofEnzymeOxidation byPeroxynitrite. (A)Direct

Approach Determinations. Addition of increasing concentra-
tions of excess peroxynitrite led to a dose-dependent increase in
the observed rate constants of MtAhpE intrinsic fluore-
scence change (Figure 4A, line a and inset). Changes were not
observed when the C45S mutated enzyme was used (Figure 4A,

line b) or by mixing wild-type enzyme with peroxynitrite decom-
position products (Figure 4A, line c). From the slope of the plot
shown in Figure 4A inset, a second-order rate constant of
(1.9 ( 0.2) � 107 M-1 s-1 at pH 7.4 and 25 �C was determined.

(B) Competition Approach Measurements. The reaction
between reduced MtAhpE and peroxynitrite was also studied by
competition with HRP. As expected, increasing concentrations of
MtAhpE inhibited peroxynitrite-mediated HRP-compound I for-
mation (Figure 4B, inset). From these data the second-order rate
constant for peroxynitrite reduction byMtAhpEwas calculated as
(1.7( 0.6)� 107M-1 s-1 at pH 7.4 and 25 �C, in close agreement
with the value obtained by the fluorescence approach. Total
compound I formation at differentMtAhpE concentrations were
consistent with yields expected according to computer-assisted
simulations, assuming a simple competition system (Figure 4B).
Kinetics of Enzyme Oxidation by H2O2. (A) Direct

Approach Determinations. Mixing with increasing concentra-
tions of excess H2O2 led to a dose-dependent increase in the
observed rate constants of MtAhpE fluorescence intensity change
(Figure 5A). The second-order rate constant of this reaction was
determined as (8.2 ( 1.5) � 104 M-1 s-1 at pH 7.4 and 25 �C
(Figure 5A, inset).

FIGURE 3: Covalentmodifications of theMtAhpE cysteine residue. Electrospray ionizationmass spectrometry analysis ofMtAhpE (50μM)with
no further treatment (A), incubated with 5 mMNEM during 30 min (B), oxidized with equimolar H2O2 for 1 min and then treated with either
1mMDTT (C), 2mMNAC (D), or 2mMGSH (E), and treated with excessH2O2 (250 μM) during 2min (F). Samples were desalted and diluted
to 1 μM concentration for mass spectrometric analysis.
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Second-order rate constants for H2O2-mediated MtAhpE
oxidation were faster at alkaline pHs (Figure 5B), indicating that
thiolate in CP was the reacting species, in agreement with
previously proposed mechanism of reaction (54, 55). MtAhpE
was unstable and precipitated under low pH conditions (data not
shown), thus limiting the pH range of our studies (pH >4.5).
Amplitudes of fluorescence change decreased at acidic pH, but
still kobs values linearly depended on oxidant concentration. The
pKa of the peroxidatic thiol was estimated as 5.2. This is, to our
knowledge, the first pKa value reported for a 1-Cys Prx.

(B) Competition Approach Measurements. In order to
confirm the value for k2 for H2O2-mediated MtAhpE oxidation
obtained above, the reaction was also studied by a competition
approach (44, 45). Up to 15 μM MtAhpE failed to inhibit
compound I formation from the reaction between HRP (1 μM)

FIGURE 4: Kinetics of peroxynitrite-mediated MtAhpE oxidation.
(A) Prereduced wild-type (a) or C45S MtAhpE (b) (0.25 μM) was
rapidly mixed with peroxynitrite (1.15 and 3.3 μM, respectively) in
sodium phosphate buffer, 100 mM, containing 0.1 mM dtpa, pH 7.4
and 25 �C, and the time-dependent decrease in total emission
fluorescence intensity was determined. (c) As in (a) but using
predecomposed peroxynitrite (3.3 μM). The gray trace represents
the fit of experimental data in (a) to a single exponential function.
Inset: Effect of increasing peroxynitrite concentrations on the ob-
served rate constants (kobs) of fluorescence change. (B) HRP (5 μM)
was rapidly mixed with peroxynitrite (1.0 μM) in the presence of
increasing concentrations of prereduced MtAhpE. The concentra-
tion of compound I formed at eachMtAhpE concentration (squares)
was determined. The continuous line represents the computer-
assisted simulation of compound I yields according to a simple
competition system using the calculated rate constant (k2 = (1.7 (
0.6) � 107 M-1 s-1). Inset: Time courses of HRP oxidation by
peroxynitrite in the presence of increasing reducedMtAhpE concen-
trations (from bottom to top: 0, 0.47, 0.94, 1.9, and 2.8 μM).

FIGURE 5: Kinetics of H2O2-mediated MtAhpE oxidation and
peroxidatic thiol pKa determination. (A) Prereduced MtAhpE
(1.0 μM) was rapidly mixed with H2O2 (20 μM) in sodium
phosphate buffer, 100 mM, containing 0.1 mM dtpa, pH 7.4 and
25 �C, and the time-dependent decrease in total emission fluores-
cence (λex = 280 nm) was followed. The gray trace represents the
best fit to a single exponential function. Inset: Effect of increasing
H2O2 concentrations on the observed rate constants (kobs) of
fluorescence change, from which the apparent rate constant of
the reaction at pH 7.4 was obtained. (B) Same as in (A) but
performed in sodium acetate or sodium phosphate buffers of
different pHs as indicated under Materials and Methods. Appar-
ent second-order rate constants for the reaction between reduced
enzyme andH2O2 obtained (b) were plotted vs pH, and data points
were fitted to eq 3 (continuous line). (C) Time courses of LiP
(5 μM) oxidation by H2O2 (1.0 μM) in the presence of increasing
concentrations of reduced MtAhpE (from bottom to top: 0, 3.3,
6.6, and 19.8 μM).
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and 0.75 μMH2O2 (not shown). Since the reaction of H2O2 with
HRP is 2 orders of magnitude faster than with MtAhpE
according to the direct approach, high quantities of MtAhpE
(>100-fold excess over HRP) would be required to inhibit HRP-
compound I formation. So, we selected another peroxidase,
lignine peroxidase (LiP) (E.C. 1.11.1.14) which is known to react
with H2O2 to form compound I with a slower rate constant than
HRP. The addition of increasing concentrations of reduced
MtAhpE produced a dose-dependent inhibition of LiP-com-
pound I formation (Figure 5C). The second-order rate con-
stant for H2O2 reduction byMtAhpEwas calculated as (7( 3)�
104M-1 s-1 at pH 7.4 and 25 �C, which is in excellent agreement
with the value obtained by the fluorometric approach.
Kinetics of Enzyme Overoxidation by H2O2. The kinetics

of H2O2-mediated MtAhpE overoxidation to sulfinic acid was
studied by taking advantage of the increase in intrinsic fluore-
scence intensity that took place during oxidized MtAhpE ex-
posure to high excess oxidant concentrations, as observed in
Figure 1B. Addition of increasing concentrations of H2O2

(100-500 μM) caused a dose-dependent increase in the observed
rate constants of the intrinsic fluorescence change of MtAhpE
(1 μM), and a rate constant of 40( 3M-1 s-1 at pH7.4 and 25 �C
was determined. The enzyme previously incubated with NEM
(5mM, 30min) exhibited no significant change in its fluorescence
intensity (Figure 6A), that together with the þ32 increase in
protein molecular weight (Figure 3F) confirmed that the men-
tioned change was due to CP overoxidation.

Apparent second-order rate constants of overoxidation were
higher at alkaline pHs (Figure 6B), indicating a mechanism of
reactionwhere sulfenate reactedwithH2O2. The pH-independent
rate constant of the reaction was 42( 2M-1 s-1. A pKa value for
MtAhpE sulfenic acid of 6.6 ( 0.1 was determined, very similar
to the pKa value previously reported for the sulfenic acid
intermediate formed in Salmonella typhimurium AhpC, a typical
two-cysteine Prx (56).
Catalytic Consumption of Hydrogen Peroxide with

Thionitrobenzoate as Reductant. When reduced MtAhpE
(2.5 μM) and TNB (70 μM) were mixed with H2O2 (20 μM), a
decrease in TNB concentration was observed (Figure 7A). Under
our experimental conditions, and considering the second-order
rate constant reported herein, H2O2-mediated MtAhpE oxida-
tion to sulfenic acid occurs almost immediately (t1/2 = 0. 42 s).
Furthermore, the oxidation of TNB by H2O2 is negligible (k =
0.45 M-1 s-1 at pH 7.4 and 25 �C, data not shown). Thus, any
decrease in TNB concentration observed would be due to its
reaction with oxidized enzyme. Time courses of the reaction were
biphasic, with a rapid phase that lasted about 15 s followed by a
slower TNB oxidation. Data fitted an exponential plus straight
line equation:

½TNB� ¼ A expð-kobstÞþStþoffset ð4Þ
where A represents the amplitude, kobs is the pseudo-first-order
rate constant of the first phase, and S represents the slope of the
second phase. The biphasic decay in TNB thus presented typical
pre-steady-state kinetics, where the fast consumption of TNB by
sulfenic acid (burst) was followed by the rate-limiting turnover of
the enzyme.Thus, in addition to reactivity to sulfenic acid to form
a mixed disulfide, TNB reacted with the latter, yielding the
reduced formof the enzymewhich in turn could be again oxidized
by H2O2 constituting a catalytic cycle:

MtAhpE-SHþH2O2 f MtAhpE-SOHþOH- ðvery fastÞ ð5Þ

MtAhpE-SOHþTNB f MtAhpE-STNBþOH- ðfastÞ ð6Þ

MtAhpE-STNBþTNBhMtAhpE-SHþDTNB ðslowÞ ð7Þ
The reaction finished after ∼60 min, and the total consumption
of TNB was twice the concentration of H2O2 used, confirming
the catalytic mechanism proposed (not shown). The amplitude of
the exponential phase was proportional to the enzyme concen-
tration as expected for burst kinetics (Figure 7A, inset) and
represented the amount of sulfenic acid that could be detected
through mixed disulfide formation in our conditions, 77% of
MtAhpE. The rate constant for the reaction of TNBwith sulfenic
acid (eq 6) was calculated after dividing kobs by [TNB] as (1.5 (
0.3) � 103 M-1 s-1 and was independent of the enzyme
concentration (data not shown). The rate constant for the
reaction between the mixed disulfide and TNB (eq 7) was
estimated from the plot of -(S) versus A (i.e., MtAhpE-STNB
concentration), after dividing the slope by TNB concentration,

FIGURE 6: Kinetics of H2O2-mediated MtAhpE overoxidation
and sulfenic acid pKa determination. (A) Reduced (a) or alkylated
(b) MtAhpE (1.0 μM) was mixed with H2O2 (230 μM) in sodium
phosphate buffer, 100 mM, containing 0.1 mM dtpa, pH 7.4 and
25 �C, and the time-dependent protein fluorescence increase (λex =
295 nm, λem=338 nm)was determined. The gray trace represents the
fit of experimental data in (a) to a single exponential function. Inset:
Effect of increasing H2O2 concentrations on the observed rate
constants (kobs) of fluorescence change, from which the apparent
rate constant of the reaction at pH 7.4 was obtained. (B) Same as in
(A) but performed in sodium phosphate buffers (100mM containing
0.1mMdtpa) of indicated pHs.Apparent second-order rate constants
for the reaction between reduced enzyme andH2O2 obtained (9) were
plotted vs pH, and data points were fitted to eq 3 (continuous line).
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giving a value of 266 M-1 s-1 (Figure 7B). Finally, the rate
constant of the reaction between reduced MtAhpE and DTNB
(reverse of eq 7) was measured as 180( 9M-1 s-1 at pH 7.4 and
25 �C (not shown).

DISCUSSION

Oxidation of recombinant MtAhpE occurred with a rapid
decrease in its fluorescence intensity, which was reverted by DTT
(Figure 1A), as well as by the addition of high excess concentra-
tions of the oxidant (Figure 1B). These changes occurred when
exciting either at 280 (not shown) or 295 nm (Figure 1A,B),
indicating that at least one of the three tryptophan residues
present in the protein sequence is involved in the process.
Changes in fluorescence intensity pointed toward structural
modifications of the protein under different redox states, which
caused differential quenching of tryptophan fluorescence by
neighboring, not yet identified, amino acid residues (57). Re-
duced MtAhpE was a noncovalent dimer in solution and
oligomerized upon treatment with equimolar concentrations of
H2O2. These changes in quaternary structure were much slower
and thus were not responsible for the fluorescence intensity
decrease (Figure 2A) and were reverted by protein reduction

(Figure 2B). Oligomerization did not occur when the enzyme was
exposed to high excess oxidant concentrations that caused over-
oxidation (Figure 2A). These data are consistent with the
reported crystallography structure of MtAhpE, that evidenced
important differences in conformation at reduced versus oxidized
states4 (24). Although the structure of the overoxidized form of
the enzyme is not available, our data suggest that reduced and
overoxidized forms of MtAhpE have similar conformations, as
reported for 2-Cys Prxs (36). Oxidation of the thiol by equimolar
peroxide concentrations led to sulfenic acid formation, that was
trapped by GSH, NAC, and TNB leading to mixed disulfide
formation (Figures 3D,E and 7A) and that was reduced by DTT
and TNB (Figures 3C and 7B). This is in agreement with
crystallography data which showed that the cysteine residue was
oxidized to sulfenic acid in the oxidized form of the enzyme (24)
and with our results indicating that only a slight fraction of the
enzyme formed intermolecular disulfides upon oxidation.

The fact that the observed rate constant of fluorescence
decrease showed a linear relationship with oxidant concentration
indicated that oxidation was rate-limiting the overall process
leading to changes in fluorescent intensity (Figures 4A and 5A).
This was confirmed by using alternative approaches based on
competition kinetics that yielded very similar k values (Figure 4A
versus Figure 4B; Figure 5A versus Figure 5C). As in the case of
human Prx5, but contrary to what we observed for human red
blood cell Prx2, or was reported for mammal Prx 6, bacterial
AhpC, or yeast TSA1 and TSA2, peroxynitrite-mediated
MtAhpE oxidation was at least 2 orders of magnitude faster
than that mediated byH2O2 (Table 1), indicating that the enzyme
is a highly selective peroxidase. In general, kinetics of reactions of
low molecular weight thiols with different peroxides follow the
trend indicated by Edwards; i.e., those peroxides with the lower
pKa of the leaving group react faster than the others (58). The
trend appears to bemaintained in the case ofMtAhpECP, at least
for the peroxides tested so far. However, it is lost in many
Prxs (46). Thus, the molecular basis for oxidizing substrate
specificity in Prxs is intriguing, and its rationalization will require
a thorough combined analysis of kinetic and structural data for
Prxs of different subfamilies.

Thiolates are known to be the nucleophile species during
peroxide reduction, and therefore peroxidatic thiol pKa could
affect this reactivity. In the case of MtAhpE this was 5.2
(Figure 4B), being the first determination for a 1-Cys Prx. A
low pKa value indicates that the thiol would be almost totally in
its reactive form at pHs the enzyme is expected to encounter
in vivo. This value is similar to those reported for other, 2-cys Prxs
(<5-6.3 (59)), in agreementwith the similar active site geometry.

MtAhpE catalytic activity requires sulfenic acid reduction.
Oxidized MtAhpE formed mixed disulfides with different mono-
thiols tested (Figure 3D,E). For selected 1-Cys Prxs, mixed
disulfide formation with GSH and their reduction have been
reported (29, 30, 32). However, Mycobacteria lack glutathione
and contain a particular set of low molecular weight thiols (10)
and thiol-disulfide reductases (13), and evidence for enzymatic
routes for MtAhpE-mixed disulfide reduction is lacking so far.
Althoughwe did not identify potential natural reducing substrates
for the enzyme, we succeeded in designing a spectrophotometric

FIGURE 7: Catalytic reduction of MtAhpE by TNB. (A) Reduced
MtAhpE (2.5 μM) and TNB (70 μM) in one syringe were mixed with
H2O2 (20 μM) in the second syringe using a stopped-flow accessory.
The decrease in TNB concentration was followed at 412 nm (black
trace). The gray trace represents the best fit to eq 4: [TNB] = 1.80
exp(-0.105t) - 0.037t þ 72.03. Inset: Increasing concentrations of
MtAhpE were used (0.5-2.5 μM), and the amplitudes of the first
phase (A)obtained fromeq 4were plotted against [MtAhpE]. (B)The
slopes of the second phase (-S), obtained from the fit to eq 4, were
plotted against (A).

4Although the crystal structure of reduced enzyme reported was
composed by two asymmetric dimers (24), for which we found no
evidence in our gel filtration experiments, this probably reflects different
experimental conditions and/or labile enzyme dimer association.
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method for easily measuring catalytic activity using the artificial
reductant TNB. This reagent also allowed detecting and quantify-
ing sulfenic acid in oxidized MtAhpE (Figure 7).

As above-mentioned, excess H2O2 led to a rapid decrease
followed by a slower increase in MtAhpE fluorescence intensity
that were precluded by thiol alkylation (Figures 1B and 6A). The
observed rate constant of the second phase was linearly depen-
dent on H2O2 concentration, again indicating that the bimole-
cular reaction was the rate-limiting step of the process
(Figure 6A), and a þ32 molecular weight increase was detected
(Figure 3F). Altogether, these data are indicative of H2O2-
mediated thiol overoxidation to sulfinic acid with a rate constant
of 40( 3M-1 s-1 at pH 7.4 and 25 �C. This value is very similar
to the 57 M-1 s-1 calculated previously for Prx 1 inactivation
(35, 36) and much faster than reported rate constants for H2O2-
mediated oxidation of sulfenic acid in human serum albumin or
streptococcal NADH peroxidase (k = 0.4 ( 0.2 M-1 s-1 and
0.14 M-1 s-1, respectively (39, 60)). Moreover, rate constants of
H2O2-mediated sulfenic acid oxidationwere faster at alkaline pH,
consistent with a mechanism of reaction where sulfenate is the
reactive species, suggesting nucleophilic attack on the peroxidic
oxygen (followed by rearrangement to sulfinic acid). The pH
profile for this reaction allowed us to calculate the pKa of the
sulfenic acid at the oxidized enzyme as 6.6( 0.1 (Figure 6B), very
similar to the reported pKa (=6.1) of the sulfenic acid inter-
mediate formed during peroxidatic thiol oxidation in the bacter-
ial 2-Cys Prx AhpC (56). Since the intrabacterial pH of wild-type
M. tuberculosis inside both nonactivated and IFN-γ-activated
macrophages has been reported as 6.8-7.5 (61), >95% thiol
and>50% sulfenic acidwould be deprotonated and therefore, at
their reactive form with peroxides, in reduced and oxidized
MtAhpE, respectively. Oxidative inactivation susceptibility is
dictated by the competition between two processes: sulfenic acid
oxidation to sulfinic acid vs its resolution. Our data give
experimental support to the idea originally proposed by Wood
et al. (36), indicating that rates of sulfenic acid oxidation are
similar for different Prxs and that susceptibility to inactivation by
overoxidation depends mainly in different rates of sulfenic acid
reaction with the resolving thiol or substrate(s).

In conclusion, this work contributes to the functional char-
acterization of the one-cysteine Prx codified in the genome of
M. tuberculosis, MtAhpE, for which evidence of expression
already exists at a transcriptional level (23). Its rapid reaction
with peroxynitrite, which resulted as fast as with MtTPx and
10-fold faster than with catalase peroxidase (9, 15, 62), suggests
that MtAhpE represents an important antioxidant defense
against this cytotoxicmolecule, which can be formed by activated

macrophages during infection (63). On the contrary, other
M. tuberculosis enzymes, especially MtAhpC and catalase per-
oxidase, reduced H2O2 with a greater rate constant than
MtAhpE (64, 65). However, it is important to consider at this
point that preferential routes for peroxide reduction would be
dictated not only by the rate constant, k, but by rates of reaction
(k � [target]). Concentrations of these enzymes are mostly
unknown in M. tuberculosis and may change depending on
different conditions (66). Thus, our in vitro data provide kinetic
evidence indicating that MtAhpE could play a role for selected
cytotoxic peroxide detoxification, especially peroxynitrite, but
further investigation will be required to understand its role in
M. tuberculosis pathobiology. In this regard, it should be noted
that although peroxidatic active site structure is conserved among
different Prxs, MtAhpE structure differs in some aspects from
Prxs present in mammal cells (24). Therefore, its functional and
structural characterization is not only an important step toward
the understanding the bacterial mechanisms of antioxidant
defense but could also facilitate future investigation regarding
its validation as a potential drug target for the treatment of the
tuberculosis disease.
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