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The peroxiredoxin AhpC from Mycobacterium tuber-
culosis (MtAhpC) is the foremost element of a NADH-de-
pendent peroxidase and peroxynitrite reductase sys-
tem, where it directly reduces peroxides and
peroxynitrite and is in turn reduced by AhpD and other
proteins. Overexpression of MtAhpC in isoniazid-resis-
tant strains of M. tuberculosis harboring mutations in
the catalase/peroxidase katG gene provides antioxidant
protection and may substitute for the lost enzyme activ-
ities. We report here the crystal structure of oxidized
MtAhpC trapped in an intermediate oligomeric state of
its catalytic cycle. The overall structure folds into a
ring-shaped hexamer of dimers instead of the usual pen-
tamer of dimers observed in other reduced peroxiredox-
ins. Although the general structure of the functional
dimer is similar to that of other 2-Cys peroxiredoxins,
the a-helix containing the peroxidatic cysteine Cys®!
undergoes a unique rigid-body movement to allow the
formation of the disulfide bridge with the resolving cys-
teine Cys'”%. This conformational rearrangement cre-
ates a large internal cavity enclosing the active site,
which might be exploited for the design of inhibitors
that could block the catalytic cycle. Structural and mu-
tagenesis evidence points to a model for the electron
transfer pathway in MtAhpC that accounts for the un-
usual involvement of three cysteine residues in catalysis
and suggests a mechanism by which MtAhpC can specif-
ically interact with different redox partners.

Mycobacterium tuberculosis, the leading cause of death from
a single bacterial pathogen, is restrained from proliferation in
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most infected individuals by the oxidative and nitrosative
stress imposed by the immune response (1). Yet M. tuberculosis
is able to mount a stubborn antioxidant defense system that
allows the pathogen to persist and multiply within the highly
oxidative environment of host macrophages (2). This defense
system is directly related to mycobacterial drug resistance and
virulence. Thus, resistance to isoniazid (INH),! a first line
anti-tuberculosis agent that inhibits cell wall synthesis after
activation by the catalase-peroxidase KatG (3-5), usually
arises from mutations in the katG gene that result in a protein
that is either inactive or has an impaired ability to activate
INH (6-8). Although not yet completely defined, the physio-
logical function of KatG includes protection of the mycobacte-
rium against H,0, and other reactive oxygen species produced
by the microbe and its host (2, 9). The pathogen needs to
compensate the catalase-peroxidase deficiency by alternative
peroxidase systems to remain virulent, and several lines of
evidence point to the alkyl hydroperoxidase AhpC (MtAhpC) as
a key element in fulfilling that role. Thus, enhanced expression
of MtAhpC is observed both in INH-resistant KatG-deficient
strains (10) as well as in INH-sensitive strains when chal-
lenged with the drug (11). Furthermore, the saprophytic
Mycobacterium smegmatis, naturally insensitive to INH, shows
a dramatic increase of INH susceptibility after insertional in-
activation of the ahpC gene (11).

MtAhpC is a member of a large family of peroxidases, the
peroxiredoxins, found in most living organisms. Peroxiredoxins
are responsible for the antioxidant defense in bacteria, yeast,
and trypanosomatids; they participate in balancing hydroper-
oxide production during photosynthesis in plants and appear to
control cytokine-induced peroxide levels that mediate signal
transduction in mammalian cells (see Refs. 12 and 13 for recent
reviews). In mycobacteria, AhpC can not only detoxify hy-
droperoxides but also affords protection to cells against reac-
tive nitrogen intermediates (14, 15). MtAhpC specifically cat-
alyzes the conversion of peroxynitrite (OONO™) to nitrite fast
enough to avoid the spontaneous decomposition of the former
into the deleterious nitrogen dioxide and hydroxyl radicals (16).
The NADH-dependent peroxidase and peroxynitrite reductase
system of M. tuberculosis involves MtAhpC as the foremost
element of a chain that also includes the MtAhpC-reducing
protein, AhpD, dihydrolipoamide dehydrogenase, Lpd, and di-
hydrolipoamide succinyltransferase, SucB (17), although alter-

! The abbreviations used are: INH, isoniazid; MtAhpC, AhpC from
Mycobacterium tuberculosis; SeMet, selenomethionine; StAhpC, Salmo-
nella typhimurium AhpC; Tpx-B, thioredoxin peroxidase B; MAD, mul-
tiwavelength anomalous diffraction phasing; SAD, single wavelength
anomalous diffraction.
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native thioredoxin-mediated pathways including MtAhpC have
also been reported (18).

Peroxiredoxins (EC 1.11.1.15) use redox-active cysteine res-
idues to reduce their substrates and can be classified into three
classes (typical 2-Cys, atypical 2-Cys, and 1-Cys enzymes)
based on the number and the sequence positions of cysteinyl
residues involved in catalysis (13). In all three classes, the first
step of the peroxidase reaction involves a conserved N-terminal
cysteine (the peroxidatic cysteine), which attacks the peroxide/
peroxynitrite substrate and is oxidized to a cysteine sulfenic
acid (Cys-SOH). Typical 2-Cys peroxiredoxins like MtAhpC are
obligate homodimers in which the second (C-terminal) cysteine
from one subunit acts as the resolving cysteine to attack the
peroxidatic cysteine sulfenic acid located in the other subunit.
The ensuing condensation reaction results in the formation of a
stable intersubunit disulfide bond, which is then reduced by
one of several cell-specific disulfide oxidoreductases, complet-
ing the catalytic cycle.

Although MtAhpC is usually considered a typical 2-Cys per-
oxiredoxin, it differs in a number of important features from
other members of the family. First, MtAhpC has three (rather
than two) cysteine residues directly involved in catalysis (19),
the conserved peroxidatic cysteine Cys®!, the putative resolv-
ing cysteine Cys'™, and a third cysteine, Cys'’®, whose cata-
lytic role is unclear (20, 21). Second, it remained an enigma
how MtAhpC is supplied with reduction equivalents because
the thioredoxin system that reduces peroxiredoxins in eukary-
otic H,O, metabolism was reported to be inactive as a reduc-
tant of MtAhpC (19), and there is no homologue in the myco-
bacterial genome of the AhpF flavoprotein known to reduce
AhpC in Salmonella typhimurium (22). Instead, MtAhpC is
reduced by a novel atypical system involving AhpD (17), a
thioredoxin-like protein that is only found in a restricted num-
ber of organisms.

Here, we report the 2.4-A structure of the C176S point mu-
tant of MtAhpC trapped in an intermediate state of its catalytic
cycle. The functional dimer of MtAhpC.,,6s has a structure
similar to those of other 2-Cys peroxiredoxins. However, al-
though the oxidized protein behaves as a dimer in solution, it
crystallized in an oligomeric (12-mer) form resembling the
decameric forms observed for other peroxiredoxins (12, 13). In
agreement with available mutagenesis data, the structure sug-
gests a model for the peroxidase reaction that can explain the
involvement of the three cysteine residues in catalysis. To
facilitate the formation of the Cys®1—Cys!7* disulfide bond, the
entire a-helix containing the peroxidatic cysteine is seen to
undergo a rigid-body displacement instead of the partial helical
unwinding observed in the disulfide-bonded forms of other
2-Cys peroxiredoxins (13). This unusual movement generates a
large internal cavity, which encloses the reaction center and
might provide a structural framework for the design of inhib-
itors with potential therapeutic applications.

MATERIALS AND METHODS

Cloning and Site-directed Mutagenesis—PCR amplification of the
ahpC gene was performed using primers ahpC-2726F CCCGGTCTC-
CCATGCCACTGCTAACCATT and ahpC-2727R TTCCCGGCCATGG-
GAGATCCCGGTT into which a Bsal site or a Ncol site were intro-
duced. After digestion of the PCR product with Bsal and Ncol, the
fragment was ligated into Ncol-digested pET16b (Novagen), electropo-
rated into XL2 blue cells, and plated out on ampicillin-containing plates
(100 pg/ml). Plasmid DNA was prepared from several colonies using
standard methods, and correct insertion of the fragment into the vector
was controlled by sequencing. Overexpression of MtAhpC was then
performed in strain BL21.

The ahpC-containing pET16b plasmid was then subjected to mu-
tagenesis using the chameleon kit (Stratagene) following the manufac-
turer’s instructions to produce a single mutant (C176S) and a double
mutant (C174S,C176S) of MtAhpC. To achieve the replacement of se-
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lected bases, the primer SP2, GACTTGGTTGACGCGTCACCAGTCAC,
was used together with either the primer GCGCCAGTTGCTTGCGCA-
CAGCT to produce the single Cys mutant or with the primer GCCAGT-
TGCTTGCGCTCAGCTCGTC to produce the double mutant.

Protein Expression and Purification—Wild-type MtAhpC and the
mutants MtAhpC, 65 and MtAhpCe 45 ¢176s Were produced following
a similar protocol. Escherichia coli BL21 cells were cultured in ampi-
cillin-supplemented LB medium, induced at mid-log phase with 1 mm
isopropyl 1-thio-B-D-galactopyranoside and grown overnight at 20 °C.
The culture was harvested by centrifugation and resuspended in a
buffer containing 50 mm potassium phosphate, pH 7.5, and a protease
inhibitor mixture (Roche Applied Science). Cells were disrupted in a
French press and centrifuged at 17,000 X g for 30 min. The supernatant
was treated with streptomycin sulfate (w/w ratio of 1/1), gently stirred
for 45 min at 4 °C, and fractionated with ammonium sulfate at 50 and
70% saturation. The final precipitate was dissolved, dialyzed against 50
mM potassium phosphate, pH 7.5, and loaded onto a DEAE column
equilibrated with the same buffer. The purified protein was eluted at
0.1 M potassium chloride and concentrated to 16 mg/ml by ultrafiltra-
tion in 20 mMm Tris-HCI, pH 7.5, for use in crystallization assays.

For MtAhpCy, s, the selenomethionine (SeMet)-labeled protein was
expressed in the non-methionine auxotroph E. coli strain BL21(DE3)
following protocols described previously (23). Briefly, cells were cul-
tured in M9 minimal medium containing glucose (0.4% w/v) and ampi-
cillin (100 mg/liter). Amino acids lysine, threonine, and phenylalanine
(100 mg/liter), leucine, isoleucine, and valine (50 mg/liter) together with
SeMet (50 mg/liter) were added as solids 30 min before induction. AhpC
expression was induced at mid-log phase with 1 mM isopropyl 1-thio-B-
D-galactopyranoside, and cell growth was continued overnight at 20 °C.
The SeMet-labeled protein was purified following the same protocol
described above for non-labeled proteins, and SeMet incorporation was
confirmed by mass spectrometry (not shown).

Analytical gel filtration experiments were carried out on a SMART
high pressure liquid chromatography system (Amersham Biosciences)
using a Superdex-200 column equilibrated in 50 mM potassium phos-
phate, pH 7.0, 100 mM potassium chloride, 1 mm EDTA, and 2% glyc-
erol. The proteins were eluted under reducing (10 mM dithiothreitol) or
non-reducing conditions using a flow rate of 40 ul/min and were mon-
itored at 280 nm.

Crystallization and Data Collection—Crystallization trials were per-
formed at 18 °C using the hanging drop vapor diffusion method. The
best crystals of MtAhpC, ¢ (either unlabeled or SeMet-labeled pro-
tein) reached a size of 0.2 X 0.2 X 0.4 mm and were obtained from
drops made of 2—4 pul of protein solution (16 mg/ml) mixed with an
equal volume of a reservoir solution containing 0.1 M sodium citrate,
pH 6.0, 16% ammonium sulfate. Crystals were frozen in liquid nitro-
gen in the presence of a cryoprotectant solution (the same mother
liquor with 30% glycerol) for data collection. Extensive crystallization
assays were also carried out with wild-type AhpC and the double
mutant AhpCc 45 c176s, Put these attempts systematically resulted in
microcrystals unsuitable for x-ray diffraction studies.

X-ray diffraction data sets were collected at 110°K using synchrotron
radiation (European Synchrotron Radiation Facility, Grenoble,
France). For multiwavelength anomalous diffraction phasing (MAD),
four data sets of the SeMet-labeled protein were collected at 2.5 A
resolution on the ID29 beamline at different wavelengths (peak, inflec-
tion point, and two remote wavelengths) derived from a scan of the
selenium K absorption edge. Using another crystal, a separate, highly
redundant data set was collected at a single wavelength corresponding
to the largest value for the anomalous difference f’. All data were
processed using the programs MOSFLM, SCALA, and TRUNCATE
from the CCP4 package (24). The crystals belong to space group P622
and contain three monomers per asymmetric unit, with a large (62%)
solvent fraction. Unit cell dimensions and data collection statistics are
shown in Table I.

Structure Determination and Refinement—The structure of
MtAhpC 65 Was determined by a MAD experiment after molecular
replacement calculations with known dimeric and decameric structures
of 2-Cys peroxiredoxins proved unsuccessful. The three selenium sites
(one per monomer) were found by Patterson methods and their atomic
positions, B-factors, and occupancies refined with the program SHARP
(25). Despite the low content of anomalous scatterers (one selenium
atom in 195 protein residues), experimental phases could be calculated
to 2.6-A resolution with an overall figure-of-merit of 0.65 (0.81 after
density modification) and resulted in a readily interpretable electron
density map.

Chain tracing was carried out with the program O (26). Most a-hel-
ices and all B-sheets were well defined in density, and a total of 137
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Fic. 1. Electron density map calculated with SAD phases (con-
toured at 1.5 o) showing the disulfide bond between Cys®' from
monomer A and Cys'”* from monomer B. The final model is shown
superimposed.

residues in each of the three subunits could be independently modeled
using the positions of the anomalous scatterers and large aromatic
residues as markers. However, the C-terminal region including the
resolving cysteine Cys'”, two protein loops, and the a-helix containing
the peroxidatic cysteine Cys®! were poorly defined in the experimental
map, and the situation did not improve significantly after initial refine-
ment cycles with the program REFMAC (27) from the CCP4 package.

At this stage, we decided to collect a highly redundant data set from
another SeMet-labeled crystal at a single wavelength corresponding to
the f’ peak (Table I). After SHARP phasing, experimental phases were
calculated to 2.4-A resolution with an overall figure-of-merit of 0.50 and
0.81 before and after density modification, respectively, and the result-
ing electron density map unambiguously showed a disulfide bridge
involving the peroxidatic cysteine from one of the monomers (Fig. 1).
Crystallographic refinement was carried out against the SAD data set
at 2.4-A resolution using the program REFMAC, alternating with vis-
ual inspection of the electron density maps and model rebuilding with
the program O. During the final cycles water molecules were introduced
using the program ARP/wARP (28). The final model (Protein Data Bank
accession code 2BMX) has an R-factor of 0.195 (R, = 0.236) to 2.4-A
resolution. Further details of refinement are presented in Table II.

Quality of the Model—The final atomic model of MtAhpCg, g in-
cludes three crystallographically independent monomers (labeled A-C)
and 284 water molecules. The quality of the electron density allowed
modeling of amino acid residues 2—-170 (of 195) in monomers A and C
and amino acid residues 2 to 179 in monomer B. The a-helix that follows
the N-terminal peroxidatic cysteine Cys®! is partially disordered in
monomers B and C, and in all three monomers the loop formed by
residues 21-31 is largely exposed to solvent and poorly defined in the
electron density map. The final model displays a good overall stereo-
chemistry. As defined by the program PROCHECK (29), all non-glycine
and non-proline residues display main-chain dihedral angles that fall
within the most favored or additionally allowed regions of the Ram-
achandran plot.

The crystal packing consists of successive layers of dodecamers in the
(x,y) plane centered on the crystallographic 6-fold axis. Two of the three
independent monomers (A and B, at z = 1/3) are associated into a
non-crystallographic dimer, whereas the third monomer (at z = 0) forms
a crystallographic dimer. The overall root mean square deviations for
168 Ca positions between crystallographically independent monomers
are 0.38 A (A and B), 0.59 A (A-C), and 0.41 A (B and C). The two
non-equivalent dodecamers (at z = 0 and z = 1/3) are related to each
other by a rotation of 11° around the crystallographic z-axis, which
might explain the difficulties encountered in determining this crystal
structure using molecular replacement methods.

RESULTS AND DISCUSSION

Solution Studies—The amino acid sequence of MtAhpC con-
tains three cysteines at positions 61, 174, and 176, all of which
are directly involved in catalysis (19, 20). The N-terminal cys-
teine, Cys®!, is strictly conserved in all peroxiredoxins and
serves as the peroxidatic cysteine to carry out the initial attack
on the peroxide substrates, whereas Cys'”* was also shown to
be crucial for catalysis and probably acts as the resolving
cysteine. For our structural studies, we therefore produced
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Fic. 2. Redox-dependent oligomerization of MtAhpC. A, SDS-
PAGE of wild-type MtAhpC (lane 1), the double mutant
MtAhpCey74s.c176s (lane 2), and the single mutant MtAhpCy, ,¢s (lane
3). Mw, molecular weight. B, gel filtration elution profiles of purified
MtAhpCg, 65 in the absence (thin line) and presence (thick line) of 10
mM dithiothreitol.

wild-type MtAhpC, the single point mutant MtAhpC,4g that
might retain the mode of action of 2-Cys peroxiredoxins, and
the double mutant MtAhpCg74g c176s (maintaining only the
critical peroxidatic cysteine) as recombinant proteins in E. coli.
SDS-PAGE experiments of these proteins under reducing and
non-reducing conditions revealed the role of disulfide bonds in
protein aggregation (Fig. 2A4). In our hands, wild-type MtAhpC
appeared as multiple bands in SDS-PAGE under non-reducing
conditions, different from what has been observed by other
authors (19, 20). The protein migrated primarily as a dimer
under non-reducing conditions, indicating the formation of an
intersubunit disulfide bridge (probably between Cys®' and
Cys!'™ or Cys'”®). However, the presence of higher oligomers
indicated that the third cysteine is highly reactive and readily
involved in nonspecific intermolecular disulfide bonds. On the
other hand, the double mutant MtAhpCgy74s c176s sShowed the
presence of covalent dimers that disappeared under reducing
conditions, implying that Cys®! is involved in nonspecific inter-
molecular disulfide bridges. Instead, the mutant MtAhpCg; 765
migrated as a single molecular species corresponding to the
dimeric form under non-reducing conditions, thus demonstrat-
ing that the protein is fully oxidized under the experimental
conditions used and making this mutant the best candidate for
crystallization studies.

In agreement with the above results, size exclusion chroma-
tography showed significant differences between the elution
profiles of wild-type MtAhpC and the single point mutant
MtAhpCe,765 under non-reducing and reducing conditions.
Wild-type MtAhpC behaves as a heterogeneous mixture of oli-
gomers under non-reducing conditions, whereas in the pres-
ence of 10 mum dithiothreitol the elution profile changes into a
homogeneous species corresponding to a 10- or 12-mer (data
not shown). In contrast, MtAhpC¢g elutes as a single oligo-
meric species under both reducing and non-reducing conditions
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TaBLE 1
Data collection statistics

MAD
Data set SAD
Peak Inflection Remote 1 Remote 2
Wavelength (A) . 0.9796 0.9797 0.9611 0.9184 0.9793
Cell dimensions (A) a=b=139.6 a=b=139.7 a=b=139.8 a=b=140.0 a=b=1393
. c = 1489 c = 149.1 c = 149.2 c=1494 c = 1485
Resolution range (A) 30-2.5 30-2.5 30-2.5 30-2.5 30-2.4
(outermost shell) (A) (2.64-2.5) (2.64-2.5) (2.64-2.5) (2.64-2.5) (2.563-2.4)
Unique reflections 30162 30252 30313 30381 33798
Multiplicity 10.3 (10.6) 10.3 (10.6) 10.3 (10.6) 10.3 (10.6) 31.3(31.2)
Completeness (%) 99.8 (99.8) 99.8 (99.8) 99.8 (99.8) 99.8 (99.8) 99.9 (99.9)
Rsym (%) 5.9 (25.9) 5.9 (28.8) 6.2 (33.6) 6.5 (36.7) 8.2 (39)
I/o (I) 9.9 (2.8) 10.0 (2.6) 9.6 (2.5) 8.9 (2.0) 6.5(1.9)
Ropom (%) 3.2 (8.5) 2.2(9.1) 2.5 (10.8) 2.4 (12.4) 2.8 (7.4)
(Fig. 2B). In its oxidized state, the protein behaves as a dimer, ~ TaBe II
which oligomerizes to form a 10- or 12-mer upon the addition of Refinement statistics
10 mM dithiothreitol. These experiments demonstrate that the Resolution range (A) 30-2.4
reduced state of the protein is associated with a higher oligo- Reflections used 32082
meric form, a hypothesis put forward by Alphey et al. (30) from R-factor R 0.195
their structural studies of the reduced tryparedoxin peroxidase Free R-factor 0-236
TR - YP X1n p r.m.s.° deviations from ideality
TryP from Crithidia fasciculata and now verified for other Lengths (A) 0.020
members of this family (13). Angles (°) . 1.82
The Crystal Structure of MtAhpC—The structure of Protein atoms (B,,, A®). R 3963 (40.4)
Water molecules (B A?) 284 (41.9)

MtAhpCey76s in its oxidized state was determined by a MAD
experiment at four different wavelengths (Table I) and refined
to a final R-factor of 0.195 (R, = 0.236) (Table II). In the
crystal, MtAhpC ;45 associates to form a ring-shaped 12-mer
with an outer diameter of 140 A and an inner diameter of 70 A
(Fig. 3A). Formation of a 12-mer was unexpected for two rea-
sons: first, because all peroxiredoxins structurally character-
ized to date as oligomers had revealed a decameric form, and
second, because the oxidized protein behaves as a dimer in
solution (Fig. 2B). This last observation implies that the pro-
tein is trapped in an intermediate state of its catalytic cycle,
probably stabilized by crystal contacts, in which the condensa-
tion reaction has taken place but the oligomeric form has not
yet disassembled into the functional dimer. A similar interme-
diate has been observed previously for S. typhimurium AhpC
(StAhpC) (31), where it was also proposed that crystal packing
forces help to stabilize the oligomeric form of the protein.
More puzzling is the observation that MtAhpC consists of a
hexamer of dimers, rather than the expected pentamer of
dimers observed in other homologues such as TryP (30),
StAhpC (31), and human thioredoxin peroxidase B (Tpx-B)
(32). Indeed, several lines of evidence tend to indicate that
formation of 10-mers may be a general property of 2-Cys per-
oxiredoxins in which the oligomeric form is associated with the
reduced enzyme (13). For MtAhpC, recent studies using cross-
linking and gel filtration experiments showed that the protein
is a 10-mer (or 12-mer) that disassembles to form dimers at
high ionic strength (33), and we show now for the point mutant
MtAhpCe,,65 that these changes in oligomerization are also
associated with the redox state of the protein (Fig. 2B). As gel
filtration experiments cannot differentiate between the 10-mer
and 12-mer forms of the reduced protein in solution, we carried
out analytical sedimentation, small-angle x-ray scattering, and
preliminary electron microscopy experiments in an attempt to
discriminate between the two forms. However, the results were
not conclusive. Although a 10-mer model appears to fit slightly
better the experimental small-angle x-ray scattering profile
(data not shown), it was impossible to unambiguously identify
the oligomeric form of MtAphC from these experiments.
Dimer-dimer interactions in the crystal structure of 12-mer
MtAhpC bury 1440 A2 of molecular surface. As in 10-mer
peroxiredoxins, the character of this interface is largely hydro-
phobic, including residues Phe®”, Thr®®, Phe®!, Ile!!*, and

avg?

@ R-factor = 3, |Fops| = & |Feudl/ZlFons(hED).

® calculated as R-factor for 5% of the total data not used in refine-
ment.

¢ r.m.s., root mean square.

Val'®® and the aliphatic moieties of Lys®®, GIn®®, and Lys!!®
from each interacting monomer. Adjacent dimers in MtAhpC
also interact through four intermolecular hydrogen bonds con-
necting the Lys''® and Arg''® side chains with the main-chain
carboxyl groups in the other monomer and two salt bridges
between Lys®® and Glu®°. Despite their distinct mode of oli-
gomerization, the dimer-dimer interface in 12-mer MtAhpC is
very similar to that observed in 10-mer peroxiredoxins (Fig.
3B). In particular, two conserved residues (Phe®” and Trp%,
MtAhpC numbering), for which a reorientation of their side
chains is directly associated with the redox-induced dimer-
decamer switch in peroxiredoxins (30, 32), display the same
conformation in the 12-mer and 10-mer structures, suggesting
that a similar redox-induced switch may also be operational in
MtAhpC (Fig. 2B). These close similarities strongly suggest
that the observed MtAhpC oligomer, although stabilized by
crystal forces, probably corresponds to a functionally relevant
form of the (reduced) protein in solution.

The Functional Dimer—The functional MtAhpC dimer (Fig.
3B) is similar to those of other 2-Cys enzymes with an overall
ellipsoidal shape of approximate dimensions 85 X 35 X 35 A.
The core of each monomer comprises a thioredoxin-like fold
composed of a central B-sheet (strands 36, 85, 38, 39) and three
flanking a-helices (a1, a3, a4) with additional insertions at the
N terminus (strands f1-£4) and between $6 and a3 (helix a2
and strand B7). A long loop (residues 21-31 connecting strands
B3 and B4), absent in other peroxiredoxins of known three-
dimensional structure, is highly flexible and poorly defined in
the electron density map of MtAhpC. As in typical 2-Cys per-
oxiredoxins, the dimer interface is created by the interaction of
the two thioredoxin-like cores, involving the formation of an
extended intermolecular B-sheet, as well as additional contacts
made by the 89-a4 connecting loop and the N- and C-terminal
tails.

The three critical cysteine residues (Cys®!, Cys'”¢ and
Cys'"®) of MtAhpC are clustered together at the molecular
surface (Fig. 3B), with the first two engaged in the disulfide
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Fia. 3. Overall view of the MtAhpC,,¢s structure. A, the oligo-
meric structure as seen in the crystal. B, structure of the functional
MtAhpC dimer in ribbon representation. The position of the three
catalytic cysteine residues is shown for one of the monomers (Ser'”® in
the crystal structure was replaced by wild-type Cys'”®), and the num-
bering of secondary structure elements is shown for the second mono-
mer. Also shown is the position of the adjacent monomer in oligomeric
peroxiredoxins, indicating a conserved dimer-dimer interface in 10- and
12-mer enzymes. After least squares superposition of the functional
dimer, the adjacent monomer is shown for MtAhpC (12-mer, cyan),
human TPx-B (10-mer, green), and StAhpC (10-mer, brown). The figure
was prepared using MOLSCRIPT (38) and RASTERS3D (39).

bridge conserved in typical 2-Cys peroxiredoxins. In the struc-
ture of the point mutant MtAhpCg;,4s, the intermolecular
disulfide is well defined in the electron density map only for
Cys®! from monomer A and Cys'”™ from monomer B (Fig. 1).
However, a rigid-body movement of helix a1 that is required for
disulfide bond formation (see below) is observed in the three
crystallographically independent monomers, strongly suggest-
ing that the protein is entirely oxidized in the crystal, in agree-
ment with the SDS-PAGE data (Fig. 2A). This oxidized form
represents an intermediate of the peroxidation reaction cata-
lyzed by 2-Cys peroxiredoxins and was observed in the struc-
tures of Rattus norvegicus 2-Cys peroxiredoxin HPB23 (34) and
StAhpC (31). Although the disulfide bond is buried and sur-
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rounded by several hydrophobic residues in the HBP23 struc-
ture, in MtAhpC it is largely exposed to the solvent, and its
hydrophobic environment is less pronounced. The Cys®-
Cys!'™ bond is surrounded by the hydrophobic side chains of
Phe®®(A), Pro®%(A), and Leu!”®(B), the charged residues
Glu'"(B) and Asn'"’(B), and the polar residues Thr%3(A)
and Ser/Cys176(B).

Peroxide decomposition likely requires a base to deprotonate
the peroxidatic cysteine as well as an acid to protonate the poor
RO leaving group, although these catalysts have yet to be
identified. The competent active site of MtAhpC cannot be
analyzed from the crystal structure because the protein has
been trapped in an intermediate state of the reaction after
peroxide reduction by Cys®! and the condensation reaction with
Cys!™. However, the critical active site residues found in other
peroxiredoxins (13), in particular Pro®*, Thr®8, and Arg!®3, are
also conserved in the mycobacterial enzyme and are expected to
adopt a similar conformation at the beginning of the reaction.

Conformational Flexibility of Helix oI—In typical 2-Cys per-
oxiredoxins, the sulfenic acid at the peroxidatic cysteine
(formed upon peroxide reduction as seen in the crystal struc-
ture of the human 1-Cys peroxiredoxin hORF6 (35)) is attacked
by the C-terminal resolving cysteine from the other monomer
to form an intermolecular disulfide bond. This condensation
reaction requires significant conformational changes both in
helix a1, in which the helical portion of the loop-helix active-
site motif is unwound to expose the peroxidatic cysteine (13),
and in the C-terminal arm to correctly position the resolving
cysteine for disulfide bond formation. This linkage is observed
in the dimeric structure of (oxidized) HBP23, whereas in the
decameric structures of Tpx-B and TryP the Sy atoms from the
two Cys residues are about 10 A apart from each other. A third
situation is observed in the structures of the StAhpC and
MtAhpC reaction intermediates, in which the condensation
reaction has taken place but the oligomers have not yet disas-
sembled. However, the nature of the MtAhpC intermediate is
significantly different (Fig. 4A). Instead of the local unwinding
of helix al observed in known oxidized structures (including
the StAhpC intermediate) to render accessible the peroxidatic
cysteine for disulfide formation, this is achieved in MtAhpC by
a rigid-body movement of the entire helix that brings Cys®!
close to Cys'”. This movement does not appear to be forced by
the molecular packing in the crystal because it is not observed
in decameric StAhpC, which has a very similar dimer-dimer
interface (Fig. 3B) and in which the oligomeric arrangement is
also stabilized by crystal packing forces.

The above observations strongly suggest that the helical
displacement is directly related to the MtAhpC mechanism of
action. A rigid-body movement of the helix can position the
peroxidatic cysteine (Cys®!) either in contact with the resolving
cysteine (Cys'™), as seen in the crystal structure, or back to the
active center upon disruption of the disulfide bridge, in which
case the position of the helix would coincide with that observed
in the other peroxiredoxin structures (Fig. 4). No major confor-
mational changes are required for this movement to occur,
except for a small rearrangement of three phenylalanine side
chains (Phe®!, Phe®®, Phe'®®). Such a helical displacement
would position Cys®! at H-bonding distance of Arg'®® and the
carboxylate group of Glu®* in contact with the guanidinium
groups of both Arg'®® and Arg!'®®, thus reconstituting a compe-
tent active site for peroxide reduction.

Implications for Structure-based Drug Design—The
MtAhpC/AhpD peroxidase system appears to play an impor-
tant role in M. tuberculosis resistance against the oxidative and
nitrosative stress exerted by the host immune response (17).
These enzymes may thus represent suitable targets for novel
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B

Cys176

““*¥Cys174
Cys61

Arg133

Fic. 4. Conformational rearrangement of helix a1 in MtAhpC. A, superposition of selected regions from MtAhpC (red), StAhpC (blue),
HBP23 (cyan), human TPx-B (yellow), hORF6 (violet), and TryP (green). The side chains of the two catalytic Cys residues and the conserved
arginine residue (MtAhpC-Arg'®®) in the active site are shown; secondary structure elements are labeled as in Fig. 3. Note the different position

of helix @l in MtAhpC. B, same view for MtAhpC alone. A rigid-body movement of helix a1 (arrow) would allow the peroxidatic cysteine (Cys
or Cys'™) or to restore a competent active site, with Cys®! close to Arg

to be in contact with the two resolving cysteines (Cys!"™*

positioned as in the other peroxiredoxin structures.

A

61)

133 and helix ol

Fic. 5. Internal cavities in the crystal structures of various peroxiredoxins. A, MtAhpC; B, TryP; C, TPx-B; and D, HBP23. The
movement of helix a1 in MtAhpC (labeled) generates a new internal cavity that is absent in other peroxiredoxins.

antituberculosis strategies, in particular for INH-resistant M.
tuberculosis strains where MtAhpC is thought to compensate
for the decreased catalase-peroxidase KatG activity (15, 16).
However, a potent AhpD inhibitor was recently found to be
unable to suppress the growth of INH-resistant M. tuberculosis
in infected mouse lungs (36). Koshkin et al. (36) argue that a
low titer of AhpD may still suffice to maintain MtAhpC activ-
ity, reinforcing the hypothesis that the latter is the right target
for drug design against this detoxification system. The crystal
structure of MtAhpC now reveals that the movement of helix
al generates a cavity, which is missing in other peroxiredoxin
structures (Fig. 5) and might provide a putative platform for
drug design. If the helical movement does indeed occur during
the normal catalytic cycle as proposed above, a compound that
fits into this pocket could block the enzyme in its intermediate
state by precluding completion of the catalytic cycle. More
importantly, the enzyme could thus be specifically inhibited
without directly interfering with the catalytic center, which is
largely conserved within the peroxiredoxin family.

The Catalytic Cycle of MtAhpC and the Involvement of Three
Cys Residues in Catalysis—A detailed model of the peroxire-
doxin catalytic cycle has emerged from available structural and
biochemical evidence (13, 31), although in the case of MtAhpC
different reaction mechanisms engaging the three catalytic
cysteines may be envisaged to account for its sequential reduc-
tion by the redox partner. After peroxide reduction, the peroxi-
datic cysteine in helix a1 changes to sulfenic acid (SOH), which
is in turn attacked by the sulfhydryl group of the resolving
cysteine, either Cys'”™ or less commonly Cys'”®. This mecha-
nism is supported by mutagenesis studies of MtAhpC showing
that both Cys®! and Cys!" (but not Cys'”®) appear to be crucial
for activity (20) and that Cys'”® is able to partially substitute
for Cys'”™ in the C174S mutant (21). Indeed, this redundancy
in the roles of Cys'” and Cys'”® as resolving cysteines could be
accounted for by the rigid-body movement of helix al, which
can easily bring Cys®! close to either Cys'™ (as in the crystal
structure) or Cys'”® (see Fig. 4B).

Once the condensation reaction has taken place, in typical
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5——AhpD

B AhpD
ROOH ROH

SIS @

Fic. 6. Possible reaction mechanisms for the sequential reduc-
tion of MtAhpC by AhpD. A, mechanism proposed in Ref. 21. B,
alternative mechanism involving an intermediate disulfide bridge be-
tween Cys'” and Cys!'’®.

AhpD

2-Cys peroxiredoxins a direct attack by an external thiol is
thought to reduce the disulfide. From their studies on the
formation of reversible covalent MtAhpC/AhpD adducts, Kosh-
kin et al. (21) also favored such a mechanism for MtAhpC.
According to these authors, the SH group of AhpD-Cys!33
would attack the Cys®'—Cys!"* bond to form an intermolecular
Cys!®3_Cys®! adduct (Fig. 64). It should be emphasized that,
for such a mechanism to occur, the two proteins must undergo
significant conformational rearrangements, given the internal
positions of the cysteine residues in the corresponding crystal
structures of MtAhpC (this work) and AhpD (17, 37).

The structure of MtAhpC76s Now suggests an alternative
possibility involving the participation of the three cysteine
residues in catalysis. In the crystal structure, the Oy atom of
Ser!”® (which substitutes for Cys'’® in the wild-type enzyme) is
distant 4.9 and 5.5 A from the Sy atoms of Cys'” and Cys®!,
respectively. Therefore, the hypothesis of a second intramolec-
ular disulfide bond involving Cys'”® during the catalytic cycle
(before reduction by an external thiol) appears structurally
plausible and would not involve significant conformational re-
arrangements (see Fig. 4B). A possible scenario could be the
attack of the Cys®'—Cys'™ by the sulfhydryl group of Cys'”® to
form a Cys'7*—Cys!7® disulfide (as illustrated schematically in
Fig. 6B), thus releasing helix a1 from its (likely energetically
unfavorable) state seen in the intermediate structure to the
initial (more favorable) position seen in other peroxiredoxins
(Fig. 4A). As a consequence, the disulfide would now be located
in the flexible C-terminal arm of a single monomer, free to
move and highly exposed for subsequent reduction by an ex-
ternal thiol. Indeed, such flexibility does occur in MtAhpC 1765,
where the last 25 residues (including the residues at positions
174 and 176) are disordered in two of the three crystallographic
independent monomers. Moreover, a mobile C-terminal arm
carrying the disulfide bridge could facilitate the interaction of
MtAhpC with distinct redox partners in vivo, a hypothesis
recently put forward from biochemical data showing that, be-
sides AhpD, M. tuberculosis thioredoxin C can also efficiently
reduce MtAhpC (18).

In apparent conflict with the above hypothesis, Koshkin et al.
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(21) observed that the C174S and C176S mutants (but not
C61S) of MtAhpC could be trapped as covalent intermediates
with AhpD, leading these authors to suggest that formation of
a disulfide cross-link between Cys®! and AhpD-Cys'®? is a key
step in MtAhpC reduction. However, the substitution of the
peroxidatic cysteine (C61S) necessarily precludes the initial
peroxide reduction and presumably all downstream electron
transfer events, which may thus explain the absence of a cova-
lent intermediate for this mutant without the need to invoke a
direct involvement of Cys®! in the interaction. On the other
hand, the partial interchangeability of Cys'”* and Cys'"® a
resolving cysteines might explain the formation of covalent
adducts for the corresponding point mutants, C174S and
C1768S.

Interestingly, the peroxidase system composed by NADH,
lipoamide dehydrogenase, lipoamide, AhpD, and MtAhpC re-
vealed an atypical kinetics (starting with a lag phase) upon the
oxidative activation by tert-butyl hydroperoxide as substrate
(18). This lag phase was observed to disappear when MtAhpC
and AhpD were preincubated with substrate before adding the
other components of the reaction, strongly suggesting that the
interaction between the first two proteins involves redox-de-
pendent conformational changes. However, no significant
structural rearrangements were observed between the oxidized
and reduced forms of the AhpD trimer (17). The above obser-
vations are therefore consistent with the hypothesis of a mobile
C-terminal arm of MtAhpC, which could bring the Cys!74—
Cys!”® disulfide into direct contact with the thiol group of
Cys!33 at the bottom of the AhpD active site cleft (17, 37) and
account in this way for the atypical kinetics.

Conclusions—The crystal structure of MtAhpC 445, trapped
in an intermediate state of the catalytic cycle, displays an
unusual 12-mer arrangement instead of the commonly ob-
served 10-mer form of reduced peroxiredoxins. The intramolec-
ular condensation reaction following peroxide reduction entails
an unusual rigid-body movement of the entire a-helix contain-
ing the peroxidatic cysteine, which creates a transient cavity
during the catalytic cycle that might be exploitable for drug
design purposes. Based on the structural information, alterna-
tive reaction mechanisms can be proposed to account for the
sequential reduction of MtAhpC by its redox partner(s) in my-
cobacterial peroxidase systems.
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