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Abstract

Antioxidant defenses include a group of ubiquitous, non-heme peroxidases, designated the peroxiredoxins, which rely on an acti-
vated cysteine residue at their active site to catalyze the reduction of hydrogen peroxide, organic hydroperoxides, and peroxynitrite.
In the typical 2-Cys peroxiredoxins, a second cysteinyl residue, termed the resolving cysteine, is also involved in intersubunit disul-
fide bond formation during the course of catalysis by these enzymes. Many bacteria also express a flavoprotein, AhpF, which acts as
a dedicated disulfide reductase to recycle the bacterial peroxiredoxin, AhpC, during catalysis. Mechanistic and structural studies of
these bacterial proteins have shed light on the linkage between redox state, oligomeric state, and peroxidase activity for the perox-
iredoxins, and on the conformational changes accompanying catalysis by both proteins. In addition, these studies have highlighted
the dual roles that the oxidized cysteinyl species, cysteine sulfenic acid, can play in eukaryotic peroxiredoxins, acting as a catalytic
intermediate in the peroxidase activity, and as a redox sensor in regulating hydrogen peroxide-mediated cell signaling.
� 2004 Elsevier Inc. All rights reserved.
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1 Abbreviations used: AhpC, peroxidase component of the bacterial
alkyl hydroperoxide reductase system, formerly known as C-22; AhpF,
flavin-containing disulfide reductase component of the bacterial alkyl
hydroperoxide reductase system, formerly known as F-52a; Cys-SOH,
cysteine sulfenic acid; Prx, peroxiredoxin; TrxR, thioredoxin reductase;
Trx, thioredoxin; F[1–202], truncated AhpF including residues 1–202;
F[208–521], truncated AhpF lacking residues 2–20; NTD, N-terminal
Bacterial defenses against peroxide-mediated oxida-
tive damage include a family of non-heme, non-selenium
proteins, distinct from catalases and glutathione perox-
idases, which catalyze the reduction, and resulting
detoxification, of organic hydroperoxides, hydrogen
peroxide, and peroxynitrite [1,2]. Mechanistic studies
have clarified the roles of reactive cysteinyl residues in
the peroxidatic process and have highlighted the cascade
of dithiol–disulfide interchange reactions that take place
in support of this process. As the prototype peroxidase
system, the studies described herein have focused on
the alkyl hydroperoxide reductase proteins from Salmo-
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nella typhimurium, AhpC,1 and AhpF [2,3], originally
identified by Ames and co-workers [1] as part of the per-
oxide-responsive global regulon of the OxyR transcrip-
tion factor. While the work reviewed here focuses on
domain of AhpF; Nt-TrxR, chimeric protein expressed with residues 1–
207 of AhpF followed by TrxR starting at residue 2; Cys1650, cysteinyl
residue at position 165 on the partner subunit of the homodimer of
AhpC;NBDchloride, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole;DTNB,
5,5 0-dithiobis(2-nitrobenzoic acid); TNB, 5-thio-2-nitrobenzoic acid;
NTSB, 2-nitro-5-thiosulfobenzoate; EH2, two-electron reduced enzyme;
EH4, four-electron reduced enzyme; EH6, six-electron reduced enzyme;
pKa, log of the acid dissociation constant; PDB, protein data bank.
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the S. typhimurium system, the results described are
applicable to other bacterial systems, as well, and in
the case of AhpC, to homologues present in a wide
range of organisms. Thus, as our knowledge of these
systems has expanded, it has become clear that AhpC,
the peroxide-reducing protein of the system, is a
representative of a very large and ubiquitous family of
cysteine-based peroxidases, now designated as ‘‘perox-
iredoxins’’ (Prxs). AhpF, on the other hand, is a flavo-
protein expressed only by eubacteria and appears to
act as a dedicated ‘‘AhpC reductase’’ in those bacteria
which encode it (Fig. 1) [3–5]. In many AhpF-deficient
organisms, the NAD(P)H-dependent recycling of AhpC
or other Prxs is mediated by at least two proteins, either
the thioredoxin reductase (TrxR) and thioredoxin (Trx)
system, or related reductase systems specific to a partic-
ular organism or group of organisms. The following rep-
resents a discussion of mechanistic, structural, and
biophysical studies of the cysteine-based peroxidases
and their reductase systems from a number of bacteria,
and the broader implications these studies have had on
the biological roles these systems play in both prokary-
otic and eukaryotic organisms.
Fig. 1. Sequence arrangements of AhpC and AhpF (A) and the peroxidas
with some surrounding sequence, for each alkyl hydroperoxide reductase
also depicted, with green representing the N-terminal domain (NTD), an
represented by the non-contiguous portions of the FAD-binding doma
peroxidatic Cys of the peroxiredoxin (Prx; e.g., AhpC) is depicted as a thi
Cys (SRH). Colors distinguish the Cys residues from different subunits of
the intersubunit disulfide bond (intrasubunit in the case of the atypical 2-
often being a Trx or Grx homologue and/or flavoenzyme (e.g., AhpF
containing proteins or domains. The pathway indicated by the dashed line
disulfide bond formation.
Involvement of Cys residues in the mechanisms of

both AhpC and AhpF

The peroxidase reaction catalyzed by AhpC does not
involve bound heme or other metal or non-metal cofac-
tors. Based on this observation and the precedent for
peroxide reduction by a catalytic Cys residue in the
streptococcal flavoprotein NADH peroxidase [6], our
focus turned to the two Cys residues per subunit of
AhpC, Cys46 and Cys165, as putative catalytic players
in the peroxidatic mechanism (Fig. 1). In addition, the
C-terminal most �320 residues of AhpF are homolo-
gous with TrxR (35% identity) and contain the CXXCD
motif required in TrxR for the dithiol–disulfide inter-
change reaction with Trx (corresponding to Cys345
and Cys348 in AhpF). Furthermore, AhpF possesses
an additional �200 residues at the N-terminus not pres-
ent in TrxR, and the existence of another CXXC in this
domain (Cys129 and Cys132) suggested an additional
catalytic disulfide redox center. Thus, both CXXC mo-
tifs were hypothesized to be involved in the reduction
of the putative AhpC disulfide bond for reactivation
[7,8].
e catalytic cycle (B). In (A), catalytic Cys residues are shown, along
system protein, AhpC and AhpF. The domain structure of AhpF is
d the thioredoxin reductase (TrxR)-like C-terminal region of AhpF
in (blue) and by the NADH-binding domain (red). In (B), the
ol (SPH) or sulfenic acid (SPOH), or in a disulfide with the resolving
the dimer in the typical 2-Cys Prxs, and the striped bar represents
Cys Prxs). The disulfide reductase system varies with the organism,
or TrxR), and utilizing at least one, and usually more, CXXC-
can be taken by 1-Cys (no resolving Cys) or 2-Cys Prxs bypassing



Fig. 2. Anaerobic dithionite (A) and NADH (B) titrations of Nox-1,
the AhpF homologue from Streptococcus mutans. Spectra shown in
(A) were obtained after the addition of 0 (solid line), 2.42 (dotted line),
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Electrophoretic and chemical analyses (using the thiol
and disulfide detection reagents DTNB and NTSB,
respectively) of oxidized forms of both AhpF and AhpC
indicated the presence of two and one disulfide bond per
subunit in the native enzymes, respectively [8]. Moreover,
in AhpC, but not in AhpF, the disulfide bonds (two per
homodimer) are intersubunit disulfides, covalently link-
ing two subunits together; tryptic digests confirmed the
linkage of Cys46 toCys165 0 (with the prime denoting that
Cys165 of the pair resides in the partner subunit of the di-
mer) [8,9]. Upon anaerobic reduction by excess NADH,
both disulfide centers ofAhpF are reduced to thiols, yield-
ing four nascent thiol groups. Stoichiometric reduction of
AhpC byNADH (in the presence of a catalytic amount of
AhpF) generated two free, accessible thiol groups in
AhpC which were stoichiometrically reoxidized by ethyl
hydroperoxide, supporting a catalytic role for these Cys
residues in peroxide reduction by this protein. Thus, four
Cys residues in AhpF (residues 129, 132, 345, and 348)
and two Cys residues in AhpC (residues 46 and 165) are
located within redox-active disulfide centers (Fig. 1A).
Two remaining Cys residues in AhpF, Cys476 and
Cys489, were shown to exist as free thiol groups in the na-
tive, oxidized protein, and through mutagenesis, were
found to play no role in catalysis [8].

Multiple lines of evidence that the Cys thiol groups
generated by reduction in the two proteins were, in fact,
catalytic residues was obtained using alkylation by re-
agents such as N-ethylmaleimide (NEM), mutagenesis
of Cys residues, and truncation by limited proteolysis.
Thiol reagents reacted readily with the reduced (but
not oxidized) forms of both proteins and completely
inhibited peroxidase activity [10]. In AhpF, not only
AhpC-dependent peroxidase activity, but also a less spe-
cific disulfide reductase activity (monitored by reduction
of DTNB) was inhibited by alkylation or mutagenesis of
either pair of Cys residues (Cys129-Cys132, or Cys345-
Cys348) [10,11]. Limited tryptic digestion which re-
moved the N-terminal domain of AhpF (as well as
Cys129-Cys132) also eliminated these activities [8]. On
the other hand, AhpF exhibits two other NADH-depen-
dent activities, reduction of molecular oxygen (oxidase
activity) and reduction of a higher redox potential
NAD+ analogue, 3-acetylpyridine adenine dinucleotide
(transhydrogenase activity), which were unaffected by
thiol reagents, Cys mutagenesis or proteolysis
[8,10,11]. All these results were consistent with the pres-
ence of catalytic Cys residues in each protein of the bac-
terial peroxidase system.
and 3.0 (dashed line) eq dithionite/FAD. The inset shows absorbance
changes at 448 nm (closed squares) and 580 nm (open circles) during
the course of the titration. Spectra shown in (B) were obtained after the
addition of 0 (solid line), 2.84 (dotted line), and 4.81 (dashed line) eq
NADH/FAD. The inset shows absorbance changes at 448 nm (closed
squares) and 354 nm (open circles) during the course of the titration.
Reprinted with permission from the European Journal of Biochemistry

[3]. Copyright 2000, Federation of European Biochemical Societies.
Functional properties of AhpF: ‘‘modular’’ construction

and large domain movements during catalysis

Sequence comparisons to TrxR (and Trx, see below)
and functional studies indicate that AhpF plays the role
in the peroxidase system of a pyridine nucleotide-depen-
dent disulfide reductase, recycling AhpC for turnover
with peroxide (Fig. 1). Like TrxR, electron transfer is
mediated first by the transfer of a hydride from NADH
or NADPH to the flavin, then progressive dithiol–
disulfide interchange reactions among the redox-active
disulfide centers in the flavoprotein and in the elec-
tron-accepting protein (e.g., Trx or AhpC). Much about
these redox reactions can be inferred from spectral mon-
itoring of the changes in the flavin redox state during
static titrations or rapid reaction kinetic studies. Titra-
tions with the chemical reductant dithionite show that
the redox-active disulfide in the N-terminal domain
(Cys129-Cys132) of AhpF is in functional communica-
tion with the TrxR-like disulfide center in the C-terminal
portion (Cys345-Cys348) and with FAD (Fig. 2). Six
electrons are required (two electrons each for the two
disulfide centers, and another pair for the FAD) to fully
reduce S. typhimurium AhpF [8] and homologues from
three other species (Streptococcus mutans, Amphibacillus
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xylanus, and Thermus aquaticus [12–14]; see [3] for a re-
view on these proteins). Two significant differences are
observed between the spectral patterns obtained during
reduction by dithionite and those using the physiological
reductant, NADH. During dithionite (but less so
Fig. 3. Crystal structure (A), model of rotated domains (B), and B-factor plot
[16]) is shown, colored by domains. The NTD (green), shown with its redox-ac
to the FAD domain (blue) and the NADH/SS domain (red), depicted with it
the FAD domain is also shown. In (B), the hypothetical alternate conformati
are colored as in (A), and the FAD domains are in the same orientations, to al
large-scale motions or final conformation proposed with the exception of a f
redox-active disulfide centers are adjacent, and the NADH-binding site is no
minimal change involves unraveling the first turn of the helix of the flexible
limited proteolysis experiments [8]. Panel (C) illustrates the B-factors of th
structure, with coloring of domains similar to those in (A) and (B). Note the
values for each domain, strikingly illustrating the similarity in B-factors for th
values support the suggestion that the three domains have different mobilities
reprinted with permission from Biochemistry [16]. Copyright 2001 American C
NADH) titrations, a blue, neutral semiquinone form
of the flavin is produced and stabilized in high amounts
(Fig. 2A and [8]). This species has been shown to be gen-
erated, and disappear upon addition of oxidant, at such
slow rates that it is clearly not a catalytically competent
(C) of AhpF. In (A), the AhpF dimer (pdb code 1hyu, 2.0 Å resolution
tive dithiol (Cys129,Cys132), is connected by the flexible linker (yellow)
s redox-active disulfide (Cys345,Cys348). The bound flavin cofactor in
on of AhpF that would allow for NTD reduction is depicted. Domains
low easy comparison. There are no steric clashes that would prevent the
ew surface sidechains that would require minor adjustments. The two
w near the isoalloxazine ring. In order to achieve this conformation, a
linker (yellow). Such an unraveling of the linker helix is supported by
e main chain atoms of AhpF plotted versus location in the primary
high degree of disorder of the linker and the different average B-factor
e non-contiguous segments of the FAD domain. These average B-factor
and can move independently from one another. Panels (A) and (B) are
hemical Society. Panel (C) was kindly provided by Zachary A. Wood.



Fig. 4. Structure of the AhpF NTD and comparisons with E. coli

thioredoxin (Trx). (A) and (B) ribbon representations of the AhpF
NTD (residues 1–195) with separate colors for the two Trx-like folds
(green for the N-terminal half, blue for the C-terminal half), and an
overlay of the C-terminal half of the NTD with E. coli Trx (red) based
on Ca atoms (r.m.s.d. is 2.5 Å for 85 equivalent Ca atoms). As
illustrated most clearly in the close-up view of (B), the redox-active
cysteines/cystine for both enzymes are shown in ball-and-stick repre-
sentations, as are Glu86 (contributed by the first Trx fold to the active
site lying predominantly in the second Trx fold) of the NTD (blue
bonds) and Asp26 of E. coli Trx (red bonds). The carboxylates of both
acids and all four of the sulfurs of the active sites lie in the same plane,
with the carboxylates in the same relative orientations and distances
with regard to the interchange thiol, albeit with their positions reflected
through an approximate mirror containing the interchange thiol sulfur
atom. (C) The arrangement of residues within the NTD active site,
with Trx folds colored as in (A) and (B). All nine absolutely conserved
residues among five NTD homologues are shown (for details, see Fig.
4A [16]). Cys132-Sc is completely solvent inaccessible, while Cys129 is
on the surface and exposed. Note that Pro82, Gly84, and Glu86 all
derive from the first Trx fold. Panel (C) is reprinted with permission
from Biochemistry [16]. Copyright 2001 American Chemical Society.
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species for NADH-dependent turnover with AhpC.
During NADH (but not dithionite) titrations of S. mu-

tans Nox-1 and S. typhimurium AhpF, an additional
prominent absorbance band is observed, extending be-
yond 900 nm, which arises from a charge-transfer inter-
action between FADH2 and the bound NAD+ (Fig. 2B
and [8]). This species may represent a true catalytic
intermediate given its rapid generation and AhpC-de-
pendent oxidation ([15] and unpublished results from
Li Calzi and Poole). Specificity for the pyridine nucleo-
tide as assessed by both static titrations and kinetic as-
says (with DTNB as substrate) indicates that NADH
is strongly favored over NADPH as a reductant [8,10].
AhpF homologues from gram positive organisms gener-
ally exhibit an even higher specificity for NADH [3].

The modular construction of AhpF as a TrxR-like
flavoprotein disulfide reductase linked with a Trx-like
CXXC-containing domain for electron shuttling to
AhpC was implied by sequence comparisons (Fig. 1A)
and modeling, then confirmed by X-ray crystallography
and functional studies of the truncated proteins (Fig. 3)
[16,17]. The N-terminal domain (NTD)-containing
fragment, F[1–202], was generated (through protein
engineering methods) based on the location of a tryp-
tic-sensitive site on the C-terminal side of Arg202. The
other fragment, F[208–521], encompassed the TrxR-like
portion of AhpF, as supported by studies of a flavin-
containing C-terminal tryptic fragment generated from
limited proteolysis of AhpF [8]. The hypothesized se-
quence of electron transfers, from pyridine nucleotide
to the flavin, then to the Cys345-Cys348 and subsequent
Cys129-Cys132 centers of AhpF, followed by transfer to
AhpC (Cys46-Cys165 0), was firmly established through
these studies. In brief, enzymatic assays, reductive titra-
tions, and circular dichroism studies of the fragments
indicated that each folds properly and retains many
functional properties. Electron transfer between the
two fragments was, however, relatively slow
(4 · 104 M�1 s�1 at 25 �C) and non-saturable with
increasing F[1–202] up to 100 lM [17]; these protein
‘‘modules’’ are therefore much more efficient in interact-
ing for electron transfer when attached to one another as
in the native protein (kcat for AhpF reacting with
NADH and AhpC is 240 s�1, and kcat/Km for AhpC is
�1 · 107 M�1 s�1 at 25 �C) [12]. Interestingly, TrxR
substituted for F[208–521] was essentially as efficient a
reductant of F[1–202] as was F[208–521] (within about
2-fold). (TrxR is, in this sense, more ‘‘promiscuous’’
than AhpF; neither F[208–521] nor full-length AhpF
can reduce Trx.) Interestingly, a chimeric construct,
the NTD attached to the N-terminus of Escherichia coli

TrxR (Nt-TrxR), demonstrated full competence of
TrxR as a replacement for F[208–521] in a full-length
AhpF-like protein [18]. Moreover, the CXXC center of
the F[1–202] fragment was shown to have the same
reduction potential (�270 mV) as Trx; this pre-reduced
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fragment could act independently of F[208–521] as an
efficient electron donor to AhpC (unlike the F[208–
521] itself) [17,18]. Thus, the NTD of AhpF, specifically
through its Cys129-Cys132 disulfide center, was firmly
established as the direct electron donor to the intersub-
unit disulfide bond of AhpC [8,11,17,18].

The NTD is itself a fascinating protein ‘‘module’’ for
which an independently expressed homologous protein,
named ‘‘protein disulfide oxidoreductase,’’ exists in
some thermophiles [16,17,19]. These proteins represent
a new class of protein disulfide reductases composed
of two tandem Trx folds (so intimately associated as
to be considered a single domain), but with a functional
disulfide redox center only in the second of the two
folds. Interestingly, the residues around this active site
include a carboxylate (Glu86 in AhpF) being contrib-
uted by the first Trx fold in a pseudo-mirrored position
relative to, and functionally equivalent to, the carboxylic
acid (Asp26) of E. coli Trx (Fig. 4) [16]. Furthermore,
fortuitous reduction of the NTD redox center, Cys129-
Cys132, in the synchrotron (Roberts and Karplus,
unpublished observations) gave a detailed view of the
thiol–thiolate hydrogen-bonding interaction (3.04 Å dis-
tance between sulfurs) at this active site [16].

Both the functional studies of the truncated proteins
and the AhpF structure as determined by X-ray crystal-
Fig. 5. Putative conformational changes taking place during the catalytic cy
oriented with the dimer axis of AhpF in the plane of the figure. Individual sub
with either NAD+ or NADH bound, and its redox center (Cys345,Cys348) in
denote domain rotations. The FAD domain (rectangle) has either oxidized (F
the NTD (ovals) is depicted in either the oxidized (S-S) or reduced (SH)2 f
reduction, intersubunit (via 2Afi 3A) and intrasubunit (via 2Bfi 3B), ar
confirmed that only the intrasubunit pathway is functional. Asterisks in the p
(oxidized) or AhpCRED (reduced). For simplification, reactions and conforma
as synchronous events. Reprinted with permission from Biochemistry [16]. C
lography (at 2.0 Å resolution) imply large domain rota-
tions during catalysis [16,17]. As illustrated in Figs. 1
and 3, the homodimeric protein consists of three inter-
acting domains: the NTD (residues 1–196) containing
the AhpC-interacting redox-active disulfide (Cys129-
Cys132), the flavin-binding (FAD) domain (residues
210–327 and 450–521) attached to the NTD via a flexi-
ble linker (residues 197–209), and the NADH-binding
and redox-active disulfide-containing (NADH/SS)
domain (residues 328–449) (green, blue, and red, respec-
tively, in Fig. 3). Whereas the FAD domain, comprised
of two non-contiguous sequences, can be viewed as rel-
atively immobile (average B-factor of 25 Å2 for main
chain atoms, Fig. 3C) and contributing to essentially
all of the interactions stabilizing the antiparallel
homodimer, the NADH/SS domain (average B-factor
of 42 Å2) likely swings through an approximate 67�
arc in a fashion similar to the corresponding domain
of TrxR [20]. This rotation alternately brings the nico-
tinamide ring of the pyridine nucleotide, or the
Cys345-Cys348 disulfide center, into position over the
isoalloxazine ring of the flavin for electron transfer
(Fig. 5). Although only a single conformation of the
NADH/SS domain with respect to the FAD domain
has so far been observed for AhpF, wherein the
Cys345-Cys348 redox center is proximal to the flavin
cle of AhpF. The proposed catalytic cycle of dimeric AhpF is shown,
units are colored gray or black. The NADH domain (triangle) is shown
either the oxidized (S-S) or reduced (SH)2 form. White circular arrows
AD) or reduced (FADH2) flavin. The redox center (Cys129,Cys132) of
orm. Both theoretical pathways for electron transfer to achieve NTD
e illustrated, although experimental and modeling approaches have
aths indicate conformational changes. AhpC is represented as AhpCOX

tional changes in both subunits of the dimer or with AhpC are depicted
opyright 2001 American Chemical Society.
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and the putative NAD-binding site is exposed, a model
of the alternate conformation based on the ‘‘twisted’’
structure of a TrxR–Trx complex (pdb code 1f6m [16])
has been constructed (Fig. 3B). Furthermore, with one
particular doubly mutated AhpF construct (C132,
345S), but not with the other three double mutant com-
binations, DTNB treatment (to induce disulfide bond
formation) generates a covalent disulfide linkage be-
tween the two redox centers, locking the rotated
NADH/SS domain, as well as the NTD, into a structure
likely to closely resemble the ‘‘twisted’’ model [21]. This
‘‘locked’’ conformation exhibits considerably higher
resistance to proteolytic cleavage and cannot be ‘‘un-
locked’’ by addition of NADH (although the flavin is
still reducible), consistent with a restricted conformation
for this engineered protein and with the location of the
‘‘inter-center’’ disulfide bond (linking the two cysteinyl
redox centers) remote from the flavin.

There must also be very large conformational
changes to allow for the NTD to interact with the
NADH/SS domain to receive the NADH-derived elec-
trons (as depicted in the ‘‘twisted’’ model, Fig. 3B), then
rotate away from this position for electron-transfer
interactions with its protein substrate, AhpC. The crys-
tal structure, wherein the NTD is ‘‘frozen’’ through crys-
tal contacts into a conformation that may or may not be
particularly relevant to its solution conformations, indi-
cates B-factors and a lack of significant inter-domain
interactions that are consistent with NTD mobility.
The average B-factor for main chain atoms is higher
than for the FAD domain, at 34 Å2 (Fig. 3C) and the
NTD is connected to that domain through a poorly or-
dered loop-helix linker depicted in yellow in Fig. 3 (aver-
age B-factors for residues 197–200 of the loop and for
residues 201–203 of the helix are >70 and >50 Å2,
respectively). The intriguing result that the chimeric pro-
tein (Nt-TrxR) retains full activity as a Trx reductase
[18] also implies that the NTD can rotate away from
the NADH/SS (or NADPH/SS in TrxR) domain far en-
ough to allow Trx to access the dithiol center in the pyr-
idine nucleotide-binding domain with little or no
restriction. An initial hypothesis that the electron-trans-
fer pathway between the dithiol/disulfide centers in the
NADH/SS and NTD domains was an intersubunit pro-
cess was formulated, in the absence of high-resolution
structure information, based on the putative antiparallel
arrangement of subunits and the attachment of the
NTD to the FAD domain at a position remote from
the NADH/SS domain of its own subunit ([17] and
Fig. 5, pathway with 2A and 3A). However, both the
modeling studies described above [16] and experimental
data [22] have confirmed intrasubunit electron transfer
between these domains (Fig. 5, pathway with 2B and
3B) and ruled out a functional intersubunit transfer
pathway. To show this, two heterodimeric AhpF species
were created in which one of the two pathways was com-
pletely disrupted while the other was left partially intact
in each construct [22]. Only the heterodimers containing
one monomer of wild type AhpF and a monomer of mu-
tated (and truncated) AhpF exhibited peroxidase activ-
ity with AhpC, indicating that electron transfer
between domains of AhpF is an intrasubunit process.

Taking all of these putative domain rotations into ac-
count, a minimal mechanism for turnover of AhpF
invoking two conformational changes (and two predom-
inant conformations) per cycle has been proposed [3,17].
This proposal includes coordinated rotations by both
the NADH/SS and NTD domains to alternate between
interacting pairs of redox centers, and the cycling of
AhpF (and other orthologous proteins) between their
two electron-reduced and four electron-reduced redox
states (EH2 and EH4 by standard flavin nomenclature)
during rapid turnover (Fig. 5). (Priming by a single
equivalent of NADH to generate EH2 would be required
to initiate the cycle depicted; Fig. 5 in [3].) Although our
understanding of the motions and factors involved in
coordination of these motions is far from complete,
there is at least some experimental evidence suggesting
that a fully reduced form of the A. xylanus AhpF homo-
logue, EH6, is not kinetically competent [15], consistent
with this proposal.

Experiments have also been conducted to better
understand the nature of the complex between AhpF
and AhpC, transiently linked through an ‘‘inter-pro-
tein’’ disulfide bond, which must be generated during
dithiol–disulfide interchange to transfer electrons. The
purified proteins free in solution have not been observed
to interact non-covalently except for the special case of
the AhpF and AhpC homologues from the thermophilic
bacterium, T. aquaticus, where the two proteins were
difficult to separate [14]. This point is emphasized as
some investigators have misconstrued the discussion of
AhpF–AhpC complexes being formed during catalysis
as indicating that they exist in solution as subunits of
a heteromeric ‘‘holoenzyme’’ [23,24]. To learn more
about the roles of particular Cys residues in AhpF and
AhpC and to obtain stabilized mimics of putative cata-
lytic intermediates, mutants of each protein lacking one
active site Cys were combined, following oxidation of
one of the two proteins by DTNB (to generate the disul-
fide-linked TNB conjugate), and analyzed for the rates
and extents to which disulfide bond formation between
the two proteins occurred ([25] and Ellis, Jönsson, and
Poole, unpublished). In the direction of electron transfer
which best simulates catalysis (AhpF reduced and AhpC
oxidized), only one of the four mutants of AhpF, C132S,
and only one of the two mutants of AhpC, C46S, gener-
ated a significant amount of higher molecular weight
complex. This complex formed with a second-order rate
constant of about 2 · 106 M�1 s�1 (comparable to the
kcat/Km for AhpF turnover with AhpC of about
107 M�1 s�1). As with the Cys129-Cys348 covalent link-
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age in the DTNB-treated C132,345S AhpF mutant de-
scribed above, the ‘‘engineered’’ disulfide bond between
Cys129 of AhpF and Cys165 of AhpC is not reducible
by NADH. In these cases, the putative domain move-
ments required for electron transfer are likely to be re-
stricted by the covalent attachment of the second
protein (or domain). These results are analogous, also,
to the stability of the TrxR–Trx complex between the
C135S and C32S mutants, respectively, of those proteins
[26]. We conclude from these studies that Cys129 is the
nucleophile of the AhpF NTD that attacks the intersub-
unit disulfide bond of oxidized AhpC at Cys165 to initi-
ate electron transfer between the two proteins, and that
the engineered covalent complex between the proteins
generated by the mutants as described above represents
a reasonable mimic of the transiently formed intermedi-
ate during this transfer.
Fig. 6. NBD adducts of cysteine thiols and sulfenic acids in S.

typhimurium AhpC. The reduced (R-SH) and oxidized (R-SOH) forms
of the C165S mutant of AhpC give rise to distinctive spectra (A) with
maxima at 420 nm (R-S-NBD, the thioether adduct, dotted line) and
347 nm (R-S(O)-NBD, the putative sulfoxide adduct, solid line),
respectively. Unlike R-S(O)-NBD, R-S-NBD is also fluorescent. The
identity of these adducts was confirmed by electrospray ionization
mass spectrometry, yielding masses of 20765.2 (B) and 20781.5 atomic
mass units (C) for R-S-NBD and R-S(O)-NBD, respectively. The plots
are reprinted with permission from Biochemistry [27]. Copyright 1997
American Chemical Society.
The Cys-based peroxidatic mechanism of AhpC involves

a Cys sulfenic acid intermediate and optional disulfide

bond formation

Given the lack of metal or prosthetic groups in AhpC
and the enzymological and mutagenic data described
above, the focus of investigations into its peroxidatic
activity was on the Cys residues. Studies of AhpC single
Cys mutants were invaluable in elucidating the mecha-
nism of AhpC reaction with hydroperoxide substrates.
The AhpC C165S variant, retaining the conserved
Cys46 thiol, was fully active as a peroxidase when
NADH and AhpF were present in excess amounts in
the assay, while the C46S mutant (as well as
C46,165S) was completely inactive under any conditions
[9]. The Cys thiol (Cys46-SH) of the C165S mutant (but
not Cys165-SH of C46S) was oxidized by one equivalent
of H2O2 or cumene hydroperoxide, a process which was
reversible by addition of a single equivalent of NADH
(in the presence of a catalytic amount of AhpF).

Initial evidence that the oxidized Cys species formed
in the first step of the peroxidase reaction is a sulfenic
acid (Cys-SOH) was obtained through demonstration
of its reactivity toward TNB and dimedone and its sus-
ceptibility to further oxidation (sometimes referred to as
overoxidation) by peroxides and oxygen [9,27]. Most
convincing, however, was the novel trapping method
for Cys-SOH developed during the course of these stud-
ies [27]. Using NBD chloride as a labeling agent, the
respective adducts of Cys46-SH and Cys46-SOH could
be clearly distinguished by their visible absorbance
properties (kmax = 420 nm for Cys46-S-NBD and
347 nm for Cys-S(O)-NBD) and molecular mass by elec-
trospray ionization mass spectrometry (20,765 versus
20,781 amu, respectively) (Fig. 6). This method has sub-
sequently been used to demonstrate Cys-SOH formation
in the C165S mutant of AhpC as a result of peroxyni-
trite reaction [28], as well as peroxide- or substrate-med-
iated Cys-SOH formation in a number of other proteins
[29–34].

While these were the first studies which directly estab-
lished the intermediacy of Cys-SOH in the Prx peroxid-
atic mechanism, precedent for this enzyme-mediated
chemistry had already been set by studies of an entero-
coccal flavin-containing peroxidase, NADH peroxidase,
that contains only a single Cys residue per subunit and
does not form disulfide bonds during catalysis [6,35].
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This chemistry is also directly analogous to that used by
glutathione peroxidases, although in those enzymes the
selenocysteine is the active site residue attacking the
–O–O– bond [36].

As reactivity of Cys thiol groups (in their protonated
state) toward peroxides is insignificant in the absence of
catalytic quantities of metals (particularly iron and cop-
per) [37], lowering of the pKa of the peroxidatic Cys res-
idue in Prxs is likely essential for their function. While
the exact pKa of the peroxidatic Cys in AhpC or other
Prxs is not currently known (estimates have included
values lower than 5 [28], and a value of 4.6 for the re-
lated Cys of PrxVI [38]), it is likely lowered from an ‘‘un-
perturbed’’ value of approximately 8.5–9.5 [38,39] by
some of the same forces that stabilize the sulfenate anion
of the oxidized protein [40]. Electrostatic interaction
with an absolutely conserved Arg residue in the active
site (Arg119 in AhpC), and hydrogen bonding to a
highly conserved Thr residue (Thr43 in AhpC, replaced
in a few Prxs by Ser), are likely to be important contrib-
utors to enhanced stability of the thiolate (and presum-
ably sulfenate) anion(s) (Fig. 7C) [41,42]. As is often the
case for redox-active Cys residues [43], the active site
thiol(ate) sits at the N-terminus of an a-helix, perhaps
influenced by the dipole moment of this helix. Presence
of a catalytic acid in the active site to protonate the
RO� leaving group as formed during the first catalytic
step is also inferred by this mechanism, although such
a residue has yet to be identified in the Prxs [42].

In the second step of the peroxidase mechanism, the
nascent sulfenic acid in the active site of wild type
AhpC, Cys46-SOH, is attacked by the Cys165 thiol(ate)
of an adjacent subunit to form the intersubunit disulfide
bond (Fig. 1B) [9]. In fact, resolution of the active site
Cys-SOH through protein disulfide bond formation is
characteristic of most, but not all, Prxs. Mechanistic dis-
tinctions among Prxs at this step have led to the delinea-
tion of three categories of Prxs. Based on the
conservation, and involvement in catalysis, of either
one or two Cys residues in the Prxs, this large family
was originally divided into 1-Cys and 2-Cys sub-families
[5]. The 2-Cys Prxs were then further divided into two
classes designated as the ‘‘typical’’ (intersubunit disul-
fide bond-containing) and ‘‘atypical’’ (intrasubunit
disulfide bond-containing) 2-Cys Prxs [42].

While disulfide bond formation prior to reaction with
the reductant is common, it is by no means required for
catalysis. This is demonstrated both by the existence of
functional 1-Cys Prxs, and by the conversion of the typ-
ical 2-Cys Prx, AhpC, into a fully active 1-Cys Prx by
mutagenesis of Cys165. The functional importance of
the ‘‘resolving’’ Cys in the 2-Cys Prxs is highlighted by
the enhanced susceptibility of C165S AhpC toward inac-
tivation by its own substrate; the oxidized form of the
wild type enzyme is highly resistant to peroxide-medi-
ated inactivation due to disulfide bond formation be-
tween the two Cys residues, rather than persistence of
the reactive Cys-SOH at the active site [9,44]. (This lack
of sensitivity toward peroxide inactivation is a charac-
teristic that distinguishes bacterial AhpC homologues
from many eukaryotic Prxs, an issue of critical impor-
tance to their distinctive roles in these organisms, as de-
scribed in the next section.) Evidence elaborated above
also supports a role for Cys165 of AhpC as the point
of attack by the nucleophilic Cys residue of AhpF,
Cys129, to initiate electron transfer [25]. Still, AhpF is
able to efficiently recycle the Cys46-SOH form of the
C165S mutant of AhpC during catalysis, even though
the flavoprotein has presumably evolved as a disulfide
(rather than Cys-SOH) reductase for reactivating the
wild type peroxidase.

Given these mechanistic considerations, as well as the
limited conservation and variable location of the resolv-
ing Cys in the Prx family members, this residue must
have arisen, and perhaps even disappeared again, at var-
ious times during the evolution of the Prxs. This conclu-
sion is supported by recent sequence and structure
analysis exploring the divergence of the Prxs from Trx-
like ancestral proteins [45]. In these studies, four evolu-
tionarily distinct groups of Prxs were identified based on
conserved and presumably functional residues in prox-
imity of the active site, with less emphasis on the pres-
ence and location of the resolving Cys.
Changes in conformational and oligomeric states of
AhpC effected by redox cycling: structural evidence

for a biological role for Prxs in regulation of hydrogen

peroxide-mediated cell signaling in higher organisms

Since 1998, approximately a dozen crystal structures
of Prxs have been solved and deposited in the Protein
Data Bank. These structures show the 1-Cys and typical
2-Cys Prxs to be antiparallel homodimers, containing an
extended b-sheet at their core, which may associate into
toroid-shaped (a2)5 decamers (Figs. 7A and B) [42]. As
shown by the two decameric structures of S. typhimu-

rium AhpC representing different redox states of the en-
zyme, considerable conformational rearrangements
must take place during catalysis (Fig. 8C) [41,44]. With-
in the disulfide bond between Cys46 and Cys165 on an
adjacent subunit of the oxidized enzyme, the two sulfur
atoms are situated about 2 Å from one another (Fig. 8C,
right); however, in the reduced-like C46S structure, the
Cys residues are oriented in opposite directions (�13 Å
between sulfur atoms) (Fig. 8C, left). The activated en-
zyme, ready for peroxide reduction, holds the sulfur of
the peroxidatic Cys at the N-terminus of an a-helix in
optimal position with respect to the conserved residues
(including Thr43 and Pro39) in the preceding loop (the
active site loop-helix), as well as the conserved Arg119
(Fig. 7C). Upon reaction, the Cys-SOH must become



Fig. 7. The (a2)5 decameric structure (A) of S. typhimurium AhpC and its component homodimer (B), and structural details of the conserved active
site from the prototypic PrxV structure (C). In (A), the (a2)5 decamer (from the X-ray crystal structure of oxidized AhpC solved at 2.5 Å resolution;
pdb code 1kyg [41]) is shown with each chain depicted in a different color. The individual chains are are labelled A, B, C, D, and E, with primes
denoting their crystallographic symmetry mates. Dimers are A–B, C–D, and E–E 0. The crystallographic 2-fold axis bisects the homodimer (E–E 0) and
the interface between two dimers (A–B and A 0–B 0). Redox-active disulfides are depicted as ball-and-stick models, with sulfurs in yellow. Panel (B)
depicts the AhpC a2 dimer, with monomers in different colors and looking down the dimer axis. The intersubunit redox-active disulfides are depicted
as in (A). The C-terminal arm containing the resolving Cys reaches across the interface and is rather flexible. Density for residues beyond the
resolving Cys was missing in this structure. Panel (C) illustrates the conserved, reduced Prx active site (shown using the PrxV structure, pdb code
1hd2 [64]) and the conserved hydrogen-bonding network (dotted lines). The active site residues conserved in all Prxs (Pro, Thr, Cys, and Arg) are
colored red, and the loop-helix region is colored blue. Panels (A) and (B) are reprinted with permission from Biochemistry [3], and panel (C) is
reprinted with permission from Trends in Biochemical Sciences [42]. Copyrights 2000 American Chemical Society, and 2002 Elsevier Science Ltd.
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exposed through local unfolding for disulfide bond for-
mation, unraveling a turn of the helix. In addition, the
C-terminal arm must unfold to bring the resolving Cys
into proximity of the Cys-SOH; in the disulfide bond-
containing forms of the typical 2-Cys Prxs for which
structures are known (rat PrxI, 1qq2 [46]; and S.

typhimurium AhpC, 1kyg [41]), the C-terminal arm is
disordered beyond the resolving Cys, indicating a high
degree of mobility for this locally unfolded segment
(Figs. 8B and C, right sides).
Of these two disulfide bond-containing structures, the
PrxI was dimeric, while the oxidized AhpC was deca-
meric. The other two typical 2-Cys Prx structures known
at the time, Crithidia fasiculata tryparedoxin peroxidase
(1e2y [47]) and human PrxII (1qmv [48]), were both
decameric and represented reduced and overoxidized
(sulfinic acid) Prx forms, respectively [42]. To better
understand the relationship between dimeric and deca-
meric species of typical 2-Cys Prxs, analytical ultracen-
trifugation studies of S. typhimurium AhpC were



Fig. 8. Structural differences between robust and sensitive 2-Cys Prxs. (A) A structure-based sequence alignment of seven 2-Cys Prxs that have been
documented to be sensitive (top group of sequences) versus three 2-Cys Prxs that have been documented to be robust (lower group of sequences).
Secondary structure elements are depicted as helices (cylinders) or strands (arrows), with structural differences as disconnected elements (yellow or
cyan). The shifted 310 helix and loop (yellow) and regions which undergo conformational rearrangements during catalysis (cyan) are identified. The
GLGG and YF motifs are highlighted in red, and the peroxidatic (CP) and resolving (CR) cysteines are depicted. Sensitive 2-Cys Prx sequences shown
are human PrxI [53,65], PrxII [65,66], PrxIII [65,67], and PrxIV [65], yeast TSA1 [68], yeast TPxY [69] and plant BAS1 [70], and robust 2-Cys Prx
sequences shown are AhpC from Salmonella typhimurium [71], from Streptococcus mutans [12], and from Escherichia coli [59]. (B) Ribbon diagrams
of the peroxidatic active site region of sensitive 2-Cys Prx structures for the fully folded (FF) and the locally unfolded (LU) conformations. Elements
are colored as in (A), with side chains for CP, CR, and the YF motif included. Panel (C) is similar to (B), but for a robust enzyme (AhpC). Structures
shown are as follows: panel B (FF), SO2H form of human PrxII (pdb code 1qmv [48]); panel B (LU), disulfide form of human PrxI (pdb entry 1qq2
[46]); panel C (FF), C46S form of S. typhiumurium AhpC (pdb code 1n8j [44]); and panel C (LU), the disulfide form of S. typhiumurium AhpC (pdb
code 1kyg [41]). Asterisks marking the ends of the visible C-termini of the LU conformations indicate that many additional C-terminal residues are
disordered. Although PrxIISO2H is an inactive enzyme, it is known to adopt the same conformation as active, reduced 2-Cys Prxs [48]. Comparison of
the FF panels of (B) and (C) provides the most dramatic image of how the two sequence features common to sensitive enzymes result in a major
difference in the burial of the Cp-containing helix. Reprinted with permission from Science [44]. Copyright 2003, American Association for the
Advancement of Science.
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performed. Using a variety of loading concentrations
and both equilibrium and velocity experiments, the re-
duced enzyme was shown to be decameric at all concen-
trations tested, while the oxidized enzyme was a mixture
of species at most concentrations, but purely dimeric at
2.5 lM and purely decameric at 480 lM (Fig. 9) [41].
Thus, the crystal structure of oxidized AhpC represents
a metastable oligomerization intermediate favored by
the high protein concentrations used for crystallization.

Incorporating these findings into a structurally de-
tailed catalytic cycle linking oligomeric state with activ-
ity, Fig. 10 illustrates the stabilizing effects of the
decameric structure on the active site loop-helix, with
the dimer–dimer interface acting to buttress this flexible
region. Upon local unfolding in the active site loop-helix
and formation of the disulfide bond, the dimer–dimer
interface is perturbed, favoring dissociation of the
decamer into dimers and collapse of the loop into the
active-site pocket vacated by the peroxidatic Cys [42].
Recently, studies of mutants altering the dimer–dimer
interface of AhpC, either stabilizing or disrupting the
decameric structure, have fully supported the stabilizing
influence of this buttressing effect on efficient catalysis of
peroxide reduction within the decamer (Parsonage,
Youngblood, Sarma, Wood, Karplus, and Poole,
unpublished results). These results agree with other re-



Fig. 9. Sedimentation velocity studies of oxidized and reduced AhpC from S. typhiumurium. Oxidized (solid lines) and reduced (dashed lines) AhpC
samples at 2.5 lM (thin lines), 12 lM (medium thick lines), and 483 lM (red line) were centrifuged at 42,000 (dashed lines and red line) or 47,000 rpm
(thin and medium solid lines). Eight to 12 consecutive data sets at xD2t values of 0.25–0.55 · 1011 s�1 were analyzed by DCDT software to give the
g*(s) distributions shown. All plots were normalized by area to ease comparisons. Reprinted with permission from Biochemistry [3]. Copyright 2000,
American Chemical Society.

Fig. 10. Redox-sensitive oligomerization of Prxs. This cartoon shows the catalytic cycle of some typical 2-Cys Prxs incorporating information about
the alterations in oligomeric state that accompany changes in redox state. The loop-helix region at the active site (residues 40–49), an adjacent region
(residues 73–84) from a neighboring homodimer, and the C-terminal arm of a neighboring monomer within the same homodimer are colored green,
blue, and red, respectively. The different oxidation states of the peroxidatic cysteine are identified as thiol (SPH), sulfenic (SPOH) or sulfinic (SPO2H)
acid forms, or disulfide bonded with the resolving cysteine (SR). The loop-helix (green plus red) is depicted in folded (red cylinder and solid line) or
unfolded (dashed line) conformations, or with the peroxidatic active site restructured (species at upper right). Unidirectional arrows indicate changes
in redox state, and bidirectional arrows represent dynamic equilibrium. Reprinted with permission from Trends in Biochemical Sciences [42].
Copyright 2002, Elsevier Science Ltd.
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ports suggesting that Prx dimers are less active than are
the corresponding decameric forms [49]. Regulation of
catalytic activity through alterations in oligomeric state
may not only apply to other typical 2-Cys Prxs, but may
represent an under-recognized phenomenon among
other enzyme systems as well [50].
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As shown previously for NADH peroxidase and the
C165S mutant of AhpC, sulfenic acids at peroxidatic ac-
tive sites can undergo further oxidation by excess hydro-
peroxides, forming sulfinic and/or sulfonic acids. Even
in 2-Cys Prxs, sulfinic acid formation has been observed
both within the crystal structure of the PrxII isolated
from human blood [48], and on two-dimensional poly-
acrylamide gels of eukaryotic Prx proteins separated
after direct incubation with peroxides or following treat-
ments eliciting peroxide-mediated cell signaling events
[51–53]. The formation of the Cys sulfinic acid in 2-
Cys Prxs seems surprising given the presence of the
resolving Cys which should react quickly to generate a
disulfide bond at the active site. However, because of
the large distance between the peroxidatic and resolving
Cys residues in the reduced 2-Cys Prxs, and the need for
local structural rearrangements in order to permit the
generation of a disulfide bond, disulfide bond formation
may not be as efficient in some Prxs as it is in others
[44,47]. Where the Cys-SOH persists, more opportunity
exists for its overoxidation, allowing it to act as a redox
sensor or peroxide-sensitive switch in oxidation-sensitive
eukaryotic Prxs.

To further investigate the curious phenomenon of
Prx overoxidation, we compared structural and func-
tional aspects of a number of bacterial and mammalian
enzymes in detail. In fact, bacterial AhpCs exhibit far
less sensitivity toward peroxide-mediated inactivation,
requiring the presence of 110-fold more hydrogen per-
oxide to observe inactivation comparable to that de-
tected in Prx I studies [44,53]. This difference
highlights the fact that the sensitivity of eukaryotic
Prxs toward inactivation by peroxides is an acquired
characteristic, rather than an unavoidable consequence
of the peroxidatic mechanism. As depicted in Fig. 8A,
eukaryotic Prxs contain two structural motifs, includ-
ing a GGLG motif adjacent to a 310 helix and a YF
motif within an extended C-terminal helix, that are ab-
sent from the resistant bacterial AhpCs [44]. These two
structural features in eukaryotic Prxs cover the cata-
lytic Cys residue making more difficult the conforma-
tional changes required for disulfide bond formation
(Fig. 8B). In comparison, regions around the peroxid-
atic Cys and the C-terminus (including the resolving
Cys) of S. typhimurium AhpC are much more flexible
[41], likely facilitating the rearrangements required for
efficient disulfide bond formation in these cases (Fig.
8C). Thus, the structural features in eukaryotic Prxs
that impart their sensitivity toward inactivation by per-
oxide are likely to be acquired features allowing these
Prxs to take on the dual roles of antioxidant and reg-
ulator of peroxide signaling, in contrast to the primary
role of Prxs as antioxidants in bacteria. The balance
between efficient peroxide removal and inactivation of
Prxs by peroxide may have been fine tuned during evo-
lution so that the Prxs can act as a ‘‘floodgate,’’ pre-
venting the buildup of toxic hydrogen peroxide levels
during normal cellular metabolism, but responding to
a rapidly rising burst of signaling levels of hydrogen
peroxide through inactivation [44,54]. Consistent with
the importance of this balance, the overexpression of
Prxs interferes with some known peroxide signaling
pathways [49,55].

Regulation of Prx activity by irreversible overoxida-
tion seems wasteful to a cell that has expended energy
to synthesize high levels of these antioxidants. Whether
this control mechanism comes into play frequently in the
life of a cell, or is invoked primarily by cells destined for
apoptosis, is not yet known. However, several reports
have now identified enzymes which catalyze the regener-
ation of active Prxs from their sulfinic acid forms
[56,57], making even more reasonable our proposal that
Prx sensitivity to overoxidation is an important func-
tional attribute allowing these enzymes to regulate
hydrogen peroxide-mediated signal transduction in
eukaryotes [44,58].
A reversible switch in Prx function induced by disulfide

stress: conversion of E. coli AhpC into a disulfide

reductase by a triplet repeat expansion

In a remarkable discovery by Beckwith and co-
workers [59], AhpC in E. coli was found to intercon-
vert between its native peroxidase (wild type) form
and a new, mutated species (designated AhpC*) with-
out peroxidase activity, but with an apparent new bio-
logical function in supplying electrons to the
glutathione/glutaredoxin redox system. The notably
high rate of spontaneous mutagenesis (0.5 · 10�3) led
to the expansion of a triplet repeat sequence 25 bp up-
stream of the codon for Cys46, and resulted from
engineered deficiencies in both glutathione reductase
and TrxR activities in the mutant bacteria (denoted
trxB gor mutants) which caused increased ‘‘disulfide
stress.’’ The effect of the resultant amino acid inser-
tion, giving four rather than three phenylalanine resi-
dues in a row just prior to the active site loop-helix of
AhpC, is to abrogate peroxidase activity, yet support
an apparent disulfide reductase activity which can be
demonstrated by catalytic reduction of DTNB [59].
This DTNB reductase activity was also observed for
the wild type AhpC protein, indicating that the differ-
ence between the AhpC- and AhpC*-supported disul-
fide reductase activity in vivo is probably in their
differing substrate specificities, although the identity
of the physiological electron acceptor for AhpC* is
still unclear. Evidence to date has shown that the abil-
ity of an AhpC*-expressing plasmid to complement
the dithiothreitol requirement for the growth of trxB
gor mutants requires expression of AhpF, glutatre-
doxin 1 and a glutathione synthetic enzyme, but nei-
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ther of the two Trx proteins [59]. Perhaps surprisingly,
this stress-induced triplet expansion is reversible. On
altering the environmental conditions from ‘‘disulfide
stress’’ to ‘‘oxidative stress’’ through additional deletion
of the katG gene in the trxB� gor� ahpC* background,
peroxidase activity was restored through reversion of
the ahpC locus to its wild type sequence. These observa-
tions suggest a biological function for this switch between
two functional forms of AhpC and a stress-response
mechanism for the genetic transformation that is as yet
poorly understood.
Cys-dependent Prx systems in other organisms

Studies of Prx systems in several other organisms
have pointed to considerable similarities in mechanistic
aspects, yet distinct requirements for particular reducing
systems, for homologues of AhpC. In those bacterial
systems where the AhpC homologues are greater than
55% identical in amino acid sequence with the E. coli

and S. typhimurium proteins, there is invariably an
AhpF homologue encoded just downstream of the ahpC
structural gene. Even the AhpC/AhpF systems of gram
positive organisms are extremely similar in mechanistic
and structural properties to those from gram negative
bacteria; the orthologous proteins from S. mutans are
readily swapped with the S. typhimurium proteins in het-
erologous systems showing full peroxidase activity [12].
In contrast, more distantly related AhpC homologues
including the thiol peroxidase (Tpx) of E. coli and the
AhpC of Helicobacter pylori, which are not encoded
by genes proximal to ahpF homologues, are also com-
pletely unreactive with AhpF as an electron donor, but
are able to carry out their peroxidase functions through
recycling by TrxR/Trx systems [34,60]. Especially illumi-
nating were the studies of a novel three-protein peroxi-
dase system from Clostridium pasteurianum. An operon
upstream of the rubredoxin gene in this organism
was shown to encode a TrxR homologue (Cp34), a 75-
residue glutaredoxin homologue (Cp9) and an AhpC
homologue (Cp20) which together catalyze the
NADH-dependent reduction of peroxides [61]. Again,
AhpF was unable to reduce Cp20 (or Cp9), yet E. coli
Trx and TrxR could function as the reducing system
for Cp20, replacing the Cp34/Cp9 system. Cp34 was
an efficient reductant of Cp9, but not Trx, and together
these proteins catalyzed not only Cp20 reduction, but
also the reduction of more generic disulfide-containing
substrates such as insulin. Specialization of reductase
systems for other Prx homologues in organisms as
diverse as trypanosomes and mycobacteria has also
been reported [62,63], suggesting the possibility that
such systems could be targeted for inactivation by
anti-microbial agents to cripple the antioxidant re-
sponses of these invasive organisms.
Summary

The studies described herein have been valuable in
elucidating the Cys-based peroxidatic mechanism and
structural organization of Prxs which underlie their bio-
logical functions in prokaryotic as well as eukaryotic
organisms. Through this work, cysteine sulfenic acid
was demonstrated to possess both catalytic and regula-
tory functions at the active sites of eukaryotic Prxs,
highlighting the pivotal role these enzymes play in regu-
lating hydrogen peroxide-mediated cell signaling. Cou-
pled enzymological and biophysical studies have
elucidated the unusual linkage in these enzymes between
oligomeric state, redox state, and peroxidatic activity.
As a general rule, Prxs are reactivated during each cata-
lytic cycle by CXXC-containing proteins or modules
that themselves receive electrons from reduced pyridine
nucleotides (NADH or NADPH) via flavin-mediated
electron transfers. The dedicated bacterial Prx reduc-
tase, AhpF, achieves the direct transfer of electrons from
NADH to AhpC via three redox centers, including FAD
and one redox-active disulfide center in the TrxR-like re-
gion of the protein, and an additional Trx-like CXXC-
containing module at its N-terminus. Electron transfer
among all these centers necessarily involves large do-
main movements during the catalytic cycle. Thus, bacte-
rial AhpC and AhpF proteins have been excellent
prototypes in uncovering basic mechanisms involved in
the chemistry, structures, and biological functions of
peroxide- and disulfide-reducing enzymes.
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