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Heme is a redox-reactive molecule with vital and complex
roles in bacterial metabolism, survival, and virulence. However,
few intracellular heme partners were identified to date and are
not well conserved in bacteria. The opportunistic pathogen
Streptococcus agalactiae (group B Streptococcus) is a heme auxo-
troph, which acquires exogenous heme to activate an aerobic
respiratory chain. We identified the alkyl hydroperoxide reduc-
tase AhpC, a member of the highly conserved thiol-dependent
2-Cys peroxiredoxins, as a heme-binding protein. AhpC binds
hemin with a K; of 0.5 um and a 1:1 stoichiometry. Mutagenesis
of cysteines revealed that hemin binding is dissociable from cat-
alytic activity and multimerization. AhpC reductase activity was
unchanged upon interaction with heme in vitro and in vivo. A
group B Streptococcus ahpC mutant displayed attenuation of
two heme-dependent functions, respiration and activity of a
heterologous catalase, suggesting a role for AhpC in heme intra-
cellular fate. In support of this hypothesis, AhpC-bound hemin
was protected from chemical degradation iz vitro. Our results
reveal for the first time a role for AhpC as a heme-binding
protein.

For most living organisms, heme is an essential cofactor of
enzymes such as cytochromes, catalases, and peroxidases (1).
The importance of heme resides in the unique properties of
its iron center, including the capacities to undergo electron
transfer, perform acid-base reactions, and interact with various
coordinating ligands (2). Recent evidence has emphasized
another role for heme, as a signaling molecule that regulates the
function of key proteins implicated in diverse cellular processes
(3, 4). In bacterial pathogens such as Staphylococcus aureus,
heme is a preferred iron source (5, 6), and specific mechanisms
are used to capture and transport heme into the cytoplasm (5,
7). Once internalized, heme is incorporated into bacterial pro-
teins or degraded to release iron for incorporation into iron-
sulfur proteins or for endogenous heme synthesis (8). In Esch-
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erichia coli and other heme-synthesizing bacteria, heme b is
further processed to heme d by the activity of the heme
hydroperoxidase II (the catalase KatE) (9); both heme forms are
required for activity of the cytochrome bd oxidase (10-12).
Heme toxicity is due to redox reactions involving heme iron
and oxygen, which generate reactive oxygen species (ROS)>
that induce membrane peroxidation and damage to proteins
and DNA (13). ROS such as H,O, or hydroperoxides can also
initiate nonenzymatic modification and degradation of heme
(13, 14). In view of these data and the low solubility of free
heme, it is probable that internalized heme does not exist as a
free molecule in the cytoplasm but as a complex with heme-
binding proteins, which would reduce its contact with the cel-
lular environment and facilitate its intracellular trafficking.

Few intracellular heme-binding proteins have been de-
scribed in prokaryotes. In E. coli, CcmE is a heme chaperone
that binds heme transiently in the periplasm and delivers it
to newly synthesized and exported c-type cytochrome (15).
Recently, three homologous cytoplasmic heme-binding pro-
teins, Pseudomonas aeruginosa PhusS (16, 17), Shigella dysente-
riae ShuS (18), and Yersinia enterocolitica HemS (19, 20), were
reported to participate in intracellular heme storage and facili-
tate heme transfer from the uptake machinery to heme-binding
proteins such as heme-oxygenase.

The opportunistic pathogen Streptococcus agalactiae (Group B
Streptococcus (GBS)) is an asymptomatic inhabitant of the
intestine and vagina but a leading cause of invasive infection in
newborns and immunocompromised adults (21). GBS does not
synthesize heme and is catalase-negative. However, GBS uses
exogenous heme and menaquinone in an aerobic environment
to activate a GBS membrane respiratory chain involving a cyto-
chrome bd oxidase, needed for full virulence. The shift from
fermentation to respiration metabolism results in increased
biomass and improved survival (11). Although GBS can assim-
ilate free heme or hemoglobin-bound heme (11, 22), little is
known about its molecular mechanisms for heme acquisition
and utilization. Our goal is to identify GBS proteins responsible
for heme homeostasis. To this purpose, we used heme affinity

2 The abbreviations used are: ROS, reactive oxygen species; ALA, 5-aminole-
vulinic acid; GBS, group B streptococcus; KatA, catalase A; MBP, maltose-
binding protein; Prx, peroxiredoxin; BSA, bovine serum albumin; HA,
hemagglutinin; MALDI-TOF, matrix-assisted laser desorption ionization
time-of-flight; WT, wild type.
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chromatography to enrich for heme-binding proteins from
bacterial lysates. Several potential heme-binding proteins were
identified by MALDI-TOF. Here, we present the characteriza-
tion of one of these proteins, the ubiquitous alkyl hydroxyper-
oxide reductase (AhpC), and show that it is a heme-binding
protein.

The conserved alkyl hydroxyperoxide reductase AhpC be-
longs to the family of peroxiredoxins (Prx) (23). AhpCisa 2-Cys
peroxiredoxin that, when coupled with a disulfide reductase
as an electron donor, acts on hydrogen peroxide, peroxyni-
trite, and organic hydroperoxides to generate their corre-
sponding alcohols (24). Prxs are also implicated in regulatory
functions, as mainly reported in eukaryotes, such as transcrip-
tion, apoptosis, and cellular signaling (25-27). In Helicobacter
pylori, AhpC was shown to oligomerize and acquire protein
chaperone activity in oxidative stress conditions (28).

Using genetic, biochemical, and spectrophotometric ap-
proaches, we show for the first time that a bacterial AhpC pro-
tein has heme-binding and heme protection capacities. Because
AhpC belongs to a family of highly conserved peroxidases, our
findings could have significance in other prokaryotes and pro-
vide an additional role for this already multifunctional protein.

EXPERIMENTAL PROCEDURES

Bacterial Strains—Characteristics of relevant strains and
plasmids are described in supplemental Table S1. GBS strain
NEM316, whose genome sequence is known, belongs to the
capsular serotype III strain (GBS) and was isolated from a case
of fatal septicemia (29). The GBS akpC insertion mutant was
constructed by inserting, in the same transcriptional orienta-
tion as ahpC, the promoterless and terminatorless kanamycin
resistance cassette aphA-3 (30) within DNA segments encom-
passing the 5" and 3’ ends of ahpC and ahpF, respectively, inac-
tivating both genes (supplemental Fig. S1A). Three amplicons
were generated using oligonucleotide pairs 0O1-O2, O3-04,
0O5-06 and then ligated after digestion with the appropriate
enzymes (see supplemental Table S2). The resulting EcoRI-PstI
fragment was cloned into pG+host5 (31), and the recombinant
vector was introduced by electroporation into GBS NEM316.
The double crossover events leading to the expected gene
replacements were screened and obtained as described previ-
ously (32). Structure of the chromosomal insertion was verified
using PCR analysis (supplemental Fig. S1, A and B) and DNA
sequencing (data not shown). Note that for the clarity of the
text, the ahpCF mutant described here was named ahpC
throughout this study.

Bacterial Growth Conditions and Media—GBS was grown at
37 °C in rich M17 liquid broth (Difco) supplemented with 1%
glucose, after inoculation by precultures grown in M17 with
0.2% glucose. GBS respiration metabolism was activated by
supplementing medium with 1 um hemin (from a stock solu-
tion of 10 mMm hemin chloride dissolved in 50 mm NaOH; Fluka)
and 10 uM vitamin K, (Sigma) and growing in a rotary shaker
(200 rpm) as described previously (11, 33). E. coli strains were
grown in Luria-Bertani (LB) medium. When needed, antibiot-
ics were used as follows: 100 ug/ml ampicillin and 50 pg/ml
kanamycin for E. coli; 5 wg/ml erythromycin and 5 pug/ml chlor-
amphenicol for GBS.
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Hemin Affinity Chromatography—Bacteria were grown over-
night without aeration. Pelleted bacteria were resuspended in
50 mm Tris-HCI, pH 8.0, 1 M NaCl, and 0.5% Triton X-100 and
lysed with glass beads (Fastprep, MP Biomedicals). Cell debris
and glass beads were removed by centrifugation at 18,000 X g
for 10 min. The lysate was mixed with hemin-conjugated agar-
ose (Sigma) for 2 h at 4 °C on a spinning wheel. Agarose was
washed three times by centrifugation with 50 mm Tris-HCl, pH
8.0, 1 M NaCl, 0.25% Triton X-100, and 5 mm EDTA. All steps
were carried out at 4 °C. Following the last washing, agarose
beads were resuspended in Laemmli sample buffer (34), incu-
bated at 90 °C for 5 min, and centrifuged 5 min at 18,000 X g.
Supernatants were processed for SDS-PAGE.

Expression and Purification of His-AhpC—The GBS AhpC
(GBS1874) open reading frame was amplified from NEM316
using (O7, O8) oligonucleotide primers (supplemental Table
S2) and cloned into the E. coli expression plasmid Champion
pET100 directional TOPO (pET100/D-TOPO) vector (Invitro-
gen), giving rise to a hexahistidine N-terminal fusion protein
expression vector, pHis-AhpC. Mutant His-AhpC&*74-C1654
was obtained by overlapping PCR mutagenesis (35), using the
overlapping 09, 010 and O11, O12 primers for introducing
C47A and C165A point mutations, respectively, in the AhpC
sequence. The product was cloned into pET100/D-TOPO vec-
tor (supplemental Table S1). All plasmids were verified by
sequencing. E. coli BL21 (DE3) transformed with pHis-AhpC
was grown to A4y, = 0.6, and expression was induced with 1 mm
isopropyl 1-thio-B-p-galactopyranoside for 2 h at 37 °C. Cells
were pelleted at 3,500 X g for 10 min and then resuspended in
50 mm Tris-HCI, pH 8.0, 300 mm NaCl, containing 20 mm imid-
azole (binding buffer), and disrupted with glass beads (Fast-
prep, MP Biomedicals). Cell debris was removed by centrifuga-
tion at 18,000 X g for 15 min at 4 °C. His-tagged proteins were
purified by nickel affinity chromatography using His-Select affin-
ity gel (Sigma) following the manufacturer’s recommendations.
Briefly, the soluble fraction was mixed with resin and incubated on
aspinning wheel at 4 °Cfor 1 h. The resin was then centrifuged and
washed three times with binding buffer. Purified proteins were
eluted with 50 mm Tris-HCI, pH 8.0, 300 mm NaCl, containing 150
mM imidazole, dialyzed against 50 mm Tris-HCl, pH 7.5, and
finally stored at —80 °C. Protein concentrations were determined
with the Lowry assay method (Bio-Rad).

Construction of the HA-AhpC and AhpCF Vectors—A recom-
binant AhpC with an N-terminal HA tag (MYPYDVPDYA)
extension (HA-AhpC) was generated by successive PCRs (35).
Briefly, two rounds of PCR were performed to obtain overlap-
ping DNA fragments encoding the HA-AhpC fusion. First, the
AhpC coding sequence and promoter regions were amplified
with oligonucleotide pairs O8-0O13 and O15-016, respectively,
using GBS genomic DNA as template. Both O13 and O15
include half of the HA peptide sequence (supplemental Ta-
ble S2, see italics). These fragments were then used as templates
for a second round of PCR to expand the HA sequence using
08-014 and 016-017 oligonucleotide pairs. The resulting
overlapping PCR products were annealed and amplified with
oligonucleotide pairs O12-O15 (supplemental Table S2). The
pHA-AhpC plasmid (supplemental Table S1) was obtained by
cloning the final PCR product into pCR-BLUNT vector
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(Invitrogen). The entire ahpCF operon was also amplified by
PCR with the oligonucleotide primers O16-0O18 (supplemental
Table S2) and cloned into the pCR-BLUNT vector (Invitrogen)
giving rise to the pAhpCF vector (supplemental Table S1).

Expression and Purification of MBP-AhpC—The GBS AhpC
(GBS1874) open reading frame was amplified from NEM316
genomic DNA using 021 and O22 oligonucleotide primers
(supplemental Table S2), including the EcoRI and Xbal restric-
tion sites, respectively. The PCR products were cloned into
pMAL-c4X (New England Biolabs) using EcoRI and Xbal
restriction sites generating a plasmid encoding the fusion of the
maltose-binding protein (MBP) at the N terminus of AhpC
(pMAL-AhpC) (supplemental Table S1). The plasmid was ver-
ified by sequencing and transformed into the E. coli TOP10
strain (supplemental Table S1). Purification of MBP-AhpC was
performed on bacteria lysed as described for His-AhpC isola-
tion (see above). MBP-AhpC protein was purified on amylose
resinin 20 mM Tris-HCI, pH 7.5,200 mM NaCl, and 1 mM EDTA
(binding buffer) according to the manufacturer’s recommenda-
tions (New England Biolabs). Elution of the MBP-AhpC protein
was performed with 10 mm maltose in binding buffer.

In Gel Detection of Hemin—Hemin binding to AhpC was
identified in SDS-PAGE, as described previously (36, 37).
Briefly, 50 ug of purified His-tagged protein was incubated for
30 min at room temperature with a 2-fold molar excess of
hemin in 50 mm Tris-HCI, pH 7.5, with Laemmli sample buffer
without dithiothreitol and without heating. Samples were sep-
arated by SDS-PAGE. Hemin peroxidase activity was detected
by staining the gel in a tetramethylbenzidine- and H,O,-con-
taining solution (Sigma).

Purification of AhpC-Hemin Complex—His-AhpC-Hemin
complex was prepared by incubating 50 ug of purified His-
AhpC with a 2-fold excess of hemin in 50 mm Tris-HCI, pH 7.5.
After incubation at room temperature for 30 min, free hemin
was removed by chromatography on a Sephadex G-15 gel fil-
tration column (Sigma). Hemin content of the complex was
determined by the pyridine hemochrome assay as described
previously (38).

Absorbance Spectroscopy of the AhpC-Hemin Complex—He-
min binding affinities of His-AhpC and variants were deter-
mined by adding 0.5 to 1-ul increments of a 200 um hemin
solution to cuvettes containing test samples, in 100 ul of 10 um
His-AhpC in 50 mm Tris-HCI, pH 7.5, or reference sample
without protein. Spectra were measured from 350 to 700 nm
in a UV-visible spectrophotometer Libra S22 (Biochrom).
Absorbance at 414 nm was plotted against hemin concentra-
tion, and data were fitted to a one-binding site model, which
accounts for the protein concentration to determine the disso-
ciation constant (39, 40) as shown in Equation 1,

A414 =0.5- €414 ° (CH + Kd + Bmax/€414 - ((CH + Kd + Bmax/€414)2
—4-Cy* Bral€na)’?) (Eq.)

A, is the absorbance at 414 nm; Cy, is the concentration of
heme added in the sample and reference cuvettes; B, is the
absorbance of the maximal binding; and €,,, is the extinction
coefficient of AhpC bound heme. The extinction coefficient of
bound heme was calculated (e,,, = 83 mm ™ “cm™?) from the
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absorbance at 414 nm of 7.0 uMm of the purified complex accord-
ing to the following equation: A,,, = €,,,l'c (Where [ is the path
length (1 cm) and c is the concentration of the protein com-
plex). Curves were fitted to a one-binding site model with the
equation described above using the nonlinear regression func-
tion of GraphPad Prism 4 software.

Resonance Raman Spectroscopy—AhpC-hemin complex in
50 mm Tris-HCI, pH 7.4, was excited with a 406.7-nm line of an
Innova Kr* laser (Coherent, Palo Alto). Spectra were recorded
at 20 °C using a U1000 spectrometer (Jobin Yvon, France)
equipped with an ultrasensitive back-thinned CCD detector.
Radiant powers of 10 milliwatt were used to avoid photoreduc-
tion of the oxidized sample.

Peroxide Reductase Activity Assay—The peroxide reductase
activity of recombinant His-AhpC free or in complex with
hemin was measured by following the decrease at 340 nm
within 10 min at 25 °C due to NADPH oxidation in a UV-visible
spectrophotometer Libra S22 (Biochrom). Each assay was per-
formed using 10 um His-AhpC or 10 uMm His-AhpC-hemin
complex in 50 mM potassium phosphate buffer, pH 7.0, 0.1 M
ammonium sulfate, 0.5 mm EDTA, containing 5 uMm thiore-
doxin (Sigma), 0.5 uM thioredoxin reductase (Sigma), and 150
uM NADPH (e5,, = 6.22 mm~ “:«cm ™ !). The reaction was initi-
ated by the addition of 5 mm H,O, (28). Background enzymatic
activity was measured in the same conditions without thio-
redoxin reductase. Values are expressed in units (umol of
NADPH'min™%).

Immunoblotting—Immunoblotting was performed on bacte-
rial lysates of strains transformed with the indicated expression
vectors as reported previously (41).

Measurement of Oxygen Consumption—Oxygen consump-
tion was followed with a Clark-type oxygen electrode (Liquid-
Phase oxygen electrode unit DW1, Hansatech Instruments).
The electrode was calibrated as recommended by the manufac-
turer, using air-saturated 50 mm potassium phosphate buffer,
pH 7.3, at 37 °C, assuming an oxygen concentration of 217 um.
Sodium dithionite was added to zero the electrode. S. agalac-
tiae WT and ahpC late exponential phase cultures, prepared in
aerobic fermentation or respiration conditions, were washed
twice with phosphate-buffered saline at 4 °C and resuspended
in the same buffer at Ay, = 1.0. One-ml volume of the bacterial
suspension was transferred to a sealed cuvette equipped with
the oxygen electrode. The bacterial suspension was then air-
saturated by stirring for about 6 min at 37 °C, and after capping
of the chamber, the maximum oxygen consumption rate was
measured following the addition of 10 mm glucose, which was
injected using a Hamilton microliter syringe through a capillary
hole.

Hemin Intracellular Status—Hemin intracellular accumula-
tion was assessed in vivo by following activity of the Enterococ-
cus faecalis hemin-catalase (KatA) cloned under control of the
kanamycin resistance gene (aphA-3) constitutive promoter
P na3 (PLUMBS, supplemental Table S1) (42). Diluted cul-
tures transformed with the pLUMBS5 plasmid were grown over-
night under static conditions in M17 containing 1% glucose and
supplemented or not with hemin. KatA expression in saturated
cultures was followed on immunoblots with a polyclonal anti-
KatA antibody (42). Catalase activity of pLUMBS5 transformed
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bacteria was determined on whole cells incubated with 50 um
H,O, with the spectrophotometric FOX1 method based on fer-
rous oxidation in xylenol orange as described previously (43).
Absorption was measured at 560 nm. H,O, concentrations in
samples were calculated from a calibration curve with known
concentrations of H,O.,,.

H,O,-mediated Hemin Degradation—Comparative intensi-
ties of the Soret band peaks were determined for hemin com-
plexed or not with 20 um AhpC or bovine serum albumin (BSA,
fatty acid-free, Sigma) in the presence of H,O,. The Soret band
peak absorption is 385 nm for free hemin and 414 nm for AhpC
or BSA-bound hemin. Absorption values were measured as a
function of time following addition of 800 um H,O,. The data
were normalized by subtracting the zero time point value to
subsequent time points.

RESULTS

Identification of the Alkyl Hydroxyperoxidase (AhpC) by
Hemin Affinity Chromatography—We used hemin-agarose
affinity chromatography to identify hemin-binding proteins in
Streptococcaceae. We initially identified proteins from Lacto-
coccus lactis lysates that bound to hemin-conjugated agarose.
Among the proteins identified by MALDI-TOF mass spec-
trometry, a protein band migrating at around 20 kDa was iden-
tified as AhpC (data not shown). AhpC is a member of a highly
conserved protein family and shares 71% identity with the
NEM316 protein encoded by ghs1874 (supplemental Fig. S1C).
In GBS and numerous bacteria, ahpC is clustered with ahpF
(see supplemental Fig. S1A), the gene coding for the alkyl
hydroperoxide reductase (AhpF) subunit, which functions as
an electron donor to regenerate AhpC (44). We selected the
GBS AhpC protein for study for the following reasons. (i) It
shows 38% amino acid sequence identity with HBP23, a rat liver
protein recently identified on the basis of its affinity for hemin
but whose function remains unknown (supplemental Fig. S1C)
(45, 46). (ii) AhpC plays a major role in oxidative stress resis-
tance especially against organic peroxides, which could have rel-
evance for infection. (iii) The AhpC amino acid sequence
includes two cysteine-proline (CP) motifs belonging to the
catalytic and resolving domains of the enzyme, which are
potentially involved in binding hemin as described for several
proteins (supplemental Fig. S1C) (for review see Ref. 3). Recent
work also emphasizes the multifunctional aspects of this
enzyme, as it is described as a protein chaperone in H. pylori
and in yeast (25, 28) and as a regulator of cell signaling pathways
in eukaryotes (46).

AhpC Binds Hemin in Vitro—The AhpC open reading frame
was expressed as an N-terminal His-tagged protein and purified
by affinity chromatography on nickel nitrilotriacetic acid-aga-
rose (supplemental Fig. S2A), yielding a distinct protein band of
around 23 kDa that binds to hemin-agarose (Fig. 14, Ist lane).
When 50 um His-AhpC was preincubated with hemin, resin
binding was inhibited as a function of the hemin concentration
(Fig. 1A), suggesting that AhpC interaction with hemin was
specific and noncovalent. In line with this result, the His-AhpC-
hemin complex could be reconstituted in vitro and was charac-
terized by UV-visible spectroscopy. The spectrum of the com-
plex at pH 7.4 (Fig. 1B) revealed a Soret band at 414 nm and B/«
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bands at 535 and 566 nm, respectively, consistent with ferric
hexacoordinate low spin binding through the hemin iron cen-
ter (38). Reduction of the complex with dithionite (47) resulted
in a shift of the Soret band from 414 to 426 nm although oxida-
tion with ammonium persulfate did not, suggesting that AhpC
is bound to ferric hemin in our experimental conditions
(supplemental Fig. S2B). The nature of the interaction was fur-
ther investigated by resonance Raman spectroscopy. Fig. 1C
displays the high frequency region (13001700 cm ') of the
resonance Raman spectra of the AhpC-heme complex, per-
formed at room temperature and pH 7.4 with a laser excitation
at 406.7 nm. The spectra of this region consist of well known
marker bands that are sensitive to the oxidation, spin, and coor-
dination of the heme iron. The oxidation marker band v, was
observed at 1375 cm ™! and is typical of ferric heme. The spin
and coordination markers band v3 (at 1503 cm™*') and »2 (at
1589 cm™ 1) are characteristic of 6-coordinate (6c) low spin
hemes (48). However, the v, and v, bands display an asymmet-
rical shape, which suggests the presence of weak bands at 1490
and 1575 cm ™' and thus the existence of a small population of
oxidized high spin hemes in the sample. The heterogeneity of
the heme population is also reflected by the higher frequency
spectral region (>1600 cm ). This region contains contribu-
tions of the vinyl stretching modes of b-type hemes (at 1620
cm ') and the v,, component (which is sensitive both to the
spin state of the heme and to its conformation (49)). v,, shows
at least two contributions at 1632 and 1638 cm ™ * (frequencies
obtained by deconvolution but may vary according to the num-
ber of components used in this procedure). This suggests thatin
addition to heterogeneity in spin state, the oxidized hemes dis-
play heterogeneity in conformation in their binding sites. The
nature of this heterogeneity, which requires the measurement
of the whole resonance Raman spectra with different excita-
tions, will be analyzed in further studies.

The AhpC-hemin interaction was also studied by SDS-
PAGE, using tetramethylbenzidine to reveal the presence of
hemin (Fig. 1D). In mild denaturing conditions (0.5% SDS in the
sample buffer and no heating), AhpC migrated as a mixture of
monomers (23 kDa) and disulfide-linked dimers (47 kDa) (Fig.
1D, left panel). In these conditions, heme-associated peroxidase
activity was observed with both monomeric and dimeric AhpC
(Fig. 1D, right panel). Because binding is noncovalent (see Fig. 1
and below), these findings point also to a tight interaction,
i.e. resistant to denaturation, between AhpC and hemin as
reported earlier for other heme-binding proteins (47, 50, 51).
No peroxidase activity was associated with the apoprotein (Fig.
1D, left panel, 1st and 2nd lanes), which is expected as AhpC
requires an electron donor such as AhpF to be catalytically
active (Fig. 1D, right panel) (52). Hemin binding to His-AhpC
did not affect the ratio of dimer to monomer protein.

Characteristics of the AhpC-Hemin Complex—Utilizing the
difference of the Soret band peak of free and His-AhpC-bound
hemin, spectrophotometric titration of AhpC with increasing
amounts of hemin was carried out at 414 nm (Fig. 24 and
supplemental Fig. S2C). The dissociation constant K, value of
the AhpC-hemin complex was 0.52 * 0.08 um (mean = S.D.;
n = 6). His tag removal with enterokinase did not change the K,
value (data not shown), consistent with previous data showing
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FIGURE 1. AhpC is a hemin-binding protein. A, purified His-AhpC binds to hemin-conjugated agarose. His-
AhpC (50 um) was incubated with the indicated amount of hemin in 50 mm Tris-HCl, pH 7.4, containing 50 mm
NaCl for 15 min prior to hemin-agarose addition. After washings, bound protein was eluted from the resin with
2X Laemmli sample buffer and processed for SDS-PAGE, followed by Coomassie Blue staining. Binding to
hemin-agarose was inhibited by increasing hemin concentrations. B, UV-visible absorption spectrum of the
AhpC-hemin complex. Purified holo-AhpC exhibits a Soret band at 414 nm and 8 and « bands at 535 and 566
nm, respectively (inset). C, resonance Raman spectrum of AhpC-hemin. High frequency region of the resonance
spectrum of the complex at pH 7.4 was obtained with 406.7 nm laser excitation. The 1632 and 1638 cm ™ ' bands
comprising v,, were obtained by curve fitting. D, AhpC and hemin co-migrate on SDS-PAGE. His-AhpC alone
(left panel, left lane) or in complex with hemin (left panel, right lane) were separated by SDS-PAGE without
dithiothreitol as a mixture of disulfide-linked dimers (46 kDa) and monomers (23 kDa) (left panel, upper and
lower bands, respectively). The gel was stained for hemin-associated peroxidase activity with tetramethylben-
zidine (TMBZ, right panel), showing that AhpC monomers and dimers both interact with hemin. No tetrameth-
ylbenzidine staining was observed with AhpC alone (right panel, left lane).

The GBS AhpC protein has cata-
lytic sites centered on positions
Cys*” and Cys'®* (supplemental Fig.
S1C). To investigate the role of the
cysteines in hemin affinity, we gen-
erated a His-AhpC derivative in
which the two Cys residues were
modified (supplemental Fig. S1C).
The hemin titration curve of the
C47A,C165A double AhpC mutant
was identical to that of the WT (Fig.
2B). Moreover, the K, value of
mutated AhpC-hemin was 0.23 =*
0.04 uM (mean * S.D.; n = 6) com-
pared with 0.52 * 0.08 uMm (mean *
S.D; n = 6) for native AhpC,
suggesting that the hemin-binding
domain is distinct from the cata-
lytic/dimerization domains. This
result is in accordance with the
observation that hemin binds AhpC
monomers as well as dimers (Fig.
1D). These results also suggest that
hemin binding is distinct from the
enzymatic activity of AhpC.

AhpC Binds Hemin in Vivo—An
expression vector comprising the
GBS AhpC open reading frame
tagged at its N terminus with the
hemagglutinin (HA) influenza pep-
tide and transcribed via its native
promoter was used to study AhpC
in vivo. Western blot analysis with
HA antibody showed that HA-AhpC
was expressed in E. coli (Fig. 3A).
When whole cell lysates were incu-
bated with hemin-agarose, HA-AhpC
was eluted from the resin-bound frac-
tion, confirming AhpC to be a hemin-
binding protein (Fig. 34). To investi-
gate whether AhpC binds hemin in
vivo, we stimulated E. coli heme bio-
synthesis by adding §-aminolevulinic
acid (ALA) to strains overexpressing
N-terminal MBP-tagged AhpC open
reading frame in the presence of iso-
propyl 1-thio-B-p-galactopyranoside
(54, 55). The choice of the MBP-
AhpC fusion was made to avoid treat-
ments used for purification of the
HA-AhpC or His-AhpC fusions,

that the His peptide has no affinity for hemin (53). The satura-
tion point, as determined by titration, was around 10 um hemin,
indicating that AhpC binds one molecule of hemin per mono-
mer (Fig. 2A). This conclusion was further demonstrated using
the pyridine hemochrome assay to assess heme content. Results
showed that 5 um AhpC complex bound 5.5 = 0.2 uM (mean *
S.D.; n = 3) (supplemental Fig. S2D).
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which could interfere with heme binding (MBP fusions are eluted
with maltose). When induced in the presence of ALA, purified
MBP-AhpC on amylose resin exhibited a light red color sug-
gesting that AhpC could be copurified with heme (Fig. 3B
and supplemental Fig. S3). Confirming this observation, a
UV-visible spectra of an equivalent amount of purified MBP-
AhpC originating from E. coli grown in the presence of ALA
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FIGURE 2. Titration curves of AhpC WT and cysteine mutated with hemin.
WT (A) and cysteine-mutated (B) AhpC (5 um) were titrated with increasing
increments of hemin. A,,, was plotted against hemin concentration. Curves
are representative of three independent experiments and were fitted using
the nonlinear regression function of GraphPad Prism 4 software with the
equation defined under “Experimental Procedures.” abs, absorbance.

showed a Soret band at 414 nm (Fig. 3C) indicating that
AhpC may complex with hemin in vivo.

Hemin Does Not Modify AhpC Alkyl Hydroxyperoxidase
Activity—Like numerous peroxidases, AhpC hydroxyperoxi-
dase activity does not require heme as a cofactor (56). As hemin
did not bind AhpC through its catalytic sites (Fig. 2), we con-
sidered it unlikely that hemin interferes directly with its enzy-
matic activity. To validate this supposition, AhpC reductase
activity was measured iz vitro in hemin-bound and hemin-free
forms using the thioredoxin-regenerating system (28). AhpC
(10 um) in complex with hemin had a similar reductase activity
to that of the apoprotein (8.6 = 1.6 and 9.5 *= 2.7 milliunits
(mean = S.D.; n = 3)), indicating that hemin had no effect on
AhpC enzymatic properties. This does not rule out that, under
in vivo conditions, the hemin cofactor is in a different redox/
ligation state that could have an impact on AhpC activity. In
vivo, the GBS ahpC mutant exhibited greater sensitivity than
the WT strain to the alkylperoxide cumene hydroperoxide on
plate tests (supplemental Table S3). Addition of hemin to cul-
tures did not modify the size of the inhibition zone, suggesting
that hemin does not affect enzyme activity (supplemental
Table S3). We also used an in vivo approach in E. coli to esti-
mate peroxidase activity of AhpC in a complex with hemin or
not. The GBS ahpCF operon (pAhpCF) was first established in
an E. coli ahpC mutant. Functionality of the GBS enzyme in
E. coli was confirmed, as the transformed strain displayed
clearly greater resistance to cumene hydroperoxide than the
ahpC mutant and was even slightly more resistant than the WT
E. coli parental strain (supplemental Table S4, 1st column).
When the same bacteria were grown with ALA, the inhibition
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FIGURE 3. AhpC binds hemin in vivo. A, E. coli lysates expressing HA-AhpC
were incubated with hemin-agarose. HA-AhpC was eluted from hemin-con-
jugated resin as seen with an anti-HA antibody. B, purified MBP-AhpC from
ALA-treated E. coli exhibits a red color (as also observed for HA-AhpC under
similar conditions; data not shown). E. coli strains carrying the pMAL-AhpC
expression vector were grown to Agy, = 0.3 at 37 °C, cooled down to room
temperature, and further grown at room temperature for 16 hin the presence
of 0.25 mm isopropyl 1-thio-B-p-galactopyranoside and 1 mm ALA, a heme
precursor that stimulates its synthesis. Cells were lysed, and the MBP-AhpC
protein was purified on amylose resin (see “Experimental Procedures”). G, vis-
ible spectra of MBP-AhpC purified from E. coli treated with ALA or not as in B.
Equivalent concentrations (60 um) of MBP-AhpC as shown in B were analyzed
by UV-visible spectrophotometry. Only the spectra corresponding to the pro-
tein isolated from ALA-treated cells exhibited a Soret band, further suggest-
ing that heterologous overexpression of MBP-AhpC captured a fraction of
overproduced hemin. The MBP tag has no affinity for hemin (data not shown).

rings induced by cumene hydroperoxide were unchanged
(supplemental Table S4, 2nd column), and cellular AhpC levels
were comparable (as determined by Western blot; data not
shown). Taken together, these data suggest that AhpC reduc-
tase activity is not hemin-dependent.

Respiration Metabolism Is Attenuated in an ahpC GBS
Mutant—Increasing concentrations of hemin added to culture
medium had similar toxicity in aerobic fermentation cultures of
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FIGURE 4. GBS respiration metabolism is attenuated in an ahpC mutant.
A, growth of WT and ahpC GBS in respiration-permissive conditions. WT and
ahpC GBS strains were grown for 5-6 h in aerated or respiration-permissive
(1 wm heminand 10 um vitamin K, (vitK,)) or nonpermissive (1 um hemin only)
conditions in M17 supplemented with 1% glucose. The growth increase
under respiration conditions was less pronounced for the ahpC GBS mutant.
Results represent the means = S.D. from at least 10 independent experi-
ments. Asterisk denotes statistically significant reduction of respiration in the
ahpC mutant compared with the WT as determined by Student’s t test (p <
0.05). B, comparative oxygen consumption rates in WT and ahpC mutants
grown as in Fig. 5A. Oxygen consumption was measured on whole cells
grown under aerobic fermentation and respiration conditions with a Clark-
type electrode as described under “Experimental Procedures.” Oxygen con-
sumption, which is characteristic of respiration metabolism when oxygen is
the terminal electron acceptor, was markedly reduced in the ahpC mutant,
showing that respiration rate is decreased. Data are normalized to Ao, = 1for
both cultures and are means = S.D. from three experiments.

WT and ahpC GBS, thus making it unlikely that AhpC has a
central role in limiting hemin toxicity (supplemental Fig. S4A4).
We investigated an alternative possibility that AhpC could par-
ticipate in hemin intracellular availability. To date, no enzy-
matic function, other than the cytochrome bd oxidase, is
known to use hemin in GBS (11). We first examined the effi-
ciency of respiration metabolism in WT and aspC strains as an
indicator of intracellular hemin availability, because GBS respi-
ration activity in late growth is contingent upon addition of
hemin and a menaquinone (vitamin K,) (supplemental Fig.
S4B) (11). Strains grown in hemin but without vitamin K, (non-
respiratory condition) were used as controls. Respiration
metabolism of WT GBS stimulated biomass by 1.8-fold com-
pared with nonrespiring aerobic cultures, as reported (Fig. 4A
and supplemental Fig. S4B) (11). In contrast, the aipC mutant
showed only a 1.4-fold increase in biomass in respiration con-
ditions. To confirm that this difference was due to a respiration
defect of the mutant, we compared the rate of oxygen consump-
tion in WT and ahpC cells (11). Both strains exhibited similar
low rates of oxygen consumption in nonrespiration conditions
(Fig. 4B, fermentation), probably due to cytoplasmic NADH
oxidase activity as reported previously (11). Growing WT GBS
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in respiration-permissive conditions resulted in an ~6-fold
increase in oxygen consumption attributed to stimulation of
the respiratory chain (Fig. 4B, respiration). In contrast, the rate
of oxygen consumption in the a/ipC mutant was about 3.4 times
lower than in the respiration-proficient WT strain. The above
results give evidence that the absence of AhpC activity leads to
a respiration defect. Altogether, these results suggest either a
respiration-specific or more general role of AhpC in favoring
intracellular hemin utilization.

Activity of a Heterologously Expressed Heme-dependent Cat-
alase Is Diminished in the GBS ahpC Mutant—GBS, like most
streptococci, is catalase-negative. To further test the potential
role of AhpC as an intermediate for intracellular heme avail-
ability, we used the heme-dependent E. faecalis catalase A
(KatA) as a heterologous indicator to estimate intracellular
heme availability (Fig. 5, A and B). KatA stability depends on the
presence of heme (42). A plasmid expressing KatA (pLUMBS,
kindly provided by L. Hederstedt) was established in WT and
ahpC strains, and catalase activity of both strains was evaluated
by measuring H,O, consumption (42). As expected, no catalase
activity was detected in either strain in the absence of added
hemin (Fig. 5, A and B). In WT GBS, catalase activity was
dependent on hemin at low concentrations and reached a maxi-
mum at 0.5 uMm hemin and above (Fig. 5A4). In contrast, in the
presence of 0.5 uM hemin, the akpC mutant exhibited signifi-
cantly lower catalase activity than the WT strain (Fig. 5B). One
explanation for these results is that at low concentrations (<1
uMm), hemin cytoplasmic availability for functional KatA expres-
sion was lower in the aspC mutant than in its WT counterpart.
This hypothesis was tested (Fig. 5C), using the previous obser-
vation that cellular catalase expression levels are proportional
to intracellular hemin availability by a post-translational mech-
anism (41). KatA expression was evaluated by Western blots of
bacterial lysates using anti-KatA antibodies (kindly provided by
L. Hederstedt). Protein profiles exhibited an extra ~70-kDa
band when WT GBS was grown in the presence of hemin (data
not shown), which was confirmed by Western blotting to cor-
respond to KatA (Fig. 5C, WT + hemin). This band was absent
in profiles of cultures grown without hemin, confirming that
KatA does not accumulate in this condition. Comparatively,
KatA expression was lower in the ahpC mutant when bacteria
were grown with 0.1 or 0.5 uM hemin (Fig. 5C, ahpC), suggest-
ing that reduced KatA activity in the aspC mutant is due to
decreased enzyme abundance. The above findings lead us to
speculate that in the absence of AhpC activity less hemin is
available for incorporation in hemoproteins when extracellular
concentrations of hemin are low (i.e. <1 um).

Binding to AhpC Protects Hemin from Nonenzymatic
Degradation—The above results led us to ask whether the
interaction between hemin and AhpC has a functional role in
isolating hemin from a potentially deleterious environment.
For example, hemin may be damaged by H,O, and other ROS
that are common by-products of bacterial growth in oxygen.
We compared the in vitro sensitivity to H,O,-mediated degra-
dation of hemin in its free form or complexed to AhpC or to
another heme-binding protein, BSA (14). Addition of H,O, to
hemin resulted in a rapid decrease of peak absorbance at A,
as reported previously (14), indicating oxidation and partial
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FIGURE 5. Levels of a heterologous heme catalase are reduced by ahpC
inactivation. The E. faecalis catalase A (KatA) was expressed in GBS WT (A)
and ahpC (B) strains transformed with pLUMBS5 plasmid. Bacteria were incu-
bated overnight with the indicated concentrations of hemin (um). Catalase
activity was assessed by measuring H,0, consumption on whole cells with
the xylenol orange assay (see “Experimental Procedures”). The presented
results are representative of three independent experiments. The GBS control
(no KatA) has no endogenous catalase activity in the presence of hemin (data
not shown). G, KatA expression in WT and ahpC GBS. Cells were grown over-
night in the presence of the indicated hemin concentration (um). Equivalent
amounts of protein (50 ug) were separated on SDS-PAGE and probed with
anti-KatA polyclonal antibody. The presented results are representative of
three independent experiments.

hemin degradation (Fig. 6). In contrast, when AhpC was com-
plexed with hemin prior to H,O, addition, hemin decomposi-
tion was inhibited, as shown by a limited decrease of A,;,. In
comparison, BSA conferred poor hemin protection (Fig. 6).
These data are consistent with our hypothesis that hemin com-
plexed with AhpC is protected from nonenzymatic oxidative
degradation.

DISCUSSION

The biochemical and in vivo studies presented here demon-
strate that the GBS AhpC, a well known peroxidase belonging
to the 2-Cys peroxiredoxin family, is a hemin-binding protein.
This finding was unexpected, as this family was described as
comprising non-hemin peroxidases (23). Indeed, AhpC activity
from several sources has been extensively studied and shown to
hydrolyze peroxides in the absence of hemin (24, 44, 52). We
found that AhpC variants with substitutions at the redox-active
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FIGURE 6. AhpC-bound hemin is protected from H,0,-mediated degrada-
tion. 20 um hemin alone or in complex with 20 um His-AhpC or 20 um BSA
were diluted in 50 mm Tris-HCI buffer, pH 7.0. Absorption spectra between
300 and 500 nm were taken at the indicated times before (t = 0) and at the
indicated times and following the addition of 800 um H,0,. The decrease in
absorbance intensities of the Soret peak of free hemin (at Asgs) or hemin
bound to AhpC or BSA (at A,,,) were determined from the spectra. Intensities
at the indicated time points were subtracted from the respective zero values
and plotted. The presented curves are representative of three independent
experiments.

Cys*” and Cys'®® positions, which are catalytically inactive and
unable to form disulfide bridge between monomers (52), bound
hemin like the native enzyme, indicating that hemin binding
occurs independently of enzyme function or oligomerization.
This excluded involvement of “CP” motifs in the AhpC-heme
interaction, despite their implication as heme-binding sites, e.g.
of mammalian hemin-oxygenase or E. coli catalase (40, 57, 58).
This study is therefore consistent with previous data and shows
that hemin binding properties are distinct from enzymatic
activity of the protein.

AhpC binds hemin with a K, of ~0.5 um, an affinity lower
than those reported for several bacterial cytoplasmic hemin-
binding proteins such as ShuS (13 um) (18), HmuO (2.5 £ 1.0
uM) (59), IsdG (5.0 = 1.5 pum), and Isdl (3.5 £ 1.4 um) (60).
Interestingly, these values differ from the 55 nm K, of the rat
homologue HBP23 (45). This difference in dissociation con-
stants might be explained if intracellular heme levels in pro-
karyotes are higher than those in eukaryotic cells (61, 62). Nev-
ertheless, factors such as protein oligomerization or redox
state, and hemin redox state, might affect hemin affinity mea-
surements. UV-visible and resonance Raman spectroscopy
showed that the heme bound to AhpC is mainly oxidized
low spin heme with the presence of alow amount of a subpopu-
lation of high spin hemes. Further studies should lead to the
characterization of axial ligands implicated in this interaction.

What physiological function could be attributed to the
AhpC-hemin interaction? Hemin is known to provoke the pro-
duction of highly toxic ROS through the Fenton reaction (13),
but it also undergoes redox reactions in the presence of ROS
leading to its degradation (13, 63). We therefore considered two
hypotheses. First, AhpC could be involved in protecting the cell
against hemin toxicity. In this case, AhpC peroxidase activity,
coupled to its hemin binding activity, would provide an efficient
means of sequestering hemin to protect the cellular environ-
ment. However, this hypothesis was not supported, as hemin
toxicity was equivalent in WT and a/ipC mutant strains. More-
over, hemin of the AhpC-hemin complex exhibited peroxidase
activity in vitro (data not shown). The second hypothesis is that
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AhpC participates in hemin availability by preventing its deg-
radation and facilitating its intracellular transport to cellular
targets. Both in vivo and in vitro results support this hypothesis.
Two functions that rely on hemin-dependent enzymes, GBS
respiration (11) and heterologous catalase KatA activity (64),
were diminished in the aspC mutant. One explanation is that
amounts of available intracellular hemin in the ahpC mutant
are insufficient for incorporation into the cytochrome oxidase
or KatA, thus implicating a role of AhpC as a cytoplasmic
hemin chaperone. Because heme is poorly soluble and toxic,
our hypothesis is that binding to AhpC, a cytoplasmic protein,
would help shuttle heme in the cytoplasmic environment to its
binding partners, thereby improving its availability. Thus, the
heme incorporated into the catalase would originate at least in
part from holo-AhpC. Chaperones for metals or heme have
been described previously, transporting metal ions/heme into
specific targets and protecting cells from their toxicity (47, 65).
CcmeE, for example, is a heme chaperone that binds heme tran-
siently in the E. coli periplasm and delivers it to newly synthe-
sized c-type cytochromes (65). Similarly, copper chaperones
carry and deliver copper to specific intracellular targets such as
superoxide dismutase, cytochrome ¢, or multicopper oxidase
(66). Studies on HBP23, which shares 38% identity with the GBS
AhpC, have led to the conclusion that this protein could be an
intracellular heme transporter (46, 67).

Previous studies of AhpC provided evidence in favor of our
hypothesis. EPR spectroscopy was used to show that the hemin-
dependent catalase A activity was affected in an H. pylori ahpC
mutant (68). The authors proposed that a proportion of the
catalase was bound to catalytically inactive hemin due to oxida-
tive attack by peroxides accumulated in the aipC mutant (68).
Our results provide an additional explanation for these obser-
vations, as we show that hemin bound to AhpC protein is less
sensitive to redox reactions in the presence of ROS. Both the
previous and present data point to a role of AhpC in hemin
binding, which protects intracellular hemin from degradation
and could be a means to facilitate its utilization by different
hemoproteins. Whether this property is unique to AhpC or is
common to other GBS hemin-binding proteins remains to be
confirmed. In conclusion, our results are consistent with the
possibility that AhpC could serve as an intracellular chaperone
for heme, to optimize its trafficking and transfer to cellular
targets such as catalase.

Interestingly, our results indicating that AhpC peroxidase
protects hemin from degradation are consistent with studies in
eukaryotes. A role in hemin protection of a family of specific
glutathione S-transferases in the hemin auxotroph nematode
Caenorhabditis elegans was proposed in a recent proteomic
study (69). Interestingly, like AhpC, several glutathione
S-transferases possess peroxidase activity. Moreover, a 1-Cys
Prx in the human malaria parasite Plasmodium falciparum is
expressed at high levels during the hemin-digesting stage and
binds hemin. The authors suggested that 1-Cys Prx might slow
GSH-mediated degradation of intracellular hemin and conse-
quent iron liberation, thus protecting the parasite from iron-
induced toxicity (70). Altogether, these data lead us to speculate
that peroxidases other than AhpC could have a role as heme
chaperones.
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In this study, we show for the first time that bacterial AhpC
has hemin binding activity and give evidence for its role in pro-
tecting heme from oxidative degradation. We hypothesize that
the combination of AhpC peroxidase activity and hemin bind-
ing properties would optimize compartmentalization or stor-
age of this reactive molecule. Because peroxiredoxins are highly
conserved, our results might apply to other bacteria and pro-
vide an additional role for this multifunctional family. We spec-
ulate that AhpC could constitute the first identification of a
bacterial intracellular protein with heme chaperone-like activ-
ities that is expressed in most bacteria.
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