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The AhpC subunit of the Bacillus subtilis alkyl hydroperoxide reductase was identified as a general stress
protein induced in response to heat or salt stress or after entry of the organism into the stationary phase. The
ahp operon, encoding the two subunits AhpC and AhpF, was cloned and localized between the gntRKPZ operon
and the bgiA locus. Two-dimensional gel analyses revealed an especially strong induction of AhpC and AhpF
in cells subjected to oxidative stress. Transcriptional studies showed a 3- to 4-fold induction of ahp mRNA after
heat or salt stress or starvation for glucose and a 20-fold induction by oxidative stress, thus confirming the
protein induction data for AhpC and AhpF. Stress induction occurred at a o*-dependent promoter that
overlaps with operator sites similar to the per box. Compared with the wild type, the ahpC mutant was resistant
to hydrogen peroxide because of the derepression of the peroxide regulon (N. Bsat, L. Chen, and J. D. Helmann,
J. Bacteriol. 178:6579-6586, 1996) but more sensitive to cumene hydroperoxide (CHP) during exponential growth.
In contrast, stationary-phase wild-type and ahpC mutant cells displayed complete resistance to treatment with
1 mM CHP. Moreover, a ¢® mutant was found to be extremely sensitive to CHP during vegetative growth and
in stationary phase, which indicates that ¢®-dependent general stress proteins are involved in the protection

of cells against oxidative stress.

In their natural environment, Bacillus subtilis cells are fre-
quently faced with different growth-restricting conditions, like
heat, salt, and oxidative stress and deprivation of nutrients. To
overcome these adverse conditions, B. subtilis cells have devel-
oped a network of adaptive responses. One response to differ-
ent stress conditions is the induction of a distinct group of
proteins that are visible on two-dimensional (2-D) protein gels,
referred to as general stress proteins (GSPs) (30, 31, 57). It is
evident that the majority of the general stress genes belong to
the large o®-dependent stress or stationary-phase regulon,
since the proteins are not stress inducible in a ¢® deletion
mutant (10, 30, 57). Because of their coordinate induction
pattern, they are thought to provide the cell with nonspecific
protection under adverse conditions (30). There are only a few
GSPs, like ClpC, ClpP, ClpX, TrxA, Lon, and FtsH, which can
be induced by stress independently of o® (18, 26, 27, 30, 37, 47,
50). Besides these general stress genes, each single stressor
induces its specific set of stress-specific proteins. The chaper-
one operons dnaK (59) and groESL (38, 51, 57) are induced
specifically after heat stress. Their thermoregulation requires
the major vegetative sigma factor o, a conserved inverted
repeat (CIRCE) upstream of the translational start points, and
a repressor (ORF39) that interacts with the CIRCE element
(61, 62, 64).

Pretreatment of exponentially growing B. subtilis cells with
sublethal (protective) doses of H,O, confers resistance to a
lethal H,O, treatment (20, 44). As shown by one-dimensional
gel electrophoresis, this inducible response is related to the
synthesis of a specific group of proteins (19, 28, 44), which
differs significantly from the GSPs (6, 30). Only a few of these
hydrogen peroxide-inducible proteins, including the two sub-
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units of the alkyl hydroperoxide reductase (AhpC and AhpF)
and a DNA-binding and protecting protein (MrgA), seem to
be slightly induced by heat shock (15, 16, 19, 44). Together with
the vegetative catalase, KatA, and heme biosynthesis proteins,
they constitute a peroxide regulon whose induction provides
exponentially growing pretreated cells with specific protection
against an otherwise lethal H,O, challenge (17, 19).

In this study, we identified one of the o®-independent GSPs
as the AhpC subunit of the B. subtilis alkyl hydroperoxide
reductase. We describe the cloning of the B. subtilis ahp operon
and the regulation of the expression of this operon in response
to general and oxidative stress conditions. In addition to the
specific function of Ahp in the detoxification of organic hy-
droperoxides, oB-dependent GSPs seem to be involved in the
protection of growing and starving cells against cumene hy-
droperoxide (CHP).

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Escherichia coli DH5a and RR1
were routinely grown in a complex medium and used as hosts for DNA manip-
ulation. B. subtilis strains were cultivated under vigorous agitation at 37°C in a
synthetic medium described previously (54). Exponentially growing cells were
exposed to different stress conditions in accordance with the procedure of Vélker
et al. (57). For heat shocking, cells were shifted from 37 to 50°C. The other stress
conditions were achieved by exposing cells to either 4% (wt/vol) NaCl, 60 puM
H,O,, or 100 uM CHP. Starvation for glucose was provoked by cultivating the
bacteria in a medium containing limiting amounts of glucose (0.05%, wt/vol).

Survival assays after H,0, and CHP challenge. Cells grown in a minimal
medium to an optical density at 500 nm of 0.4 were transferred to 100-ml
Erlenmeyer flasks, and H,0, was added to various concentrations from 100 pM
to 20 mM. Samples subjected to two H,O, treatments were treated sequentially
for 15 min each. For CHP challenge, exponentially growing cells (10 ml each)
were placed in 100-ml Erlenmeyer flasks containing various concentrations of
CHP in the range from 100 pM to 1 mM (diluted in dimethyl sulfoxide). For
determination of the CHP sensitivity along the growth curve, cultures were
grown under glucose starvation conditions and placed in Erlenmeyer flasks
containing 1 mM CHP at various time points (see Fig. 5). All tubes were shaken
at 200 rpm for 15 min at 37°C. Survival of the cells was determined by plating
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Genotype or description

Reference or source

Strains

E. coli

DH5a F~ $80d lacZ AM15 A(lacZYA-argF)UI69 deoR recA endAl hsdR17 (v~ my ") supE44 thi-1 gyrA96 48

RRI1 F~ mcrB mrr hsdS20 (rgy~ mg ) aral4 proA2 lacY1 leu galK2 rpsL.20 (Sm") xyl5 mtll supE44 48
B. subtilis

1S58 trpC2 lys-3 52

168 trpC2 3

BGHI1 trpC2 lys-3 sigB::AHindIII-EcoRV::cat 42

ML6 trpC2 sigB::AHindIII-EcoRV::cat 33

BAhpC trpC2 lys-3 ahpC::pJAHP9 This work

HB1022 trpC2 mrgA:Tn917-lacZ (MLS") attSPB 16

Plasmids

pBluescript I KS(—) Cloning vector; Ap* Stratagene
pJH101 Integrative plasmid; Ap" Tc" Cm" 24
pAHP9 pBluescript II KS(—) containing the 493-bp PCR product of ahpC This work
pJAHP9 pJH101 containing the 520-bp BamHI-Sall fragment of pAHP9 This work
pJAHP11 Obtained after plasmid rescue from Ndel-digested DNA of B. subtilis BAhpC This work
pJAHP15 Obtained after plasmid rescue from AatII-digested DNA of B. subtilis BAhpC This work
pJAHP12 pBluescript II KS(—) containing the 762-bp EcoRI-EcoRI fragment of pJAHP11 This work
pJAHP13 pBluescript II KS(—) containing the 876-bp EcoRI-EcoRI fragment of pJAHP11 This work

appropriate dilutions on Luria-Bertani agar at 37°C and comparing the viable
counts with those of a control tube shaken for the same period of time.

Analytical and preparative 2-D PAGE and N-terminal sequencing. Analytical
2-D polyacrylamide gel electrophoresis (2-D PAGE) was performed with bacte-
rial cell extracts which were labelled with L-[**S]methionine for 3 min before and
5 min after exposure to oxidative stress in accordance with the procedure of
Hecker et al. (29). For N-terminal sequencing, protein samples were separated
by preparative 2-D PAGE with the 2-D electrophoresis system of the Millipore
Corporation, and the protein spots collected from several 2-D gels were concen-
trated as described previously (4). The protein was blotted onto a polyvinylidene
difluoride membrane, stained, and sequenced as described previously (4). A
modification of the standard cycle was used for faster sequencing.

Cloning and sequencing of akp and construction of an ahp insertional mutant.
Taking into account the codon usage of B. subtilis (58), two degenerate oligo-
nucleotide PCR primers, 5 AAAGAAGTNYTNCCDTWYGAAGC 3’ (P1)
and 5 ATTTNGCHGGRCANACTTCNCC 3’ (P2), were deduced from the
AhpC N-terminal sequence, KEVLPFEA, and from a C-terminal conserved
catalytic motif, GEVCPAKW, respectively. A 493-bp PCR product was amplified
from chromosomal DNA of B. subtilis 1S58 and cloned into the EcoRYV site of the
plasmid pBluescript IT KS(—), resulting in plasmids with the cloned sequence in
opposite directions (pAHP7 and pAHPY). Plasmids were sequenced by the
dideoxy-chain termination method of Sanger et al. (49). The 520-bp BarmHI-Sall
fragment of pAHPY was ligated with the insertional vector pJH101 which had
been digested with the same enzymes. The resulting plasmid, pJAHP9, was used
to transform competent cells of B. subtilis IS58. Chloramphenicol-resistant col-
onies were selected on agar plates containing 5 pg of chloramphenicol per ml.
The integration was verified by Southern blot analysis. To clone the promoter
region of ahpC and the downstream ahpF gene, chromosomal DNA of the
resulting ahpC mutant strain BAhpC was digested with AarIl and Ndel, religated,
and introduced into E. coli DH5a, creating plasmids pJAHP15 and pJAHP11.
For sequencing, a Dral-Sall fragment of pJAHP15 and two EcoRI fragments
(762 and 876 bp) of pJAHP11 were subcloned. The sequence was determined
from a set of subclones and by primer walking.

Analysis of transcription. Total RNA of each of the B. subtilis strains under
investigation was isolated from exponentially growing cells before and after
exposure to stress by the acid phenol method of Majumdar et al. (40) with
modifications as described previously (57). Serial dilutions of total RNA were
transferred onto a positively charged nylon membrane by slot blotting and hy-
bridized with digoxigenin-labeled RNA probes in accordance with the instruc-
tions of the manufacturer (Boehringer Mannheim). The chemiluminograms
were quantified with a personal densitometer from Molecular Dynamics. Induc-
tion values were calculated by setting the value of the control to 1.

Northern (RNA) blot analyses were performed as described previously (59).
Hybridization specific for ahpC was conducted with a digoxigenin-labeled RNA
probe synthesized in vitro with T7 RNA polymerase (noncoding strand) from
HindIlI-linearized plasmid pAHP7 containing the 493-bp fragment of akpC.

For primer extension experiments, the synthetic oligonucleotide primer com-
plementary to the N-terminus-encoding region of the aipC gene (PAHP1, 5’
AATGGAAGTACTTCTTTACCG 3’) was 5’-end labelled with [y-**P]JATP and
used as the primer for the primer extension analysis as described previously (59).

Electron microscopic analysis. B. subtilis 1S58 and BAhpC were grown in
minimal medium as described above. The flagella of cells from exponential- and
stationary-phase cultures were visualized by negative staining with 1% uranyl
acetate, using glow-discharged 400-mesh grids with carbon-coated pioloform
films. Samples were examined at 80 kV with a Zeiss EM 906 electron microscope.

General methods. Plasmid isolation, restriction enzyme analysis, transforma-
tion of E. coli, ligation of DNA fragments, and filling in of the recessed 3’ termini
by the Klenow fragment of DNA polymerase I were performed in accordance
with the standard protocols (48). Chromosomal DNA from B. subtilis was iso-
lated as described by Meade et al. (43). Transformation of natural competent
B. subtilis cells was carried out as described by Hoch (32).

Computer analysis of sequence data. The sequence data manipulations were
performed with the Genetics Computer Group sequence analysis software pack-
age. Database searches were performed with the Blast program (1).

RESULTS

Identification of AhpC by N-terminal sequencing. Among
the numerous GSPs identified by 2-D gel electrophoresis and
subjected to N-terminal sequencing, we found a polypeptide
(Gsp22) whose sequence over the first 28 amino acids was 57%
identical to the small subunit of the alkyl hydroperoxide re-
ductase from E. coli and Salmonella typhimurium (AhpC) (56)
and was completely identical to the N terminus of the previ-
ously identified AhpC protein of B. subtilis (28). Because this
protein was previously shown to be induced by oxidative stress
(28) as well as by heat and salt stress (57), we studied the
regulation and function of the corresponding gene in response
to stress.

Cloning and sequence analysis of the ahp operon. AhpC
homologs are widely distributed among organisms of all king-
doms and define a large family of more than 25 proteins, the
thiol-specific antioxidant protein family (12, 13). The most
common features of this group are related to one or two
conserved cysteine-containing hydrophobic motifs (VCP) re-
sponsible for the catalytic antioxidative activity (14). For clon-
ing of the B. subtilis ahpC gene, we derived degenerate oligo-
nucleotide primers corresponding to the N-terminal sequence
of AhpC and the C-terminal conserved cysteine-containing
catalytic motif and amplified a 493-bp PCR product by using
these primers with chromosomal B. subtilis IS58 DNA as the
template. This ahpC fragment was cloned into an integrational
vector which was integrated into the chromosomal ahpC gene,
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FIG. 1. Synthesis of proteins in B. subtilis wild-type (IS58) and ahpC mutant (BAhpC) strains after treatment with 60 uM H,O,. Bacteria were pulse-labelled for
3 min with L-[**S]methionine before (co) and 5 min after H,O, challenge (60 uM H,O,, 5 to 8 min). Proteins induced by H,0, (Hpi2 and -3, AhpC, AhpF, MrgA,

and KatA) are boxed.

resulting in an ahpC disruption mutant, BAhpC. The ahp
operon, including the flanking noncoding regions, was cloned
by plasmid rescue of chromosomal BAhpC DNA. The nucle-
otide sequences of ahpC and the 5’ end of ahpF were deter-
mined in the 930-bp EcoRI-HindIll interval from plasmids
pJAHP12 and pJAHP13. The sequence downstream of the
HindIII site was identical to the sequence of the C-terminal
part of the NADH dehydrogenase (ndh) published by Zhang
and Aronson (63). The nucleotide sequence of the presumed
promoter region was determined from the Dral-EcoRI frag-
ment of plasmid pJAHP15, which contained the C-terminal
region of the gntRKPZ operon as reported by Fujita et al. (25).
This result was in agreement with the map position for ndh or
ahpF at 340° on the B. subtilis chromosome (2, 63).

While this work was in progress, we learned that the B. sub-
tilis ahp operon has been independently identified and cloned
by Bsat et al. (11) and sequenced by Kasahara et al. (GenBank
accession number D78193) (35) as part of the B. subtilis ge-
nome sequencing project.

Nucleotide sequence analysis revealed two open reading
frames (ORF1 and ORF2) of 563 and 1,429 bp whose pre-
dicted products were highly similar to the E. coli and S. typhi-
murium AhpC and AhpF proteins (56). Furthermore, the
translation products of the first codons of ORF1 (except for
Met) and ORF2 were identical to the N-terminal amino acid
sequences of AhpC and AhpF as determined by Hartford and
Dowds (28), and therefore we designated ORF1 as ahpC and
ORF2 as ahpF. The B. subtilis ahpC gene has the capacity to
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code for a protein of 187 amino acids with a predicted molec-
ular mass of 20,482 Da and a calculated pl of 4.28. The gene is
preceded by a potential ribosome binding site (5" GGAGGA
3’) located 8 nucleotides upstream of the start methionine
codon (ATG). The ahpF gene is located downstream of ahpC
and is predicted to encode a 509-amino-acid protein with a
molecular mass of 54,705 Da and an isoelectric point of 4.7.
The translation initiation codon TTG of the ahpF gene is
preceded by a Shine-Dalgarno sequence 8 nucleotides up-
stream (5" GGAGTG 3’). Two potential transcription termi-
nation signals were previously identified downstream of ahpF
(63).

The deduced amino acid sequences of ahpC and ahpF ex-
hibited strong identity to the NADH dehydrogenase operon of
Bacillus alcalophilus (83%) (60), the NADH oxidase operon of
Amphibacillus xylanus (87 and 72%) (45), AhpC of Staphylo-
coccus aureus (78%) (5), the Ahp operon of S. typhimurium (66
and 56%) (56), ORF C and ORF A of the Clostridium pas-
teurianum rubredoxin operon (31%) (41), and AhpC homologs
of Corynebacterium diphtheriae (26%) (55) and other gram-
positive microorganisms. Furthermore, it has been shown that
AhpF and thioredoxin reductase define a distinct family of
disulfide-containing oxidoreductase proteins (13, 56). The
highly conserved redox-active cysteine region of AhpF was
found at amino acid positions 337 to 342. Further comparison
revealed the presence of an N-terminal hydrophobic mem-
brane binding motif, two conserved adenine binding sites for
flavin adenine dinucleotide (210 to 241) and NADH (349 to
379), and a C-terminal flavin binding site for flavin adenine
dinucleotide (469 to 479).

2-D gel analysis of oxidatively stressed wild-type and ahpC
mutant cells. The 2-D gel pattern of proteins synthesized after
exposure of B. subtilis wild-type cells to sublethal doses of
H,0, differs significantly from that seen in response to general
stress conditions, like heat, salt, or ethanol stress (6, 30). As
seen in Fig. 1, the synthesis of at least seven proteins, of 16, 23,
41, 50, 54, 59.5, and 110 kDa, was increased by H,0O, in the
wild-type strain. Among these proteins, the 23-kDa AhpC was
strongly induced by oxidative stress in the wild-type strain and
eliminated from 2-D gels of the ahpC mutant. Furthermore,
the 54-kDa protein was identified as the AhpF protein on the
2-D gels. This protein was induced coordinately with AhpC in
the wild type and was not detectable in an aApC mutant,
presumably because the insertion mutation is polar. Both pro-
teins, AhpC and AhpF, were found to be induced by heat and
salt stress (6) and, therefore, display an overlapping response
to H,O, and general stress conditions.

Besides AhpC and AhpF, the 59.5-kDa protein, which was
identified as the vegetative catalase KatA, was strongly induced
by H,O, in the wild type (22). KatA was still induced in the
ahpC mutant, and, compared with the wild type, the basal level
of KatA was slightly increased, confirming the results pre-
sented in the accompanying paper (11).

In addition, two H,O,-inducible proteins of 16 and 110 kDa
which appeared at the same isoelectric point on the 2-D gel
were identified as the MrgA protein in its monomeric and
oligomeric complex forms (15) because both spots were elim-
inated from 2-D gels of the mrgA mutant strain HB1022 (data
not shown). The MrgA proteins were induced in the ahpC
mutant too but at a lower rate than in the wild type. In contrast
to the results of Dowds (19), we were not able to detect on the
2-D gels an increased synthesis of MrgA after heat stress (data
not shown).

Moreover, proteins of 50 and 41 kDa (Hpi2 and Hpi3) were
found to be induced by H,O, in the wild type but not in the
mutant. A comparison of other proteins revealed that flagellin
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FIG. 2. Quantification of the increase in the amount of ahipC mRNA in
response to different stresses. Slot blot analysis with RNA isolated from B. sub-
tilis 1S58 before (0) and at different times after (3, 6, 9, 12, 15, 20, and 30 min)
the stress was performed as described in Material and Methods.

(4) was synthesized at a significantly higher rate in the mutant
than in the wild type.

Analysis of transcription of the ahp operon after stress. Slot
blot RNA analysis using an ahpC-specific digoxigenin-labelled
RNA probe showed a weak but significant three- to fourfold
induction of ahp-specific mRNA in response to heat and salt
stress or after starvation for glucose (Fig. 2). A very strong
increase in the amount of the ahp mRNA was detected after
treatment with 60 uM H,O, (20-fold) or 100 .M CHP (15-
fold), which is consistent with the strong induction of AhpC
and AhpF on 2-D gels after oxidative stress.

RNA analysis using RNA of the ¢® deletion mutant BGH1
showed the same induction ratios of ahpC after stress as the
wild-type strain (data not shown).

Northern blot analysis using an ahpC-specific mRNA probe
was performed to determine the size of the ahp-specific tran-
script. As shown in Fig. 3B, one major transcript of nearly
2.4-kb was detected, which could indicate that ahpC and ahpF
are transcribed in a bicistronic operon from a promoter located
downstream from the terminator of the gnt operon. The short
transcript (Fig. 3B) might be due to degradation.

By primer extension analysis, the 5" end of the ahp-specific
transcript was mapped at an adenine residue located 64 nucle-
otides upstream of the translational start site (Fig. 3A). The
transcription was increased weakly in response to heat or salt
stress and strongly after exposure to oxidative stress, even in a
o® mutant. The transcriptional start point is preceded by the
sequence TTGACA(X,,)AATAAT, which perfectly matches
all bases of the —35 consensus sequence and five of six bases of
the —10 consensus sequence of o**-dependent promoters of
B. subtilis. Sequence analysis showed that the promoter region
contains an inverted repeat overlapping the —10 region (Fig.
3C) which demonstrated sequence similarity to the per box
consensus (11, 17).

Electron microscopic studies of ahpC mutant cells. The
ahpC mutant was analyzed in exponential and stationary
growth phases by electron microscopy. The cells of the wild
type grew as long, nonflagellated rods in the exponential
growth phase and were smaller, rod shaped, and flagellated
after entry into the stationary growth phase. The aApC mutant
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analysis, RNA was isolated from B. subtilis 1S58 before (co) and 12 min after heat shock (50°C) (h), salt stress (4%) (s), or oxidative stress caused by 60 pM H,0O, or
100 M CHP. The potential transcription start site is marked by an asterisk. The dideoxy sequencing ladder (ACGT) extends from the same primer used for primer
extension. The sequence displayed is complementary to that determined by DNA sequencing. (B) Northern blot analyses were performed by use of the above-
mentioned RNASs isolated before (co) and 12 and 15 min after different stresses were applied. Equal amounts of total RNA (5 pg) were used for primer extension and
Northern blot analyses. For technical reasons the Northern blot was cut into two segments, which were hybridized and subjected to autoradiography together. (C) The
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each other below the nucleotide sequence, and the putative Shine-Dalgarno sequence (rbs) is also indicated. The doubly underlined amino acid sequence is identical

to that determined from the isolated AhpC protein by N-terminal sequencing.

cells appeared as flagellated rods in both the exponential and
stationary growth phases (data not shown).

Ahp and o®-dependent GSPs confer resistance to CHP.
Deletion of ahp in E. coli and S. typhimurium resulted in
hypersensitivity to killing by CHP (53). Furthermore, it has
been shown that ahp from S. typhimurium is involved in the
protection of DNA against oxidative damage (34). Therefore,
we investigated the oxidative-stress resistance of the B. subtilis
ahpC mutant strain. Pretreatment of B. subtilis IS58 wild-type
cells with sublethal doses of H,O, (60 uM) caused the induc-
tion of the scavenging enzymes catalase and alkyl hydroperox-
ide reductase and a DNA-binding and protecting protein
(MrgA) (19, 44), which provide specific protection against oth-
erwise lethal H,O, doses (10 mM). Contrary to what was
expected, the nonpretreated afpC mutant strain displayed a
>100-fold-increased resistance to lethal H,O, challenge in
comparison to the wild-type strain. This resistance of the mu-
tant to H,O, could be further increased four to five times if
cells were pretreated with 60 pM H,O, prior to the lethal
H,O, challenge (Fig. 4A).

Analysis of the rate of survival after treatment of B. subtilis
cells with different concentrations of CHP in the exponential
growth phase revealed that the aApC mutant was 20- to 50-fold
more sensitive to lethal levels of CHP (0.5 to 1 mM) than the

wild type (Fig. 4B). However, no difference was found for
stationary-phase wild-type and mutant cells, which both were
completely resistant to 1 mM CHP (Fig. 5).

Since o®-dependent GSPs are induced upon entry of cells
into stationary phase, we measured the viability of two o®
deletion mutants (BGH1 and ML6) and their isogenic wild-
types parents (IS58 and 168) after treatment with 1 mM CHP
at different time points along the growth curve (Fig. 5). The
lack of o®-dependent GSPs during growth potentiates the kill-
ing after CHP challenge more than 100-fold. Stationary-phase
o® mutant cells displayed an increased resistance to CHP com-
pared with growing cells, but the rate of survival was lower than
10%, whereas wild-type cells showed 100% survival.

DISCUSSION

The induction of GSPs in B. subtilis represents one of the
first responses of the cell to growth-limiting environmental
changes. Besides the large group of o®-dependent GSPs, only
a few proteins remained stress inducible in a ¢® deletion mu-
tant (class III), exemplified by ClpP, ClpC, ClpX, TrxA, Lon,
and FtsH (18, 26, 27, 30, 37, 47, 50). The class III heat shock
genes vary in their stress induction pattern, indicating that they
may be regulated by different mechanisms (30). The ATP-
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FIG. 4. AnahpC mutant strain is resistant to H,O, (A) and sensitive to CHP
(B) in the exponential growth phase. (A) Cultures grown in minimal medium to
an optical density at 500 nm of 0.4 were divided and either pretreated with 60 pM
H,0, for 15 min or not pretreated prior to challenge with higher concentrations
of H,0, for 15 min. Strains: IS58, pretreated (@) and nonpretreated (O);
BAhpC, pretreated (w) and nonpretreated (CI). (B) Cultures grown to an optical
density at 500 nm of 0.4 were treated with various concentrations of CHP for 15
min. Strains: IS58 (O) and BAhpC (OJ). Viability was determined by measuring
CFUs. The values are the averages of the results obtained in five independent
experiments for each strain.

dependent chaperones and proteases ClpC and ClpP as well as
TrxA are strongly induced by a o®-dependent as well as a
o®-independent mechanism (27, 36, 50). In this study, a new
class III heat shock protein was identified as AhpC, the small
subunit of the alkyl hydroperoxide reductase which is induced
weakly by heat or salt stress by a strictly o®-independent mech-
anism. This induction of ahp in response to heat or salt stress
resembles the induction of three other class III genes, lon,
clpX, and ftsH (18, 26, 47). They are preceded by putative
o”-dependent promoters which are induced three- to fivefold

BAhpC
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in response to heat or salt stress. However, in contrast to other
class III genes, the ahp operon is strongly induced by oxidative
stress.

Per boxes which overlap with the ahpC promoter region may
be the target sites for the putative peroxide regulon repressor
(17). Similar operator sites exist in the promoter regions of
katA, mrgA, and hemA (8, 16, 17, 46). Therefore, it seems likely
that the ahp operon is regulated in the same way as katA, mrgA,
or the hem operon in response to oxidative stress (17). The
finding that the ahp operon can be induced by heat or salt
stress whereas katA (8, 23) and mrgA are only induced by
oxidative stress indicates that an additional cis-acting element
in the regulatory region of asp might be responsible for the
induction by heat or salt stress.

Hartford and Dowds (28) isolated a spontaneous H,O,-
resistant mutant, MA991, which overproduces all proteins of
the peroxide regulon, including AhpC and AhpF. Two features
of this mutant, repression of flagellin and filamentous growth
and increased resistance to organic hydroperoxides (28), might
be related to alterations in the levels of AhpC and AhpF.

2-D gel analyses revealed that flagellin was overproduced in
ahpC mutant cells, resulting in a constitutive flagellated phe-
notype. This result indicates that flagellin synthesis may be
repressed when AhpC and AhpF are overproduced either in
the mutant or in response to oxidative stress.

An ahpC mutant was more sensitive to CHP than the wild
type during exponential growth. Therefore, we propose that
the alkyl hydroperoxide reductase of B. subtilis is involved in
detoxification of organic hydroperoxides which are produced
from unsaturated fatty acids and nucleic acids during oxidative
stress conditions in growing cells.
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Interestingly, both MA991 (28) and our ahpC mutant dis-
played a constitutive hydrogen peroxide-resistant phenotype.
As reported in the accompanying paper (11), the increased
resistance of ahpC mutant cells to H,O, may be due to the
derepression of kat4 and other peroxide genes. This is consis-
tent with the results of our 2-D gel analyses of oxidatively
stressed wild-type and mutant cells, which revealed an in-
creased basal level of KatA in the ahpC mutant. The resistance
of the mutant to 10 mM H,O, could be further increased by
preadaptation, which might be due to the induction of KatA
and MrgA, as visualized on the 2-D gels. To confirm that the
H,O,-resistant phenotype was associated with an ahp allele, a
shuttle vector containing the ahp operon was transformed into
the ahpC mutant strain, which restored the H,O, sensitivity of
the wild type (data not shown).

The ahp operon was also induced after starvation for glu-
cose. However, in stationary-phase cells, Ahp is not required to
confer resistance to CHP because stationary-phase wild-type
and ahpC mutant cells are both resistant to CHP. A second
mechanism must be responsible for this resistance. Surpris-
ingly, o® mutants are characterized by a dramatically enhanced
sensitivity to CHP. In the literature, there is no evidence that
the phenotype of ¢® mutants is altered compared with that of
the wild type, which makes the prediction of the functions of
o®-dependent proteins questionable (7, 21). However, En-
gelmann et al. (23) found that ¢® controls the expression of
katE of B. subtilis, which is highly homologous to the starva-
tion-induced oS-dependent catalase gene katE from E. coli. oS
is a master regulator of E. coli that is involved in multiple-stress
resistance in starved cells (39). Therefore, it was tempting to
speculate that o® might provide a similar unspecific protective
function for B. subtilis (9, 23, 30). Recent studies by En-
gelmann and Hecker (22) and our results seem to confirm this
prediction, at least for the oxidative-stress resistance. How-
ever, some further resistance to CHP could also be induced in
glucose-starved ¢® mutant cells, indicating that another o®-
independent system exists which may cause the increased sta-
tionary-phase resistance to CHP.

In summary, the expression, regulation, and function of
ahpCF during oxidative stress are similar to those of the oxyR-
dependent ahp operon of E. coli. Because of its o®-indepen-
dent induction in response to other stresses and starvation, it
belongs in GSP class III. Phenotypic studies of ahpC and o®
mutants have shown that both oxidative and general stress
responses are involved in the protection of the cell against the
toxic oxidant CHP.
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