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Clostridium perfringens, a Gram-positive anaerobic pathogen, is a causative agent of human gas gangrene
that leads to severe rapid tissue destruction and can cause death within hours unless treated immedi-
ately. Production of several toxins is known to be controlled by the two-component VirR/VirS system
involving a regulatory RNA (VR-RNA) in C. perfringens. To elucidate the precise regulatory network
governed by VirR/VirS and VR-RNA, a series of microarray screening using VirR/VirS and VR-RNA-defi-
cient mutants was performed. Finally, by qRT-PCR analysis, 147 genes (30 single genes and 21 putative
operons) were confirmed to be under the control of the VirR/VirS-VR-RNA regulatory cascade, Several
virulence-related genes for alpha-toxin, kappa-toxin, hyaluronidases, sialidase, and capsular poly-
saccharide synthesis were found. Furthermore, some genes for catalytic enzymes, various genes for
transporters, and many genes for energy metabolism were also found to be controlled by the cascade.
Our data indicate that the VirR/VirS-VR-RNA system is a global gene regulator that might control
multiple cellular functions to survive and multiply in the host, which would turn out to be a lethal flesh-

eating infection.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Clostridium  perfringens is a Gram-positive, spore-forming
anaerobic bacterium, and the type A strain is recognized as a major
pathogen in humans {13,24]. Numerous toxins and enzymes that
the organism secretes are thought to contribute to the pathoge-
nicity of fatal infections (gas gangrene or myonecrosis) [25].
Although the toxins and enzymes have their specific activities and
roles in the disease process, their synergistic actions on the host
tissue are needed for the infection [2,25]. Therefore, knowledge of
the global regulatory mechanisms of such virulence genes is
a prerequisite for understanding the pathogenicity of C. perfringens.

Two-component virR/virS genes encode the key positive regu-
lators of the production of alpha-toxin, theta-toxin, kappa-toxin,
protease, and sialidase in C. perfringens [16,28], and the VirR/Vir$
system positively regulates the transcription of the pic (encoding
alpha-toxin or phospholipase C) and colA (encoding kappa-toxin or
collagenase) genes, as well as pfoA (encoding theta-toxin or
perfringolysin O) [3]. Macroarray experiments identified the VirR/
VirS-positively regulated genes (ptp, cpd, hyp7, and hyp23) and
negatively regulated ones (metB-cysK-ygaG), suggesting that the

* Corresponding author. Tel.: +81 76 265 2200, fax: +-81 76 234 4230.
E-mail address: tshimizu@®med kanazawa-u.acp (T. Shimizu).

1075-9964/$ - see front matter @ 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.anaerobe.2009.10.003

VirR/Vir$ system regulates not only virulence genes but also many
housekeeping genes [4].

Further studies showed that the VirR/VirS-regulated wvrr
(renamed from hyp?7) gene appears to positively regulate the tran-
scription of plc and colA but not that of pfoA [31]. Deletion studies of
the vrr region suggested that the vrr protein-coding region was not
necessary for regulatory function, indicating that the regulatory
activity was derived from the transcript itself (named VR-RNA)
functioning as a regulatory RNA molecule [31].

Analysis of the complete genomic sequence of C. perfringens
strain 13 [29] resulted in the identification of five genes (pfoA
(CPE0162), virT (CPE0845), ccp (CPE0846), virll (CPE0920) and vrr
(CPE0957)) with consensus VirR-binding sequences [6] upstream of
the open reading frame [23]. Transcription of virT, ccp (encoding
alpha-clostripain) and virU was found to be positively regulated by
the VirR/VirS system just in the same manner with pfoA and vrr.
Genetic analyses revealed that virT has a negative effect on
expression of pfoA and ccp, whereas virU positively affects expres-
sion of pfoA, virT, ccp, and vir. Mutational analyses suggested that
virT and virU may encode RNA regulators rather than proteins,
implying that'a complex regulatory network involving several
regulatory RNA molecules governs the expression of the VirR/VirS-
VR-RNA regulon in C. perfringens [23].

Genomic features of C. perfringens suggest that the organism

‘needs to secrete toxins and enzymes to degrade macromolecules in
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host tissues, after which these smail nutrients are imported for the
bacteria to use for cellular metabolism and biosynthesis. In
humans, this activity would lead to severe gangrenous infections. In
this study, we performed a series of microarray screening and qRT-
PCR analysis using total RNAs from the wild type, a virR mutant, and
a vrr mutant, which elucidated the global regulatory networks
governing multiple cellular functions in C perfringens.

2. Materials and methods
2.1. Bacterial strains, culture conditions, and RNA preparation

C. perfringens strains 13 [17}, TS133 (virR-null mutant con-
structed by allelic exchange homologous recombination) {28], and
TS140 (vrr-null mutant constructed by allelic exchange homologous
recombination) [31] were cultured in GAM (Gifu Anaerobic
Medium, Nissui, Japan) as described previously. Total RNA from
C. perfringens was prepared as described elsewhere [28].

2.2. Microarray construction

Primers for amplifying the internal DNA fragments of 2660 and

' 63 ORFs on chromosome and plasmid, respectively, of C. perfringens

strain 13 were selected by a Blast search program [1}]. A PCR using

EX Taq (Takara, Japan) against total DNA from strain 13 was per-

formed, and the resulting DNA was spotted onto slide glasses
(Matsunami Glass, Japan).

2.3. Synthesis of Cy-labeled cDNA probe

Fluorescently-labeled ¢DNA from total RNA was prepared
essentially as described previously [27]. The reaction mixture
(40 pl), consisting of 15 pg of total RNA from C. perfringens, 2 ug of
random primers (d(N)g and d(N)g, Takara, Japan), 1x power script
reaction buffer, 5 mM dATP, 5 mM dCTP, 5 mM dGTP, 2 mM dTTP,
3 mM amino-allyl dUTP (Sigma, USA), 0.01 M DTT, 0.1 ul of RNase
inhibitor (TakaRa, Japan), and 2 U of Powerscript reverse tran-
scriptase (BD Biosciences, USA), was incubated at 42 °C for 90 min.
The RNA template was degraded by the addition of EDTA and NaCH
and heating at 65 °C for 30 min. The fluorescently-labeled ¢cDNA
was purified with a Microcon-30 (Millipore, USA). The cDNA solu-
tion was incubated with mono-reactive Cy3 or Cy5 dyes
(GE Healthcare, USA) at RT for 60 min. Unreacted Cy-dye was
removed with NayOH, and the labeled product was purified by
a QIAquick column (Qiagen, Germany).

2.4. Microarray hybridization and data analysis

Hybridization was performed essentially as described by DeRisi
et al. {11]. Equal volumes of Cy3- and Cy5-labeled cDNA probe were
mixed and hybridized to microarray in 5x SSC and 0.5% SDS at
60 °C overnight. The slide was washed three times each with 2x
SSC-0.2% SDS at RT, 0.2x SSC-0.2% SDS at 60 °C, amd 0.2x SSC-0.2%
SDS at RT, in 0.2x SSC with gentle agitation. Finally, the slide was
dried by brief centrifuge. The slide was scanned by an FLA-8000
microarray scanner (Fuji Film, Japan). Each spot density was
measured by ArrayVision 6.0 (Imaging Research, USA), and
normalization/statistical data analysis was performed with Gene-
Spring GX 7.3 (Agilent Technologies, USA).

2.5. Quantitative reverse-transcription PCR (qRT-PCR)

gRT-PCR was performed using a SuperScript Il Platinum Two-
Step qRT-PCR kit (Invitrogen, USA) with SYBR Green, according to
the manufacturer’s instructions. Appropriate primer sets were

selected by Primer Express (Applied Biosystems, USA). Ten-fold
serial dilutions of cellular 16S rRNA were used for control templates
to quantify mRNA. A 7300 Real Time PCR System (Applied Bio-
systems) was used for the quantification of mRNA.

2.6. Data deposition

The microarray data used in this study have been deposited in
NCBI's Gene Expression Omnibus and are accessible through GEO
Series accession number GSE12833 (http://www.ncbi.nlm.nih.gov/
geofquery/acc.cgi?acc=GSE12833),

3. Results and discussion
3.1. Transcriptional analysis by DNA microarray

In this study, we used a custom DNA microarray that contained
PCR-generated DNA from 2660 genes on the chromosome and 63
genes on the plasmid pCP13, and 144 intergenic regions of C. per-
fringens strain 13 [29). We compared each chromosomal gene’s
transcription level between the wild type strain 13 (WT) and the
virR-mutant strain TS133 [28] or vrr-mutant strain TS140 [31]. We
also tried to analyze transcriptional profile in pCP13 and intergenic
regions, which failed probably due to the low expression levels of
transcripts from these regions.

In the microarray screening, we compared the difference in gene
expression at three time points covering early-, mid-, and late-
exponential phases (i.e, 1.5, 2, and 2.5h from the start of the
culture, respectively) between WT and TS133, or between WT and
TS140. The microarray experiments were performed three times on
each time point, and triplicate data sets were statistically analyzed
by GeneSpring GX software. To find the gene whose mean log2
expression ratio is significantly different from the all genes, we
performed the Welch t-test intending for use with two samples
having possibly unequal variances. T-values are calculated for each
gene, and p-values are directly calculated from the theoretical t-
distribution based on the gene's calculated t-value. Significantly
differentially expressed genes were selected by using a p-value
threshold of 0.05. Finally, the log2 expression ratio was standard-
ized to normal distribution. The genes showing significant differ-
ences in expression (>2.5 ¢ or <—2.5 ¢) at any time point of 1.5 h,
2h, andfor 2.5h were picked up. In these WT-versus-mutant
screening, 171 genes apparently showed differences in expression
levels (see Table S1 in the supplementary material).

The 171 genes picked up from this screening could be divided
into two groups: one showed significant expression differences,
mainly in TS133 and not in TS140 (affected only by VirR/VirS), while
the other showed similar expression profiles in both mutant strains
(affected by the cascade of VirR/VirS and VR-RNA) (Table 51).

3.2. Genes affected by VirR/VirS but not by VR-RNA

The two-component VirR/VirS system has been reported to
regulate many genes in C perfringens both positively and nega-
tively, and the regulatory RNA molecule, VR-RNA, is also involved in
the transcriptional regulation of toxin genes and other genes as
a secondary regulator of the VirR/VirS system [3,4,21,22,30,31}. In
this microarray screening, pfoA, virT, ccp, and vrr, which encode
perfringolysin O (theta-toxin), a hypothetical 22.9 kDa protein,
alpha-clostripain, and VR-RNA, respectively, were found to be
affected only by the VirR/VirS system (Table S1). These four genes
have consensus VirR-binding sites upstream from their promoters
{29] and were proven to be positively regulated at the transcrip-
tional level through the direct binding of the VirR protein to their
VirR-binding sites [5,6,23], which would validate our microarray
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results. However, another VirR/VirS-regulated gene, virU (CPE0920)
[23] did not satisfy the selection criteria, since its expression level
was very low.

3.3. Genes influenced by VirR/VirS-VR-RNA cascade

In contrast to the small number of genes directly affected by VirR/
VirS, we found that expression of 167 genes appeared to be affected
by the VirR/VirS-VR-RNA (VirRS-VR) cascade in C. perfringens. To
further confirm their expression profiles, a quantitative reverse-
transcription PCR (qRT-PCR) was performed on each single gene or
the first gene of each possible operon (also middle gene in long one).
The gRT-PCR analysis was done at three different time points
(1.5, 2.0, and 2.5h) and in triplicate on the total RNA from the
cultures of WT, TS140 (vir mutant), and TS140 (pSB1031, vrr-
complementation plasmid) (Table 1 ). Selecting genes whose mRNA
amount in TS140 were >2-fold or <1/2-fold relative to that in wild
type, 147 genes were confirmed to be affected by the VirRS-VR
cascade; these consisted of 30 single genes and 21 putative operons
(Table 1). The other genes listed in Table S1 showed no significant
difference andf/or no vrr-complementation effects in TS140
(pSB1032) by qRT-PCR analysis.

3.4. Virulence-associated genes

In addition to the putative virulence genes such as pfoA and ccp
affected by VirR/VirS alone, the VirRS-VR regulatory cascade appeared
to influence many virulence-associated genes. Microarray experi-
ments showed that the expression of plc and colA was positively
affected by the VirRS-VR cascade throughout the log phase, since their
mRNA amount in TS140 was much less than thatin wild type(Table 1).
This corresponds well with previous findings that transcription of pic
and colAwas positively regulated by VR-RNA at the exponential phase
[4,31]. The plc gene encodes phospholipase C (lecithinase), which
plays a major role in the pathogenesis of gas gangrene [25]. The colA
gene encodes collagenase, which is thought to degrade collagens in
the connective tissue and might help the organism to use the
degraded peptides and/or amino acids as nutrients.

Hyaluronidase gene (nagl) seemed to be positively influenced
by the cascade (Table 1). Hyaluronidase is thought to act as one of
the spreading factors that enable tissue-invading bacteria to spread
into deeper niches by degrading highly viscous polysaccharides like
hyaluronic acids in the connective tissue [14,18]. Moreover, disac-
charides, the final products, can be transported and metabolized in
the cells to supply the nutrients for replication and spread [14].

Other possible virulence-associated genes, nanl (CPE0725, large
sialidase) and nan/ (CPE0553, very large sialidase) were affected
positively at the early- to mid-exponential phases by the cascade
(Table 1). Bacterial sialidases have been thought to be virulence-
associated enzymes that degrade sialic-acid conjugates in human
cells and tissues [8]. The removal of sialic acids from cultured cells by
sialidase increases the sensitivity of cells to a membrane-damaging
alpha-toxin [12]. Sialidases are also believed to contribute to the
uptake of carbon from sources in nature and the human body [8].

Furthermore, the VirRS-VR cascade influenced the expression of
the nanE-nanA operon (CPE0184-CPE0185) (Table 1). It has been
reported that NanE (N-acetylmannosamine-6-phosphate epim-
erase) and NanA (sialic-acid lyase) are involved in the utilization of
sialic acids as energy sources [33]. It is highly possible that enzymes
from the nanE operon contribute to the generation of energy from
small-molecular-weight sialic acids that are available through the
degradation of extracellular large-molecular-weight sialic acids by
the secreted sialidases. The VirRS-VR cascade might facilitate this
metabolic process by its coordinated control of these sialic-acid-
related genes.

Three putative virulence operons involved in capsular poly-
saccharide biosynthesis (CPE0474-CPE0490, CPE491-CPE497 and
CPE0500-CPE0502) was under negative control of the VirRS-VR
cascade during the exponential phases (Table 1). These putative
operons are part of the large capsular gene cluster that is thought to
encode for a virulence factor of foreign origin [19]. A capsular
polysaccharide associated with C. perfringens has been implicated
for involvement in its pathogenicity [20]. The mannose-containing
capsule is required for binding C perfringens to the surface of
J774-33 cells, which enables phagocytosis and escape from the
phagosome of macrophages, resulting in the persistent survival of
C. perfringens in the cytoplasm. This negative tuning of the capsular
operons might be involved in the establishment of gas gangrene in
the muscular and connective tissue during exponential phase.

3.5. Enzymes

The VirRS-VR cascade also affected the expression of various
genes encoding putative enzymes. CPE0201, probably encoding
acid phosphatase, was positively affected by this cascade
throughout the exponential phase (Table 1). Bacterial acid phos-
phatases are widespread enzymes found in several bacterial taxa,
and they function in scavenging organic phosphoesters, degrading
various substrates into membrane-permeable inorganic phos-
phates (Pi) that are essential nutrients for bacteria [26].

The expression of cpdC encoding 2',3'-cyclic-nucleotide 2’-
phosphodiesterases was positively regulated by the VirRS-VR
cascade (Table 1). The CpdC protein is similar to other 2/,3'-cyclic
nucleotide 2’-phosphodiesterases from various bacteria. The puta-
tive product of cpdC had cell-wall sorting motifs (LPXTG) at their
C-terminal ends [7] that might be required for sortase-mediated
anchoring in the cell wall. It is believed that 2’,3’-cyclic nucleotide
2’-phosphodiesterase and its related nucleotidases play important
roles in the recovery of inorganic phosphate from 3’ phosphonu-
cleotides produced by the action of extracellular RNase. These
enzymes are also important for the acquisition of carbon sources
and energy by hydrolyzing non-transformable intermediates
during the hydrolysis of RNA with RNase I [32].

Other genes encoding degradative enzymes are also affected by
the system such as N-acetylglucosaminidases (CPE0289, CPE0818,
and CPE0866).

3.6. Transporters

In a previous genome analysis, it was hypothesized that C. per-
fringens needs to import various nutrients (amino acids, sugars,
minerals, etc.) to survive and grow in the host tissue, since it lacks
many genes for amino acid biosynthesis {29]. In microarray
experiments, the expression of several transporter genes (CPE0373,
CPE0769, CPE1240, CPE1604, CPE1627-1630, CPE2345 and
CPE2496) and phosphotransfer system (PTS) genes appeared to be
affected by the VirRS-VR system (Table 1). The putative PTS-related
systems (CPE0196-0199, CPE0317-0327, and CPE1463-1466) were
positively regulated by the VirRS-VR cascade. The data indicate that
the VirRS-VR system may also control part of the uptake and/or
export of nutrients in C. perfringens.

3.7. Genes for energy production

The transcription of various genes for energy production was also
affected by the VirRS-VR system. The VirRS-VR system positively
influenced the expression of genes encoding electron transfer
proteins (CPE0135 and CPE1014). Transcription of the genes required
for carbohydrate metabolism also appeared to be affected by the
VirRS-VR system. These genes were involved in the metabolism of
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Table 1
Genes that are affected by the VirR/VirS-VR-RNA cascade (identified by gRT-PCR).
mRNA amount in TS140 mRNA amount in TS140/pSB1036
CPE#* Strand Gene Product relative to Wild Type b relative to Wild Type b
1.5h 2h 25h 15h 2h 25h
CPE0036 + plc  phospholipase C 0.360.05 0.14£0.03 0184004 3£027 2994036 3314034
CPE0079  + fus  elongation factor G 03005 032+0.03 141014 233:04 2934055  0.76+0.04
CPE0085 + mdh  alcohol dehydrogenase 048£0.05 037+£0.05 042+004 128+013 1.62+0.16 6.3 +£0.97
CPEO086} + alfl  fructose-bisphosphate aldolase
CPEO087] +  iolC  myo-inositol catabolism protein
CPEQ088} -+ iolB  myo-inositol catabolism protein
CPEO08S| + JjolD  myo-inositol catabolism protein
CPE00O90] + - dehydrogenase
CPE0091] + iolE  myo-inositol catabolism protcin
CPE0092] + - putative symporter YidK 041 £0.07 045£0.07 039+0.05 1.35+0.07 1.5£0.06 5.74£0.46
CPEOO93] + - dehydrogenase )
CPEO094) + - hypothetical protein
CPEOO9S} + - crotonase
CcPEOO9S| + - propionate CoA-transferase
CPEODY7} +  acdS acyl-CoA dchydrogcnasé
CPE0102 + - hypothetical protein 0.55+0.05 0.28+0.07 0.28+0.05 289035 542096 5.58 £0.68
CPEO11S} - - N-acetylmuramoy!-L-alanine amidasc
CPEOLI6| - - hypothetical protein
CPE0117 - - hypothetical protein 278403 0.8+009 1.06+0.13 055£009 134017 1.19£0.15
CPE0135 + rubY rubrerythrin 0.52+0,07 0294006 041006 138+0.07 3.15%039 5.33+0.56
CPE0168 + arcA arginine deiminase 047006 0.08+0.04 0.07+003 2.03+0.19 1.660.51 5.74 £0.46
CPEOIS9| +  arcB  omithine carbamoyliransferase
CPEO170) -+ arcD arginine/ornithine antiporter
CPEO171]  + areC carbamate kinase
CPE0172} +  argR arginine repressor
CPE0173 + cold  collagenase 0.19£0.04 009+0.02 0.11+0.03 435£039 4.89£029 6.63 £0.62
CPEO184 +  nank  N-acetylmannosamine-6-phosphate 2-cpimerase 02+0.04 078+01 0774012 2.36+045 2811035 4.35+0.47
CPEOI8S} +  nand  N-acetylncuraminate lyase
CPEOI86| + - hypothetical protein
CPEOI87T] + - hypothetical protein
cpnmssH o ROK family protein
CPEOIS9] + - RpiR family transcriptional regulator
CPE0196 +  ptiB  PTS arbutin-like enzyme IIBC component 0.18+0.03 1.08:+0.14 2224029 229+0.16 0.86+0.08 0.67 £ 0.08
CPEOI97} + - hypothetical protein
CPEOI98} + - hypothetical protein
CPE0199] +  malHl maltose-6'-phosphate glucosidase
CPE0201 - - S*-nucleotidase, lipoprotein ¢(P4) family 0.640.05 0.46+0.08 0.84+0.08 1.27+0.14 1.59+0.08 3.81+0,38
CPE0238  + - hypothetical protein 0754008 0474007 1.07+022 1.3220.1 2244028  5.69+0.6]
CPE0289 - - endo-beta-N-acetylglucosaminidase 017+0.04 036008 1.11£0.11 3214035 237+039  1.12+0,14
CPE0317 + fucK rhamnulokinase 041+0.07 0.08+003 0824006 232:+02 3294029 1344012
CPE0318] +  fiuel  L-fucose isomerase
CPEO3I9] +  fucd L-fuculose phosphate aldolase
CPEO320] + - hypothetical protein
CcPEO32)| + - PTS system protein
CPE0323} + - PTS system protein 038+0.09 0.1+0.03 0.75+0.08 1.97+0.11 3454026 1.29:+0.16
CPEO324] + - glycosyl hydrolase
CPE0326] + lacA  galactose-6-phosphatc isomerase subunit LacA
CPE0327] + lacB  galactose-6-phosphate isomerase subunit LacB
CPE0373 + - suger ABC transporter 0.78£0.07 0.25+0.07 09+0.1 1314011 227+039 1.19£0.08
CPE0374] + aga  alpha-galactosidase :
CPE0375) + - endo-beta-galactosidase C
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Table 1 (continmued)

mRNA amount in TS140 mRNA amount in TS140/pSB1036
CPE#® Strand Gene Product relative to Wild Type® relative to Wild Type®
15h 2h 25h 1.5h 2h 25h

CPE0426 - hypothetical protein 037009 034005 093+006 1624014 258%028  1.02+0.13
CPE0474 cysE  serine O-acetyltransferase 248023 2.65+019 413+0.19 07+007 112101 0.76 £ 0.1

CPE0475 - capsular polysaccharide biosynthesis protein

CPE0476) - capsular polysaccharide biosynthesis protein

CPE0477 - beta-glycosyltransferase

CPE0478 - capsular polysaccharide biosynthesis protein

CPE0479) - capsular polysaccharide biosynthesis protein

CPEO480, - capsular polysaccharide biosynthsis protein

CPEQ481 - beta-1,4-galactosyltransferase 2234013 2734021 3.79+0.11 0601+£0.05 1324008 0.83 £0.09

CPE0482 - glycero-phosphotransferase

CPE0483 - glycerol-3-phosphate cytidyltransferase

CPE0484 - capsular polysaccharide biosynthsis protein

CPE0486| - galactosyl transferase

CPE0487 - hypothetical protein

- capsular polysaccharide biosynthsis protein

- hypothetical protein

- capsular polysaccharide biosynthsis protein 2.68+025 2.87+0.25 0.57+0.07 0.63+£0.07 09+006 176+0.11
- capsular polysaccharide biosynthsis protein

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
¥
+
CPE0494] + - NDP-suger dehydrogenase
CPEO49S]  + - mannose-1-phosphate guanylyltransferase
CPLEO496] + - N-acetyl-mannosamine transferase
CPE0497] + - hypothetical protein
CPE0500 + - hexosyltransferase 2.68+035 2064017 0.86+0.08 036+0.08 0.59+0,03 1.13 £ 0.09
CPEOSOI} + - capsular polysaccharide biosynthsis protein
CPEOS02] + - lipopolysaccharide biosynthesis protein
CPEOS53  + nanJ exo-alpha-sialidase 0.88+0.07 0.18+006 0.85+0.11 146£0.15 238+018  1.07+015
CPEO659 + - hypothetical protein 0324005 0.79+0.06 1.34+007 2234022 L16+0.14  085+0.08
CPE0725 | + nanl exo-alpha-sialidase 0.79+£0.06 027005 085+0.06 1290+016 271+029 1.29 £ 0.06
CPEO726] + - hypothetical protein
CPE0769 +  gutA  sugar transport protein 0.1+0.02 1142017 254401 3484028 1284005 0,59 +0.16
CPEO771 +  bgal beta-galactosidase 0224004 145+0,18 2254039 2591027 1112022 0.54 +£0.1
CPEOBI8  + - endo-beta-N-acetylglucosaminidase 0.29£0.05 1.13+0.17 1.51£0.15 224028 0.6£0.16 0.9240.1
CPLEO856 + - alpha-mannosidasc 035009 057+004 1.76+0.08 24025 1.94+0.08 0.73 £0.12
CPE0866 + - alpha-N-acetylglucosaminidase family protein 0.48+0.06 038005 2.26+018 1534011 2.25+0.23 1.01 £0.12
CPE0892 + - NADPH-dependent butanol dehydrogenase 02+£0.09 036+£009 2.14£038 21034 235+038  0.78x0.12
CPE0897 | + ewrd reactivating factor for ethanolamine ammonia lyase 009 £0.03 0.62+40.06 2.56+029 3.25%05 2.19£0.39 1.19 £ 0.28
CPE0898] + ewrB  ethanolamine ammonia lyase heavy chain
CPE0899}] + ewtC  ethanolamine ammonia-lyase small subunit
CPE0900] + ewtl  cthanolamine utilization protein
CPEQ901| + pdw propanediol utilization protein
CPE0902] + adhE alcohol dehydrogenase
CPE0903] +  pduJ propanediol utilization protein 0.07+0.02 0.65+007 2334017 3.08+036 2024024 1.3340.15
CPE090S| +  pdul. propanediol utilization protein :
CPEO906] + - hypothetical protein
CPE0909] + eutH cthanolamine utilization protcin
CPE1014 - - rubredoxin/flavodoxin/oxidoreductase 0.65:£0,09 039+003 204+026 1.56+01 247+03  0.83+0.08
CPE1050 + - 5'methylthioadenosine/S-adenosyl ystei leosid, 0.18+0.07 068+0.17 1.8140.17 2344032 2.17+026 0.87 + 0.06
CPE1146 | + citC citrate (pro-3S)-lyase ligase 0314005 047+0.05 25+03 246+039 1.7940.17 0.7+0.17
CPE1147] + «cilG citrate lyase subunit gamma
CPE1148] + cilB citrate lyase beta subunit
CPE1149] + cilA  citrate lyase alpha subunit
CPENISOl + - triphosphoribosyl-dephospho-CoA synthase
CPENISI] + - malate oxidoreductase
CPE1152] + citN  citrate/sodium symporter

(continued on next page)
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Table 1 (continued)

CPE#® Strand Gene Product

mRNA amount in TS140 mRNA amount in TS140/pSB1036
relative to Wild Type b relative to Wild Type®

1.5h 2h 25h 15h 2h 25h

CPE1165 + thd  threonine dehydratase, catabolic

CPE1169 + - hypothetical protein
CPE1240 - - magnesium transporter
CPE1316 - - two-component sensor histidine kinase
CPE1350  + alf2 fructose-1,6-bisphosphate aldolase, class II
CPEI463] - - PTS system protein
CPEl464] - - PTS system protein
CPEI465) - - PTS system protein
CPE1466 - - PTS system protein
CPE1467 + pfk  6-phosphofructokinase
CPE1523 - nagl Thyaluronidase
CPE1529 + - hypothetical protein
CPE1604 - - transporter, major facilitator family
CPEI626] - - transcriptional regulator
CPE1627} - rbsB ribose ABC transporter
CPE1628] - - ribose ABC transporter
CPE1629} - rbsC ribose ABC transporter
CPE1630 - rbsd  ribose ABC transporter
CPEI87S] - - hypothetical protein
CPE1876 - - hypothetical protein
CPE20s8] - - glutamate decarboxylasc
CPE2059} - - hypothetical protein
CPE2060 - - glutamate gamma-aminobutyrate antiporter
CPE2076] - - alpha-glucosidase
CPE2077] -~ - ROK family protein
CPE2078 - - hypothetical protein
CPE2162 - ¢pdC 2" 3'-cyclic-nucleotide 2'-phosphodiesterase
CPE2336] - gde glycogen debranching protein
CPE2337} -  glgP glycogen phosphorylase

- malQ 4-alpha-glucanotransferase

- - alpha-glucosidase

- malR Lacl family transcriptional regulator
- - maltose ABC transporter

CPE2341

CPE2345 - - maltose ABC transportor

CPE2494 + - transcriptional regulator
CPE2495] +  punA purine nucleoside phosphorylase
CPE2496f + - nucleoside transporter
CPE2549] - - hypothetical protein
CPE2550F - - oxidoreductase, pyridine nucleotide-disulphide family
CPE2551] - = glpA  glycerol-3-phosphate dehydrogenase
CPE2552] -  gipK glycerol kinase

CPE2553 - glpP  glycerol uptake operon antiterminator

118201 248034 174009

0.3+0.07 0724007 0.86 + 0.06
2.55+04 2.06+0.08 1.48+0.07 0.63+0.09 0.77+0.08 0.49 + 0.07
038009 1.02+£011 1.04:£0.08 1974011 093+0.09 0.77 £ 0.06
046005 048007 1.55+0.09 17007 152008 0.58 +0.08
12£012 LI3£008 2214016 078£0.1 0.46=0.05 0.33 £ 0.05
037+0.07 017+006 036+0.08 2.11+022 0.18+0.05 1.04+0.18
091+0.08 0.18%0.06 1.05:0.08 1.76+0.08 2.09+023 0.7+0.03
0.71£0.1 0.29+0.06 0.89+008 108015 229017 146+0.1
236+021 1.29£0.06 1.09+0.08 0.78 +0.05 0.89+0.17 1.06+0.1

051+£006 033006 0.61+006 1.84+016 4.91+033 7.75+0.97

0192005 03£005 0574007 3.18+024 217+024 2.12+0.28

064009 0.19+£0.03 082+003 1.7240.07 3.14%027 1.32+0.13

0344006 0.19£005 021+006 1.9+006 528037 855+1.17

037+£007 01003 043004 228+015 3.99::036 2.31+£037
0.69+£0.03 047006 1.1+007 1.35%007 1.830.16 4.6+044
0.48+£0.08 037003 1.91£0.23 332+021 345:026 0.59+0.1

1.094£0.14 0452007 09009 07+008 1182009 2.14+0.11
0274006 028+003 075008 221+0.12 2224024 1.26+0.08

032006 021%006 231+0.18 3.22+045 3.13:0.16 0.68:+0.09

* Putative operons deduced from microarray data are boxed. The first gene of each operon is in bold-face letter.

® Data from three independent qRT-PCR experiments (mnean + standard deviation),

a variety of sugars such as fructose (CPE1350 and CPE1467), myo-
inositol (CPEO085 to CPEQ097), sialic acid (CPE0184 to CPE0185, see
above), galactose (CPE0374 and CPE0771), mannose (CPE0856) and
fucose (CPE0317-0327). Induction of the myo-inositol operon
(15.6 kb) by extracellularly added myo-inositol was already reported
to be positively affected by the VirR/VirS system [15].

The operon arcABDC (CPE0168-CPE0Q172) for arginine deiminase
(ADI) pathway, was strongly controlled by the VirRS-VR cascade

t al,, Identificatio

(Table 1). The ADI pathway plays an important role in anaerobic
energy production when glucose is not available in the environment,
converting arginine into ornithine, ammonia, and CO, [10].
The generation of ammonia also plays an important role in
defense against acidification [9]. The control of the myo-inositol and
arcABDC operons by VirRS-VR cascade may be important for the
energy metabolism in environments where glucose is not easily
available.
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Many other genes or operons involved in the energy metabolism
are also affected by VirRS-VR cascade, such as ethanolamine utili-
zation operon (CPE0897-0909), citrate metabolism operon
(CPE1146-1152), glycogen metabolism operon {(CPE2336-2341), and
glycerol metabolism (CPE2549-2553).

3.8. Hypothetical genes

We found that the VirRS-VR system also controlled 24 hypo-
thetical genes of unknown functions (Table 1). The functional
analysis of these VirRS-VR-regulated hypothetical genes will be
required for understanding the VirRS-VR regulon in more detail.

4. Conclusions

In C. perfringens, VirR/VirS and VR-RNA have been thought to be
very important for its pathogenicity by controlling the production
of various known virulence factors, including alpha-toxin, kappa-
toxin, theta-toxin, and sialidase. In this study, our understanding of
the role of the VirR/VirS-VR-RNA system in C. perfringens has been
significantly deepened. This will lead to an understanding of the
lifestyle of the anaerobic pathogen C. perfringens.

The VirRS-VR regulon includes a variety of genes whose functions
are closely related to cell survival in the host, i.e., destroying host
cells and tissues (by toxins), degrading macromolecules into small
nutrients (by enzymes), importing nutrients into the cell (by trans-
porters), and finally metabolizing the nutrients intracellularly to
produce energy and synthesize essential molecules required for cell
survival and multiplication. Furthermore, the VirRS-VR system
appears mainly to control the genes at the early- to mid-exponential
growth phases, which exactly corresponds to the period when the
cells are growing rapidly. Our data clearly indicate that the VirRS-VR
system is essential part of the global regulators of genes required for
cell survival and multiplication in special environments (i.e., poor
nutrition); for humans, this may turn out to be a lethal pathogen -
aflesh-eater. C. perfringens has developed a specific global regulatory
system that controls genes that are required for survival in unique
environmental conditions, including the human body. Elucidation of
the fine mechanism of regulation by the VirRS-VR system will lead to
identification of suitable targets for effective prevention andfor
treatment of the C. perfringens infection. Further molecular studies
on the C. perfringens regulatory systems should be indispensable to
this purpose. :
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Transcriptional Regulation of hemO Encoding Heme Oxygenase in
Clostridium perfringens
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A Gram-positive anaerobic pathogen, Clostridium perfringens, causes clostridial myonecrosis or gas gangrene
in humans by producing numerous extracellular toxins and enzymes that act in concert to degrade host
tissues. The ability of infectious bacteria to acquire sufficient iron during infection is essential for the
pathogen to cause disease. In the C. perfringens strain 13 genome, a heme oxygenase gene homologue
(CPE0214, hemO) was found and its role was examined. The purified recombinant HemO protein showed
heme oxygenase activity that can convert heme to biliverdin. hemO transcription was induced in response to
extracellular hemin in a dose-dependent manner. The global two-component VirR/VirS regulatory system and
its secondary regulator VR-RNA had positive regulatory effects on the transcription of hemO. These data
indicate that heme oxygenase may play important roles in iron acquisition and cellular metabolism, and that
the VirR/VirS-VR-RNA system is also involved in the regulation of cellular iron homeostasis, which might be
important for the survival of C. perfringens in a human host.

Keywords: C. perfringens, heme oxygenase, two-component system, genetic regulation

The Gram-positive anaerobic pathogen Clostridium perfringens
is a causative agent of clostridial myonecrosis (gas gangrene)
and mild diarrhea in humans (McDonel, 1980; Hatheway,
1990). The organism produces numerous toxins and enzymes
that act in concert to degrade various components of human
tissues, resulting in severe myonecrosis (Rood, 1998; Petit ef
al., 1999). In C. perfringens, genes for many toxins and
enzymes are regulated by the two-component VirR/VirS
system and its secondary regulator, VR-RNA (Lyristis et al.,
1994; Shimizu et al., 1994, 2002). Recent microarray analysis
suggested that 147 genes (30 single genes and 21 putative
operons) are regulated by the VirR/VirS-VR-RNA regulatory
cascade (Ohtani ef al, 2009). Many genes for putative
virulence factors, transporters, and metabolic enzymes are
included in the regulon, suggesting that the VirR/VirS-VR-
RNA regulatory system controls multiple cellular functions to
survive and multiply in the host (Ohtani ef al., 2009).
Generally, iron is an essential nutrient required for the
survival of most bacteria. The ability of pathogenic bacteria to
acquire sufficient iron during infection is essential for
pathogens to cause disease. The levels of extracellular iron
available within the host are limited (Wilks and Schmitt, 1998),
since much of the extracellular iron in eukaryotes is sequestered
by the iron-binding proteins transferrin and lactoferrin, while
intracellular iron is commonly bound to heme, which is the
most abundant source of iron in humans (Schmitt, 1997).
Many pathogenic bacteria possess specific heme uptake systems
that harness heme iron for metabolic needs. Externally
supplied heme cannot satisfy the cellular requirement for iron

* For correspondence. E-mail: tshimizu@med kanazawa-u.ac.jp;
Tel: +81-76-265-2200; Fax: +81-76-234-4230

without the involvement of heme degradation (Zhu et al.,
2000). Heme oxygenase, an enzyme that removes iron from
the heme moiety, has been identified in a few pathogenic
bacterial species, including Corynebacterium diphtheriae, Neisseria
meningitidis, Pseudomonas aeruginosa, and Staphylococcus
aureus. In these organisms, heme oxygenase is required for the
use of heme as a source of iron (Wyckoff et al., 2004). By
genome analysis of C. perfringens strain 13, we found that C.
perfringens possesses a homolog for heme oxygenase (CPE0214)
in the chromosome (Shimizu ef al., 2002). Investigation of the
physiological role of heme oxygenase would be very important
for understanding the pathogenicity of C. perfringens.

In this study, we determined that CPE0214 (hemO) encodes
heme oxygenase in C. perfringens. A heme catalytic assay using
purified recombinant HemO protein indicated that HemO
has catalytic activity and can convert hemin to biliverdin.
Northern analysis also indicated that the hemO gene was
positively regulated at the transcriptional level by the
VirR/VirS-VR-RNA regulatory cascade.

Materials and Methods

Strains, media, plasmids, and culture conditions

C. perfringens strain 13 and its derivatives, TS133 (virR’) and TS140
(wr), as well as their complemented strains TS133 with pTS405
(plasmid containing intact virRpirS) and TS140 with pSB1031
(plasmid carrying intact vrr) (Shimizu ef al., 1994, 2002), were cultured
in GAM (Gifu anaerobic medium; Nissui, Japan) at 37°C under
anaerobic conditions as described previously (Shimizu et al., 1994),
Escherichia coli strain DHS5a was cultured under standard conditions
(Sambrook et al,, 1989). E. coli strain BL21 (Studier and Moffatt,
1986) was used as a host cell for pGEX-3X and cultured in Luria



Bertani (LB) or 2x YT (16 g tryptone, 10 g yeast extract, 5 g NaCl/L)
medium. A chemically defined medium described by Riha and
Solberg (1971) was also used to grow C. perfringens strain 13. Hemin
(bovine) was obtained from Nacalai Tesque Inc. (Japan), and a
solution containing 1 mM of hemin was prepared as described
previously (Yoshida and Kikuchi, 1978). Erythromycin (50 pg/mi),
chloramphenicol (25 pg/ml), and ampicillin (50 pg/ml) were added to
each medium for cultures of appropriate bacterial strains.

DNA manipulation

General recombinant DNA techniques were performed as described
previously (Sambrook ef al., 1989) unless otherwise noted. C. perfringens
strains were transformed by electroporation-mediated transformation
as described previously (Shimizu ez al., 1994).

Expression of the GST-CPE0214 fusion protein

To construct the plasmid for expressing the CPE0214-GST fusion
protein, a PCR fragment amplified with primers CPE0214-BamHI (5'-
AAGGATCCTGAACTCATTTATGATGGATAT-3") and CPE0214-
EcoRI-2 (5-AAGAATTCATTGGGAGTAAGCACTATAG-3) was
digested with BamHI and EcoRl, and then ligated to the BamHI and
EcoRI sites of pPGEX-3X. The resulting plasmid (named pBE510) was
transformed into E. coli BL21, which was cultured in 5 ml LB medium
with 50 pg/ml ampicillin and 0.1% glucose for 12 h at 37°C. Fifty
microliters of the overnight culture was inoculated into 5 m! LB
medium and cultured under the same conditions. When ODgq, reached
0.5, isopropyl-B-D-thiogalactopyranoside (IPTG) was added at a final
concentration of 1 mM, and the culture was incubated for 8 h at 37°C,
E. coli BL21 containing pGEX-3X was also cultured in the same
manner and used as a control.

Purification of the CPL0214 product
The GST-CPE0214 fusion protein was purified from the E. coli BL21-
codon plus (DE3) (Stratagene, USA) transformed with pBES10. The
strain was inoculated in 5 ml LB medium containing 50 pg/mi of
ampicillin and cultured overnight with gentle agitation at 37°C. The
primary culture was inoculated into 2x YT medium at a 1%
concentration, which was then incubated for 2 h at 37°C. When ODygy,
reached 0.5, IPTG was added to a final concentration of 1 mM, and
the incubation was continued for 4 h. Cells were harvested by
centrifugation at 7,000 rpm for 20 min, washed in phosphate-buffered
saline (PBS, pH 7.4) three times, and lysed with 75 units of Benzonase
(Merck, Germany) in 1 ml Bugbuster cell wall lysis buffer (Novagen,
USA) with rotation for 1 h at 4°C. The lysed cell suspension was
centrifuged at 7,000 rpm for 30 min, and the supernatant was
collected. Then, 750 pl of glutathione-Sepharose was added and the
mixture was incubated with rotation for 30 min at 4°C. After
centrifugation, the Sepharose pellet was mixed again with 750 pl of
glutathione-Sepharose and the mixture was incubated with rotation
for 30 min at 4°C. After centrifugation, the supernatant was mixed
again with 750 pl of glutathione-Sepharose, and the same procedure
" was done to collect a Sepharose pellet, which was added to the
previously collected pellet. Six units of factor Xa enzyme in 2 ml Xa
buffer were added and mixed with the precipitated Sepharose, and the
rotation was continued at 4°C for 16 h. The mixture was centrifuged
and the supernatant was collected as GST-removed CPE0214. The
protein solution was concentrated using a Microcon YM 30 spin
column (the MW’ cutoff was 30 kDa). Protein concentration was
measured using a protein assay kit (Bio-Rad Laboratories, USA). The
CPE(214 protein was then stored at -80°C until use.
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Reconstitution of HemO with hemin and measurement of HemO
activity

The HemO (CPE0214)-heme complex was prepared as described
previously (Zhu et al., 2000; Zhang et al., 2004). Briefly, hemin was
added gradually to the purified HemO (10 uM) to give a final 2:1
heme:protein ratio in a total of 1 m! of 100 mM potassium phosphate
buffer (pH 7.4). An equal volume of hemin was added to the
potassium phosphate buffer (pH 7.4) without HemO, and this solution
was used as a reference. Absorbance at 405 nm was measured with a
BioWave II spectrophotometer. Then, ascorbic acid at a final
concentration of 5 mM was added to the heme-HemO complex, and
spectral changes between 300 and 750 nm were recorded at 10 and 40
min after the addition of ascorbic acid.

Northern hybridization

Total RNA was extracted from C. perfringens according to a method des-
cribed previously (Aiba e al., 1981). A 499-bp DNA probe for hemO was
obtained by PCR with CPE214F (5-AAACATAAGAATTAGCAACT-
3') and CPE0214R (5AGCTTCTACTGAAAGCTACG-3'). Northern
hybridization was performed as described previously (Kobayashi et al.,
1995; Ba-Thein et al, 1996), with the exceptions that the DNA
fragment specific for hemO was labeled with an AlkPhos-direct kit
(Amersham Pharmacia Biotech, UK) and signals were detected by
CDPstar chemiluminescence.

Results and Discussion

Similarity of the CPE0214 to other clostridial heme
oxygenases

The product of CPE0214 of C. perfringens strain 13, originally
annotated for heme oxygenase (Shimizu et al, 2002), was
compared with other clostridial proteins using a BLAST
program. The amino acid sequence of CPE0214 was highly
similar to those of heme oxygenases found in other C.
perfringens strains (ATCC 13124 & F4969), with 98% identity,
as well as heme oxygenases in C. fetani (strain E88) and C.
novyi (strain NT), with 62% and 53% identity, respectively.
Their amino acid sequence alignment using CLUSTAL W
(http:/fwww.genome.jp/en/) is shown in Fig. 1. The amino acid
sequence alignment indicated that CPE0214 showed a signi-
ficant number of identical amino acid residues between other
clostridial heme oxygenases, as well as those from other
various species (more detailed information is available at
http://pfam sanger.ac.uk/family/PF01126). Maximum sequence
similarity was observed within the 116 to 136 amino acid
region (ELLVAHAYTRYLADLFGGRTI) in CPE0214 of C.
perfringens strain 13 (Fig. 1), indicating that this region is
highly conserved among all clostridial heme oxygenases and
that CPE(214 may encode a functional heme oxygenase in C.
perfringens strain 13,

Expression of the GST-CPE0214 fusion protein in E. coli
To characterize the activity of the CPE0214 product, we made
a GST-CPE0214 fusion protein. E. coli BL21 carrying pBE510
(pGEX-3X with a CPE(0214-coding region inserted) was
cultured in LB medium, and the expression of the GST-
CPE0214 fusion protein was induced by adding IPTG. At 8 h
after IPTG induction, the culture medium of E. coli BI.21
(pBES510) turned pale green, while no color change was
observed in the culture of E. coli BL21 carrying the empty
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Fig. 1. Amino acid sequence alignment of heme oxygenase proteins from Clostridial species; C. perfringens strain 13 (NP_561130.1), C. perfringens
ATCC 13124 (YP_694668.11), C. perfringens F4969 (ZP_02639684.1), C. tetani ED88 (NP_783005.1), and C. novyi NT (YP_878917.1). Identical
and similar amino acids are shown with asterisks and dots, respectively. The identical amino acid region is boxed.

pGEX-3X vector (Fig. 2A). The coloration was probably due
to the formation of biliverdin, which suggests that the heme
oxygenase activity of the GST-CPE0214 protein converted the
endogenous heme of E. coli into biliverdin just as reported
previously (Bruggemann ef al,, 2004). From these results, we
may assume that the product of CPE0214 encodes heme
oxygenase (HemO) of C. perfringens.

To purify the recombinant HemO protein from E. coli, we
used E. coli BL21-codon plus (DE3) as a host cell to increase
the amount of fusion protein. After cell lysis, an approximately
50-kDa protein was clearly detected by SDS-PAGE. It
corresponded well to the estimated size (50.7 kDa) of the
GST-HemO fusion protein (Fig. 2B; lane 3). The expressed
fusion protein was purified from the crude extract of E. coli
cells and digested with factor Xa to remove the GST moiety
(Fig. 2B; lane 4). As indicated by SDS-PAGE, the purified
HemO showed a single band at approximately 24.7 kDa,
which was expected from the HemO amino acid composition.
Therefore, this purified 24.7-kDa HemO protein was used in
the subsequent experiments.

Heme oxygenase activity of HemO

‘The purified HemO protein was further tested for its heme
oxygenase activity. The purified HemO was mixed with hemin
to make a heme-HemO complex. When this complex was

monitored photometrically, its maximum absorbance was.

detected at 405 nm (Soret band). This ferric (Fe**) heme-
HemO complex was reacted in the presence of ascorbic acid,

and its absorbance (from 300 nm to 750 nm) was scanned by a
spectrometer (Fig. 3). The Soret band gradually decreased
and shifted from 405 nm to 412 nm (Fig. 3), indicating that a
ferrous dioxygen complex (Fe** oxy-heme:HemO) was formed.
Within 40 min, the ferrous dioxygen complex was first
converted to a ferric biliverdin-HemO complex (represented
by the decrease in the Soret band), and then the ferric
biliverdin-HemO complex was degraded into free biliverdin
(represented by the formation of a broad peak around 680

‘nm) (Fig. 3).

The previously characterized heme oxygenase (HemT) of C.
tateni showed similar characteristics in terms of its heme
cleavage reaction (Bruggemann et al., 2004). First, the enzyme
formed a 1:1 complex with hemin, resulting in a maximum
absorbance of the hemin-HemT complex at 405 nm. To
demonstrate the heme oxygenase catalytic activity, ascorbic
acid was used as an electron donor in the oxidative
degradation of hemin by HemT. The addition of ascorbic acid
to the hemin-HemT complex initiated heme degradation. In a
period of 2 h, the Soret band at 405 nm disappeared and a
broad absorption peak appeared around 680 nm, indicating
that the hemin was converted to biliverdin.

Since the same heme-degrading reaction was observed in
HemO, we concluded that HemO of C. perfringens also has
heme oxygenase activity that generates free iron from heme,
resulting in the formation of biliverdin. The heme oxygenase
of C. tetani was proposed to play an important role in iron
metabolism at the site of infection in the human body
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Fig. 2. Expression and purification of the CPE0214 (HemO) protein.
(A) E. coli BL21 carrying pGEX-3X (control) and pBE510 (pGEX-
3X+hemQ) were cultured in LB with 1 mM IPTG for 8 h. Note that
the medium of BL21 (pBES510) turned a pale green color. (B)
Purification of HemO. Lanes: 1, protein size marker; 2, GST purified
from E. coli BL21-codon plus carrying pGEX-3X; 3, GST-HemO
fusion protein purified from E. coli BL21-codon plus carrying pBE510;
4, HemO protein purified from the GST-HemO fusion protein by
cleavage with factor Xa.

(Bruggemann et al., 2004). Moreover, heme oxygenase is a
good candidate for involvement in enhanced aerotolerance in
the wound environment, since heme oxygenase could be an
oxygen scavenger producing highly effective antioxidants,
including biliverdin. Therefore, it might be reasonable to
think that the same anaerobic wound-infecting pathogen, C.
perfringens, also uses heme oxygenase to establish an anoxic
environment, enabling the organism to survive at the site of
infection.

Transcription analysis of hemO

The transcription profile of hemO in C. perfringens strain 13
was examined by Northern hybridization analysis. Total RNA
was prepared from the strain at different culture stages (1 h to
5 h from the start of culture), and Northern hybridization was
performed by using a PCR-amplified hemO DNA probe. As a
result, approximately 1.0-kb mRNA was clearly detected. This
size corresponded well with the length of the hemO gene (645
bp). The hemO mRNA appeared from the early log to the
stationary growth phase. The mRNA amount was highest at 2
h and 3 h of culture and decreased slightly in the later growth
phases (Fig. 4A). The sustained transcription of hemO seemed
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Fig. 3. Heme degradation to biliverdin catalyzed by HemO. Heme
conversion was initiated by the addition of ascorbic acid (AA) to the
HemO-heme complex, and spectral changes between 300 and 750 nm
were recorded at 10 and 40 min. (A) HemO-heme complex (before
addition of AA); (B) 10 min after AA addition; (C) 40 min after AA
addition. Note the shifting of the Soret band from 405 nm to 414 nm
(formation of ferrous dioxygen complex) and the appearance of a
broad peak around 680 nm (biliverdin production).

to be unique among the gene transcriptions of C. perfringens,
since the transcription of many C. perfringens genes has been
reported to _peak in the early-log phase and to quickly
disappear by the late-log phase (Ba-Thein et al, 1996;
Okumura et al,, 2008). These findings may suggest that the
prolonged transcription of hemO is due to an adaptive
response required for the maintenance of metabolic activity
related to iron acquisition.

Induction of hemO transcription with hemin

Purther Northern hybridization analysis was performed to
examine hemin’s effect on the transcription of hemO. Wild-
type strain 13 was cultured in chemically defined medium for
10 h, and then 0.1 pM of hemin or 0.2 pM of iron (FeSO,
7H,0) was added to the medium. Total RNA was isolated at
15 min after the addition of hemin or iron and was subjected
to Northern analysis. Transcription of hem(Q was strongly
induced by hemin but repressed by the addition of iron (Fig.
4B). Furthermore, the transcription of hemO increased as the
concentration of extracellular hemin increased (Fig. 4C),
indicating that the expression of hemO is actively induced
when its substrate (hemin) exists in the environment in a dose-
dependent manner. Conversely, when free iron is available,
the hemO gene is not transcribed, suggesting some additional
regulatory mechanism may exist to control iron homeostasis.
Further studies are needed to elucidate the regulation of iron
metabolism in C. perfringens.

Regulation of hemO by the VirR/VirS-VR-RNA system

‘A recent study of the VirR/VirS-VR-RNA regulon using a C.
perfringens microarray (Ohtani et al., 2009) showed that 147
genes are regulated by the VirR/VirS-VR-RNA system. The
hemO gene (CPE0214) was not included in the predicted
regulon, since its expression level was slightly under the
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Fig. 4. Transcriptional analysis of hemO by Northern hybridization. (A)
Growth-phase-dependent expression of the zemO mRNA (1 h to 5 h).
The mRNA of hemO is indicated by an arrow along its length. (B)
Transcriptional change of hemO in the presence of 0.2 uM iron
(FeSO,7H,0) or 0.1 uM hemin. Total RNA was extracted from C.
perfringens cells at 15 min after addition of iron or hemin and subjected
to Northern hybridization. (C) Dose-dependent induction of emO by
hemin. The indicated concentrations of hemin (0.1, 0.05, and 0.01 uM)
were added to the C. perfringens cultures, and total RNA was prepared
from the cells at 15 min after the addition. Each lane was loaded with
10 pg of total RNA. Photographs of the EtBr-stained gel are shown
with the locations of 23S and 16S rRNAs.

threshold set in the microarray analysis. To check the
transcriptional regulation of hemO by the VirR/VirS and/or
VR-RNA system, the transcription of zemO in C. perfringens
strains 13(pJIR418) (wild type), TS133(pJIR418) (virR),
TS133(pTS405) (virRvirS*) (Okumura et al, 2008), TS140
(pJIR418) (vrr'), and TS140(pSB1031) (vrr*) was examined by
Northern hybridization analysis. At 2 h of culture, hemO
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Fig. 5. Regulation of hemO by VirR/VirS and the VR-RNA system.
Total RNA was extracted from the C. perfringens strains at 2 and 3 h
from the start of the culture. (A) The wild-type strain 13(pJIR418),
TS133(pJIR418)(virR), and TS133(pBT405) (virR/virS*) were examined.
(B) The wild-type strain 13(pJIR418), TS140(pJIR418)(wr), and
TS140(pSB1031) (vr*) were examined. Each lane was loaded with 10
ug of total RNA. Photographs of the EtBr-stained gel are shown with
the locations of 23S and 16S rRNAs.

transcription decreased in TS133(pJIR418) and recovered in
TS133(pTS405) (Fig. 5A). Similarly, it decreased in TS140
(pJIR418) at 2 h of culture compared with 13(pJIR418), and
was recovered by complementation of intact VR-RNA in
TS140(pSB1031) (Fig. 5B). However, at 3 h, no significant
changes among the strains were found in the hemO mRNA
amount (Figs. SA and B). These data suggested that the hemO
gene is positively regulated by both VirR/VirS and VR-RNA,
especially at 2 h of culture (the rapidly growing phase of C.
perfringens) and that hemO belongs to the VirR/VirS-VR-
RNA regulon in C. perfringens.

In conclusion, characterization of CPE0214 (hemO)
revealed that it seems to play a role in heme utilization in the
anaerobic pathogen C. perfringens. Other than virulence-
associated genes, the VirR/VirS-VR-RNA regulon includes a
variety of genes whose functions are closely related to cell
survival in the host (Ohtani et al, 2009). In particular,
VirR/VirS-VR-RNA-mediated control of the gencs required
for metabolizing extracellular sources is very important for
cell survival and multiplication. Here, our data indicate that
the VirR/VirS-VR-RNA system is also important for the
regulation of hemO, which might be required for the
acquisition of iron and the maintenance of an anoxic
environment to allow survival in a host environment. However,
we have very little knowledge about the iron metabolism in C.
perfringens. Further detailed studies will thus be needed to
elucidate the regulation of iron metabolism and its
relationships with the VirR/VirS-VR-RNA system, which will
be prerequisite for understanding the pathogenicity of C.

perfiingens.
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