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Clostridium perfringens is a Gram-positive anaerobic spore-forming bacterium that is widespread in envi-
ronmental soil and sewage, as well as in animal intestines. It is also a causative agent of diseases in humans
and other animals, and it produces numerous extracellular enzymes and toxins. Although these toxins have
been characterized in detail, regulators of toxin genes are less well understood. The present study identified
CPE1447 and CPE1446 as novel regulators of toxin gene expression. CPE1447 and CPE1446 are cotranscribed
as an operon, and the encoded proteins have a helix-turn-helix (HTH) motif at the N termini of their amino
acid sequences, suggesting that CPE1447 and CPE1446 control the target genes as transcriptional regulators.
The expression of several genes encoding toxins was changed in both a CPE1446 mutant and a CPE1447-
CPE1446 deletion mutant. Complementation of CPE1446 and CPE1447 revealed that CPE1447 and CPE1446
coordinately regulate their target genes. CPE1447 protein was coprecipitated with His-tagged CPE1446 pro-
tein, indicating that the CPE1447 and CPE1446 proteins form a stable complex in C. perfringens under their
native conditions. Although the small RNA that regulates several genes under the VirR/VirS two-component
system (VR-RNA) positively affected CPE1447-CPE1446 mRNA expression, it did not control expression of the
CPE1447-CPE1446 regulon, demonstrating that CPE1447 and CPE1446 regulate a different set of toxin genes

from the VirR/VirS-VR-RNA cascade.

The Gram-positive anaerobic spore-forming bacterium,
Clostridium perfringens is widespread in the environment and in
the gastrointestinal tract. It is pathogenic to humans and other
animals and is a causative agent of gas gangrene and food
poisoning (20, 21). C. perfringens strain 13 is an enterotoxin-
negative type A strain that produces several toxins, including
phospholipase C (alpha-toxin), perfringolysin O (6-toxin), col-
lagenase (k-toxin), sialidase, and hyaluronidase (-toxin).
These toxins are encoded by the genes plc, pfoA, colA, nanl,
nanJ, and nagHIJKL, respectively, which are expressed during
the exponential growth phase (1, 19). Because C. perfringens
has few genes involved in amino acid biosynthesis, host cell
degradation is required to generate nutritional sources, and
the expression of genes encoding extracellular enzymes and
toxins should be tightly controlled in concert (22).

The primary toxin for gas gangrene, a lethal disease caused
by the C. perfringens type A strain, is phospholipase C, since the
plc mutant of C. perfringens cannot cause clostridial myonecro-
sis in mice, indicating that the alpha-toxin is essential for vir-
ulence (2). In contrast, the 6-toxin might play a role in patho-
genesis, but it is not essential, since the pfo4 mutant can still
cause clostridial myonecrosis in mice (2). Sialidase is thought
to be associated with the virulence of several bacterial patho-
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gens, such as Vibrio cholerae (11) and Pseudomonas aeruginosa
(10). The secreted major sialidase of C. perfingens, Nanl, might
interact with the extracellular environment of the host tissue.
Both Nanl and NanJ enhance the alpha-toxin-mediated cyto-
toxic effect, but they are not essential for virulence (7). Hya-
luronidases might also play an important role in enabling the
spread of the pathogen, as the spread of their toxins through-
out host tissues is enhanced by the degradation of hyaluronate,
which is a major constituent of the core substance of most
connective tissues (14). The genome of C. perfringens strain 13
harbors five hyaluronidase genes, suggesting that the enzyme
facilitates the virulence of the strain. However, the role of
hyaluronidase in the pathogenesis of C. perfringens strain 13 is
unknown.

The major regulatory factor that is thought to be involved in
the regulation of toxin production at the exponential phase is
the VirR/VirS-VR-RNA cascade, which affects the expression
of over 100 genes, including those encoding the alpha-, 6-, k-,
and p-toxins, as well as sialidase (17, 18). Although VR-RNA
directly regulates the expression of k-toxin (col4) via an anti-
antisense mechanism (16), how it regulates that of sialidase, as
well as the alpha-, 6-, and p-toxins, has remained unclear. In
addition, since the VirR/VirS-VR-RNA cascade does not reg-
ulate all toxin genes, other factors should be involved in reg-
ulating the expression of these genes, although little is known
about such regulators, except for VirR/VirS in C. perfringens.

The present study focuses on two putative transcriptional
regulators with a DNA-binding motif that are expressed during
the exponential growth phase. CPE1447 and CPE1446 have a
helix-turn-helix (HTH) motif in the N-terminal amino acid
sequence, suggesting that the proteins function as transcrip-
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tional factors. CPE1447 and CPE1446 regulate the expression
of the toxin genes plc, pfoA, nanl, and nagHIJK at the tran-
scriptional level. Since the regulation of these genes requires
both CPE1447 and CPE1446, they cooperate to control the
expression of the target genes. The present study also found
that the CPE1447 and CPE1446 proteins form a stable com-
plex in C. perfringens cells and that they regulate a different set
of toxin genes than the VirR/VirS—VR-RNA regulatory cas-
cade. These results demonstrate that CPE1447 and CPE1446
are new regulatory factors that are involved in toxin regulation
in C. perfringens and that they are important for pathogenesis,
along with the VirR/VirS—-VR-RNA cascade.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. perfringens strain 13 (15), the
derivative strain TS140 (23), a CPE1446 mutant (NO13), and a CPE1447-
CPE1446 deletion mutant (NO16) were cultured under anaerobic conditions
using an Anaeropack (Mitsubishi Gas Chemical Co. Inc., Tokyo, Japan) at 37°C
in Gifu anaerobic medium (GAM) broth or brain heart infusion (BHI)-sheep
blood agar plates (Difco and Nippon Biotest Laboratories Inc.) with or without
50 pg/ml erythromycin. C. perfringens harboring plasmids was cultured in GAM
broth containing 25 pg/ml chloramphenicol. Escherichia coli JM109 harboring
plasmids was grown at 37°C in LB medium supplemented with either 50 pg/ml
ampicillin or 25 wg/ml chloramphenicol.

Construction of CPE1446 mutant and CPE1447-CPE1446 deletion strains.
We inactivated the CPE1446 gene by a single-crossover event using a plasmid
vector lacking the rep gene of C. perfringens and constructed the CPE1446
disruptant NO13. An internal region of CPE1446 (497 bp) and the ermBP gene
were amplified by PCR using primers NO1/NO2 and E1/E2 from the genomic
DNA of C. perfringens strain 13 and pJIR418 (24), respectively, and cloned into
the Pstl and EcoRI sites of pUCIS, respectively. The resulting plasmid, pNO13,
was introduced into C. perfringens strain 13 by electroporation.

The upstream region of CPE1447 (921 bp) and the downstream region of
CPE1446 (966 bp) were amplified by PCR using primers NO3/NO4 and NOS5/
NO6 from the genomic DNA of C. perfringens and digested with EcoRI-KpnI
and PstI-BamHI, respectively. These DNA fragments were cloned into appro-
priately digested pUCI18, and the resulting plasmid was designated pNO15. The
ermBP gene, amplified from pJIR418 using primers E3/E4, was inserted into the
BamHI site of pNO15, resulting in pNO16. To construct the CPE1447-CPE1446
deletion mutant strain NO16, over 6 pg of DNA fragments amplified from
pNO16 using primers NO3/NOG6 were introduced into C. perfringens strain 13 by
electroporation. We independently introduced this linear DNA fragment twice
and obtained two transformants in each experiment. We used PCR and Southern
blot analysis to confirm the correct insertion of the resistance gene and deletion
of the CPE1447-CPE1446 gene in 3 of 4 transformants.

Electroporation proceeded as described below. C. perfringens strain 13 was
grown to the late-exponential phase in 10 ml of GAM broth. The cells were
harvested by centrifugation, washed twice with 15 ml of 15% glycerol, and
resuspended in 4 ml of 15% glycerol. The plasmid vectors or DNA fragments
were mixed with 80 pl of cell suspension in a 2-mm-gap cuvette. Electroporation
proceeded using a Bio-Rad Gene Pulser II (Bio-Rad Laboratories) set at a
capacitance of 25 wF and a resistance of 200 ) and using pulses of 2.5 kV (12.5
kV/cm). After pulsing, the cells were mixed immediately with 500 ul of GAM
broth and incubated at 37°C for 2 h. The transformants were selected on BHI-
sheep blood agar containing 50 pwg/ml erythromycin. Each mutant was confirmed
by PCR, Southern blot analysis, and DNA sequencing.

Plasmids. We constructed the His-tagged CPE1446 and CPE1447 coexpres-
sion vector, pCPEG, as follows. A DNA fragment containing a CPE1447 pro-
moter and the CPE1447 and CPE1446 open reading frame (ORF) was amplified
by PCR using primers NO7/NO10 from the genomic DNA of C. perfringens strain
13. The PCR product was digested with EcoRI and BamHI and then inserted
into the same sites of the His-tagged Tex protein expression vector (K. Abe,
personal communication).

The DNA fragments containing the CPE1447 promoter or CPE1446 ORF
were amplified by PCR using primers NO7/NO8 and NO9/NO10, respectively.
The PCR products were then digested with EcoRI or with EcoRI and BamHI
and cloned into the same sites of the His-tagged Tex protein expression vector,
resulting in pCPE9 expressing the CPE1446-His protein from the native pro-
moter located upstream of the CPE1447 ORF.
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The CPE1447-CPE1446 expression vector, pNOCI6, derived from the
pJIR418 vector, contained the DNA fragment amplified by PCR using primers
NO11/NOG6.

To construct the CPE1447—glutathione S-transferase (GST) expression vector
pCPE43, a PCR fragment amplified using primers NO7/NO12 was inserted into
the EcoRI-BamHI sites of pCPE33 (16).

The CPE1446-His or CPE1447 and CPE1446-His protein overexpression vec-
tors, pNOEO3 and pNOEQS5, respectively, were constructed as followed. Frag-
ments amplified from the genomic DNA of C. perfringens strain 13 by PCR using
the NOE2/NO10 or NOE1/NO10 primers were cloned into the Ncol-BglII sites
of pQEG0.

Oligonucleotides. Table S1 in the supplemental material lists the oligonucle-
otide primers used in this study.

Northern blot analysis. Total RNA extracted from C. perfringens derivatives
grown at 37°C in GAM broth were subjected to Northern blot analysis as
described previously (16) with digoxigenin-labeled DNA probes generated by
DIG-High Prime according to the supplier’s instructions (19a). Template DNAs
for the toxin gene-specific probes were amplified by PCR from strain 13 genomic
DNA using the primers described by Abe et al. (1).

Primer extension analysis. The 5’ ends of CPE1447, nagl, nagK, and nanl
mRNAs were determined using the PE1, PE2, PE3, and PE4 primers, respec-
tively (see Table S1 in the supplemental material). The primers (10 pmol) were
end labeled with 1 ul of T4 polynucleotide kinase (PNK), 2 pl of 10X PNK
buffer, and 5 ul of [y->*PJATP in 20 pl of reaction buffer at 37°C for 30 min. The
T4 PNK was then inactivated by heating it at 95°C for 2 min. The reaction
mixture (10 wl) containing 8 pg of total RNA, 1 nmol of deoxynucleoside
triphosphates (ANTPs), and 0.5 pmol of labeled primer was incubated at 95°C for
1 min, followed by 65°C for 5 min, and then cooled on ice. The extension reaction
mixture was incubated at 42°C for 1 h with 20 units of RNase inhibitor (Takara
Bio Ltd.) and 200 units of PrimeScript reverse transcriptase (Takara Bio Ltd.).
c¢DNA products precipitated with ethanol were separated on 6% polyacryl-
amide-7 M urea—Tris-borate-EDTA (TBE) gels. Sequence ladders were gener-
ated using the fmol DNA sequencing system (Promega) according to the sup-
plier’s instructions.

Purification of His-tagged protein. E. coli M15 harboring pREP4 (Qiagen)
and pNOEO3 or pNOEOS5 was grown in 100 ml of LB broth containing 50
pg/ml ampicillin and 25 pg/ml kanamycin to the mid-exponential phase. After
adding 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside), the cells were
incubated for an additional 5 h and then harvested by centrifugation. The
cells were then resuspended in 5 ml of lysis buffer containing 50 mM
NaH,PO,, pH 8.0, 300 mM NaCl, and 10 mM imidazole and passed twice
through a French press. After adding 300 .l of His-Select Nickel Affinity Gel
(Sigma), the cell extract was gently mixed at 4°C for 1 h. The gel binding to
the His-tagged protein was washed twice with lysis buffer containing 20 mM
imidazole. The His-tagged protein was then eluted with lysis buffer containing
250 mM imidazole and dialyzed against dialysis buffer containing 20 mM
Tris-HCI, pH 7.5, 100 mM NaCl, 1 mM EDTA, 50% glycerol, and 200 pM
phenylmethylsulfonyl fluoride at 4°C for 16 h.

CPE1446-His protein was purified from C. perfringens as described above.
NO16 harboring pCPE6 or pNOC16 (negative control for coprecipitation) was
grown in GAM broth at 37°C to the mid-exponential phase. The cells were
resuspended in 3 ml of lysis buffer and passed three times through a French
press. The proteins were analyzed by 12% SDS-PAGE or by Western blotting
using anti-His antibody.

Western blot analysis. Whole proteins were extracted using glass beads. C.
perfringens harboring the CPE1446-His or CPE1447-GST protein expression
vector was cultured in 30 ml of GAM broth containing 25 wg/ml chloram-
phenicol at 37°C. Cells were harvested from 10 ml culture by centrifugation
at 2, 3, and 4 h after inoculation. The cell pellets were resuspended in 1 ml
of LETS buffer (100 mM LiCl, 10 mM EDTA, 10 mM Tris-HCI, pH 7.5, and
1% [wt/vol] sodium dodecyl sulfate), and then 200 wl of the suspension was
mixed with 100 pl of glass beads and vortexed for 4 min. After centrifugation,
the supernatants were collected. Equivalent volumes of 0.02 A,g, unit of
protein samples were resolved by SDS-PAGE and then electroblotted onto
polyvinylidene difluoride membranes. The membranes were blocked with 5%
skim milk in Tris-buffered saline containing 0.2% Tween 80 and then probed
with anti-His tag (Wako) diluted 1:5,000 or anti-DnaK diluted 1:5,000. Horse-
radish peroxidase-conjugated anti-mouse or -rabbit secondary antibodies
(GE Healthcare) were applied at a dilution of 1:50,000. Bound antibodies
were then detected using Immunostar LD (Wako).



Vor. 193, 2011

A
CPE1447 CPE1446
CPE144% : 0 CPE1445
r__.'\:‘,____ \,
CPE1448CPE1447
" 13kb  1.3kb
B VR-RNA+  VR-RNA-
[l 2 3 4 2 3 4
4.7 kb -

2.7kb-’ -— —
18kb~ ! :
165 rRNA [ S S W W

FIG. 1. Expression of CPE1447-CPE1446 mRNA. (A) Schematic
drawing of the CPE1447-CPE1446 locus in the C. perfringens genome.
The transcriptional start site and terminator are indicated by a bent
arrow and a stem-loop structure, respectively. Previously annotated
CPE1448 and CPE1447 genes are indicated by dashed arrows.
(B) Northern blots of strains 13 (VR-RNA+) and TS140 (VR-RNA—)
harboring the pJIR418 plasmid vector. Total RNA was isolated from
cultures at the indicated time points, and 2 ug of total RNA was
subjected to Northern blot analysis using a probe specific for the
CPE1446 gene. The 16S rRNA on the blot detected by methylene blue
staining is indicated at the bottom. The arrowhead indicates polycis-
tronic mRNA encoding CPE1447 and CPE1446.

RESULTS

CPE1446 and CPE1447 are cotranscribed. CPE1446 and
CPE1447 are located in a region downstream of the CPE1445
gene in the reverse direction (Fig. 1A). The CPE1447 locus
was previously suggested to include the CPE1448 (528 bp) and
CPE1447 (753 bp) genes in C. perfringens strain 13 (22) (Fig.
1A). However, a BLAST search revealed that the CPE1448
and CPE1447 genes have sequence similarity to the N- and
C-terminal regions, respectively, of an orthologous CPR_1434
gene in C. perfringens SM101, which is an enterotoxin-positive
type A strain. In addition, the CPR_1434 gene is 1,302 bp long,
which is almost equal to the combined lengths of CPE1448 and
CPE1447. We constructed a His-tagged CPE1447 expression
vector, which contained the whole CPE1449-CPE1448 inter-
genic region (IGR) (presumably containing the native pro-
moter) and the CPE1448-CPE1447 locus. The histidine tag
was fused to the C terminus of the CPE1447 ORF in the
plasmid vector. If CPE1448 and CPE1447 encode their re-
spective proteins, the CPE1447 protein should be roughly 29
kDa (250 amino acids [aa]). Western blot analysis using
anti-His tag antibody revealed that the CPE1447-His pro-
tein was almost 50 kDa (data not shown). We then se-
quenced the region surrounding the CPE1448 stop codon
and determined that the previously annotated TAA stop
codon was a TCA codon encoding serine. This indicates that
CPE1448 and CPE1447 encode a single protein comprising
434 amino acids. Here, we refer to the CPE1448-CPE1447
fusion gene as CPE1447 (Fig. 1A).

The CPE1446 and CPE1447 genes were separated by a
16-bp intergenic region, suggesting that the genes are cotran-
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FIG. 2. Determination of the transcriptional start site located up-
stream of CPE1447. (A) Primer extension analysis proceeded using
#2P_labeled primer and total RNA isolated from the cultures of strains
13, TS140, and NO16 at the mid-exponential phase. The sequence
around the transcriptional start site for CPE1447 was determined by
sequence reaction using the same primer and is indicated on the left.
(B) DNA sequence around the CPE1447 promoter. The transcrip-
tional start site of CPE1447 is indicated by a bent arrow. Putative —35
and —10 sequence regions are boxed. The ribosome binding site (RBS)
and start codon of CPE1447 are shown in boldface.

scribed as an operon. Northern blot analysis was carried out
with total RNA from C. perfringens strain 13 cells at various
time points (2 to 4 h of culture). A 2.6-kb transcript was
detected after 2 or 3 h in culture (Fig. 1B), suggesting that
CPE1447 and CPE1446 were cotranscribed at the mid- and
late-exponential phase. The CPE1447-CPE1446 operon is con-
served in some Clostridium species, such as C. acetobutylicum,
C. botulinum, C. tetani, C. novyi, C. beijerinckii, and C. kluyveri
(data not shown), suggesting that the operon plays an impor-
tant role in gene regulation among clostridia. We performed
primer extension analysis to determine the transcriptional start
site of CPE1447-CPE1446 mRNA (Fig. 2A). Although several
extension products were detected, only the transcriptional start
site indicated in Fig. 2 was detected by two independent primer
extension analyses using different primers (data not shown).
Thus, the extension products, except that of the transcriptional
start site that we defined, might be nonspecific and caused by
mispriming. A typical promoter sequence recognized by RNA
polymerase o (TTGACA[N],,TATAAT) was observed up-
stream of the proposed transcriptional initiation site (Fig. 2B).

CPE1446 and CPE1447 regulate the expression of several
toxin genes in concert. The CPE1446 and CPE1447 proteins
possess the HTH motif in the N-terminal sequence and might
function as DNA-binding proteins and transcriptional regula-
tors. Northern blot analysis indicated that CPE1447-CPE1446
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FIG. 3. CPE1447 and CPE1446 regulate expression of several toxin
genes. (A) Schematic drawing of suicide plasmid pNO13 integrated
into the CPE1446 gene of C. perfringens strain 13. The transcriptional
start site and terminator are indicated by a bent arrow and a stem-loop
structure, respectively. (B) Schematic drawing of a DNA fragment
used to delete the CPE1447 and CPE1446 genes in C. perfringens strain
13. The fragment contains upstream and downstream sequences of
CPE1447 and CPE1446, respectively, and an erythromycin resistance
gene. (C) Northern blots of strains 13, NO13, and NO16. Total RNA
(1 ng) isolated from culture at the mid-exponential phase was resolved
on 1% agarose gels containing 2% formaldehyde and then subjected to
Northern blot analysis using toxin gene-specific probes.

mRNA accumulated jn the mid- and late-logarithmic growth
phase (Fig. 1B), when many genes, including those encoding
toxins and extracellular enzymes, are expressed at high levels in
C. perfringens (19). This suggests that CPE1447 and CPE1446
are involved in toxin gene regulation. To examine this notion,
we constructed strain NO13, in which the CPE1446 gene was
disrupted by a single-crossover event using a suicide vector
(Fig. 3A), and strain NO16, a CPE1446 and CPE1447 deletion
mutant (Fig. 3B). Both NO13 and NO16 were grown to the
mid-logarithmic phase. Total RNAs isolated from the cultures
were used for Northern blot analyses of the toxin genes. The
colA gene, which encodes a collagenase, and VR-RNA, which
regulates several toxin genes (16, 17, 23), are identically ex-
pressed in strains 13, NO13, and NO16 (Fig. 3C). VR-RNA
directly regulates col4 expression through an antiantisense
mechanism (16), and CPE1447 and CPE1446 were not associ-
ated with the expression of either gene. On the other hand,
expression of the plc, pfoA, and nanl genes, which encode
phospholipase C, perfringolysin O, and sialidase, respectively,
was activated in NO13 and NO16 compared to strain 13 (Fig.
3C). In addition, expression of the hyaluronidase genes nagl
and nagK was obviously repressed in NO13 and NO16 com-
pared with strain 13 (Fig. 3C). These results suggest that
CPE1447 and CPE1446 affect the expression of several toxin
genes.

To further analyze the relationship between the CPE1447
and CPE1446 genes and toxin gene expression, CPE1447 and
CPE1446 or CPE1446 expression vectors were constructed and
introduced into NO13 and NO16. The activation and repres-
sion of the toxin genes in NO16 were restored by complemen-
tation with plasmid-encoded CPE1447 and CPE1446, but not
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FIG. 4. CPE1447 and CPE1446 function in a coordinated manner.
C. perfringens strains 13, NO13, and NO16 harboring the CPE1446 or
CPE1447 and CPE1446 expression vector were grown at 37°C to the
mid-exponential phase. Total RNA (1 pg) isolated from the culture
was used for Northern blot analysis with the indicated gene-specific
probes. The 23S and 16S rRNAs on the blot detected by methylene
blue staining are indicated at the bottom.

with CPE1446 alone (Fig. 4; lanes 5 and 6). Transformation of
the plasmid vector expressing CPE1446 into NO13 cells also
restored toxin gene expression, suggesting that the CPE1446
gene carried in a plasmid is functionally equivalent to a chro-
mosomally encoded copy (Fig. 4, lane 3). These results suggest
that inactivation of either CPE1446 or CPE1447 causes
changes in the expression of the toxin genes. Moreover,
CPE1446 and CPE1447 would coordinately regulate several
toxin genes.

CPE1446 and CPE1447 proteins form a stable complex in
vivo. DNA-binding proteins with the HTH motif typically form
an oligomer and bind to target DNA sequences. Neither the
purified CPE1447 nor the CPE1446 protein alone could spe-
cifically bind to the target DNA sequences (nagl, nagK, and
nanl) (data not shown), but they regulated common target
genes in a coordinated manner. Therefore, we postulated that
these proteins form a complex in vivo. To confirm interaction
between CPE1447 and CPE1446, CPE1447 and C-terminally
His-tagged CPE1446 proteins were coexpressed in E. coli using
a plasmid vector. Both proteins were simultaneously overex-
pressed, and the His-tagged CPE1446 protein was then puri-
fied and analyzed by SDS-PAGE (Fig. 5A). Purified CPE1446-
His protein was detected using anti-His tag antiserum (Fig. S5A,
left). When CPE1447 was concomitantly overexpressed, a sec-
ond protein was copurified with CPE1446-His protein (Fig.
5A, right). This protein migrated slightly later than CPE1446-
His protein and was not detected when only CPE1446-His was
overexpressed. Matrix-assisted laser desorption ionization—
time of flight mass spectrometry (MALDI-TOF MS) analysis
confirmed that the CPE1447 and CPE1446-His proteins co-
precipitated (data not shown). To determine whether the
CPE1446 and CPE1447 proteins also form a complex in their
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FIG. 5. CPE1447 and CPE1446 form a stable complex in vivo.
(A) Coprecipitation of coexpressed CPE1447 and CPE1446-His pro-
teins in E. coli cells. Coprecipitated His-tagged proteins (20 ng) were
detected by Western blot analysis using anti-His tag antibody (left).
Purified proteins (2 pg) were resolved by SDS-PAGE and stained with
Coomassie brilliant blue (CBB) (right). (B) SDS-PAGE (top) and
Western blots (bottom) of proteins coprecipitated with CPE1446-His
protein from C. perfringens cells. The protein complexes were purified
from extracts of C. perfringens NO16 cells harboring plasmids express-
ing CPE1447-CPE1446 or CPE1447 and His-tagged CPE1446. The
SDS-PAGE gel was stained with Coomassie brilliant blue. The West-
ern blots were probed with anti-His tag antibody.

native host, C. perfringens, we introduced the CPE1447 and
CPE1446-His protein expression vector, in which CPE1447-
CPE1446-His mRNA transcription starts from the native pro-
moter, into NO16, the CPE1447-CPE1446 operon deletion
strain. The CPE1446-His and CPE1447 proteins from the vec-
tor functioned like C. perfringens genomic CPE1446 and
CPE1447, because the plasmid vector restored the toxin gene
expression of NO16 (Fig. 4, lane 6). His-tagged protein was
purified from cell extracts of C. perfringens, and the proteins
were analyzed by SDS-PAGE (Fig. 5B). The purification of
CPE1446-His protein was confirmed by Western blot analysis
with anti-His tag antiserum (Fig. 5B, bottom). The CPE1447
protein was also copurified with CPE1446-His protein from
cell extracts of C. perfringens, but not from cells expressing
CPE1446 without a His tag (Fig. 5B, top). Therefore, the
CPE1446-His and CPE1447 proteins interact and form a stable
complex in their native host.

The clostridial small regulatory RNA (sRNA), VR-RNA, is
involved in CPE1446 and CPE1447 protein expression. The
VirR/VirS two-component system (TCS) is a global regulator
in C. perfringens (3, 18). Because a VirR binding motif (CCA
GTTNNNCAC) does not exist in the CPE1447 promoter se-
quence, the expression of CPE1447-CPE1446 is not directly
regulated by the VirR response regulator (5, 6). Several genes,
including those that encode toxins, are regulated by the VirR/
VirS-VR-RNA cascade in C. perfringens (17). VR-RNA is a
regulatory RNA that influences the expression of many genes,
including several toxin genes, and might also regulate that
of the CPE1447-CPE1446 genes. To determine whether
CPE1447-CPE1446 expression is regulated by VR-RNA, we
examined CPE1447-CPE1446 mRNA expression in TS140
cells, which are deficient in VR-RNA. Northern blots showed
that CPE1447-CPE1446 mRNA levels decreased in TS140
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FIG. 6. VR-RNA influences the amounts of CPE1447-GST and
CPE1446-His proteins. (A) Western blots of strain 13 (VR-RNA+) or
TS140 (VR-RNA—) harboring pCPE43. Each lane was loaded with
0.02 A,g, unit of protein obtained from cells at the indicated time
points. A GST fusion protein and DnaK were probed with anti-GST
and anti-DnaK antibody, respectively. (B) Western blots of strain 13 or
TS140 harboring pCPE6. Each lane was loaded with 0.02 A,g, unit of
protein from cells at the indicated time points. A His tag fusion protein
and DnaK were probed with anti-His tag and anti-DnaK antibody,
respectively.

cells and that VR-RNA positively regulates expression (Fig.
1B). This finding was consistent with the results of primer
extension analysis, in which the amount of extension product
was decreased in TS140 cells compared to strain 13 (Fig. 2A).
To confirm that VR-RNA regulates CPE1447 and CPE1446,
we constructed a CPE1447-GST translational fusion gene in
which the CPE1447 promoter, the CPE1447 5’ untranslated
region (UTR), and part of the CPE1447 ORF (region —45 to
+45 relative to A of the AUG start codon) were fused in frame
to the GST gene. A His tag was also fused to the C terminus of
the CPE1446 codon of the CPE1447-CPE1446 operon in a
plasmid vector in which CPE1447 and CPE1446-His proteins
were expressed from the native promoter. The expression of
both the CPE1447-GST and CPE1446-His proteins decreased
in TS140 after 2 to 4 h in culture (Fig. 6). This indicated that
VR-RNA activates the synthesis of both the CPE1447 and
CPEL1446 proteins in C. perfringens.

CPE1447/CPE1446 and VR-RNA affect the expression of a
different set of toxin genes. The present results suggested that
VR-RNA and the CPE1447-CPE1446 protein complex form a
regulatory cascade. In other words, VR-RNA affects the ex-
pression of the CPE1447-CPE1446 target genes by regulating
the amount of CPE1447 and CPE1446 proteins. To prove this
hypothesis, total RNA was isolated from cultures of C. perfrin-
gens strains 13, NO16, and TS140 at various time points and
used for Northern blot analysis of the toxin genes (Fig. 6). The
ple, pfoA, nanl, and ccp mRNAs increased, whereas the nagH,
nagl, nag/, and nagk mRNAs decreased in NO16 compared to
strain 13 (Fig. 7). C. perfringens possesses five hyaluronidase
and two sialidase genes (22), four and one of which, respec-
tively, are regulated by CPE1447-CPE1446. On the other hand,
plc and colA mRNAs were repressed while nagH, nagl, and
nanJ mRNAs were activated in TS140, as previously reported
(17). If VR-RNA regulates the toxin genes by controlling
CPE1447 and CPE1446 protein production, CPE1447-
CPE1446 target toxin genes should be similarly expressed in
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FIG. 7. CPE1447-CPE1446 and VR-RNA independently regulate
the target genes. Northern blot analysis of strains 13, NO16, and TS140
was performed with the indicated gene-specific probes. C. perfringens
was grown and harvested at the indicated time points. Total RNA (1
wg) isolated from cultures was subjected to Northern blot analysis. The
16S and 23S rRNAs on the blot detected by methylene blue staining
are indicated at the bottom.

both NO16 and TS140. However, CPE1447-CPE1446 posi-
tively and negatively regulated, whereas VR-RNA repressed
and activated, respectively. Thus, VR-RNA and CPE1447-
CPE1446 do not influence the expression of CPE1447-
CPE1446 target genes in the same manner and would influence
the expression of different sets of toxin genes.

Determination of the transcriptional start sites of CPE1447-
CPE1446 target genes. We investigated the transcriptional
start sites of the CPE1447-CPE1446 target genes, nagl, nagk,
and nanl. Total RNAs isolated from strains 13 and NO16 at
the mid-exponential phase were used for primer extension
analyses (Fig. 8A). The nagl, nagK, and nanl transcriptional
start sites were located 83, 47, and 164 nucleotides (nt) up-
stream of the AUG start codon, respectively. Several extension
products of the nanl transcripts were observed, suggesting that
nanl mRNA is transcribed from multiple promoters. However,
because the longer transcripts of nanl mRNA shown in Fig. 8A
accumulated to high levels and increased in the CPE1447-
CPE1446 deletion strain, we defined the 5’ end of this exten-
sion product as the major CPE1447-CPE1446-dependent tran-
scriptional start site. The canonical recognition sequences of

J. BACTERIOL.

RNA polymerase containing o** were TATAAT for the “—10
box” and TTGACA for the “—35 box.” These consensus se-
quences were identified upstream of the nagl and nagK tran-
scriptional start sites (Fig. 8B). Although, the high AT content
of the C. perfringens genomic sequence sometimes results in
poor similarity between the —10 and —35 regions of the pro-
moter and the consensus sequences (12), the nanl promoter
sequence is less effectively recognized by o®* RNA polymerase
holoenzyme, suggesting that nanl transcription depends on an
alternative sigma factor (Fig. 8B). The cDNA extension prod-
ucts of nagl and nagK in NO16 decreased, and that of nanl
increased. These finding were consistent with those of the
Northern blots (Fig. 8A). A comparison of the promoter se-
quences of the CPE1447-CPE1446 target genes revealed no
sequence similarity.

DISCUSSION

The present study showed that CPE1447 and CPE1446 with
an HTH domain at the N terminus are novel regulators of
toxin gene expression in C. perfringens. Inactivation of the
CPE1446 gene and deletion of the CPE1447-CPE1446 operon
influenced expression of the same set of toxin genes (Fig. 3).
Furthermore, coexpression of CPE1447 and CPE1446 is re-
quired to regulate these genes, suggesting that CPE1447 and
CPE1446 coordinately function as toxin regulators (Fig. 4).
Coprecipitation assays of His-tagged CPE1446 protein re-
vealed interactions between the CPE1447 and CPE1446 pro-
teins in vivo, indicating that CPE1447 and CPE1446 form a
stable heteromeric complex (Fig. 5). Therefore, we considered
that a heteromeric oligomer of CPE1447 and CPE1446 binds
to the target promoter and regulates transcription in C. per-
fringens.

The CPE1447 and CPE1446 amino acid sequences down-
stream of the HTH motif contain several tetratricopeptide
repeat (TPR) domains, which form a coiled-coil or helical-
bundle structure (9). Protein-protein interactions such as those
between Dnal-like and Hsp70 proteins are mediated by TPR
motifs (8). Thus, TPR motifs in the CPE1447 and CPE1446
proteins would enable them to form heteroprotein complexes.
CPE1447 or CPE1446 purified from E. coli itself did not spe-
cifically bind to the promoter sequences of nagl, nagk, and
nanl in gel mobility shift assays (electrophoretic mobility shift
assays [EMSA]) (data not shown), implying that heteromeric
complex formation is critical for binding to the target sequence
of CPE1447 or CPE1446. We analyzed interactions between
the DNA sequences of the nagl, nagK, and nanl promoters and
the CPE1447-CPE1446 protein complexes using an EMSA. The
protein complexes were purified by coprecipitating CPE1447
and CPE1446-His proteins from E. coli (Fig. 5A). Upstream
regions of transcriptional start sites about 100 bp long were
amplified by PCR and end labeled with [a->*P]JATP. When 15
fmol of DNA probe was mixed with 1 pg of purified CPE1447-
CPE1446 protein complex for 30 min at 37°C, we could not
observe an obvious shift band representing DNA-protein com-
plexes, although the signal of the free DNA probe slightly
decreased. The VirR protein is a DNA-binding transcriptional
regulator of C. perfringens, and 1 wg of the protein purified
from E. coli forms DNA-protein complexes with its target pfoA
promoter in vitro (5, 6). These results suggest that the
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FIG. 8. Determination of transcriptional start sites of nagl, nagK, and nanl. (A) Primer extension analysis of nagl, nagK, and nanl using
32P-labeled primer and total RNA isolated from cultures of strains 13 and NO16 at the mid-exponential phase. The sequence around the
transcriptional start site of each gene was determined by sequence reaction using the same primer. The transcriptional start sites are shown on the
left. (B) Promoter sequences of hyaluronidase and sialidase genes in C. perfringens strain 13 (1). The dashed boxes indicate —10 and —35 boxes.
The ranscriptional start site is indicated by +1'. The length of the 5’ UTR of each gene is also indicated.

CPE1447-CPE1446 protein complex purified from E. coli does
not bind the nagl, nagK, and nanl promoter with high affinity.
We also analyzed cell lysates from C. perfringens using EMSA
with DNA fragments of the whole 5" IGR of the nagl, nagk,
and nanl genes. Several DNA-protein complexes were de-
tected, suggesting that some proteins in the cell lysate interact
with these DNA sequences. However, disruption of the
CPE1446 gene did not alter the shift band in EMSA, indicating
that the protein(s) that bound to the DNA in the EMSA was
not CPE1446. Therefore, direct evidence of CPE1447 and
CPE1446 binding to DNA fragments, including the target pro-
moter and its upstream region, was not obtained. In addition,
a comparison of the promoter sequences of nagHIJK and nanl
did not find similar sequences (Fig. 8). These toxin genes might
not be the direct targets, or CPE1447 and CPE1446 might not
function as DNA-binding proteins, although both CPE1447
and CPE1446 have an HTH domain. However, we consider
that another factor is involved in regulation by the CPE1447-
CPE1446 protein complex in C. perfringens cells.

This study found that the expression of eight genes encoding
toxins was influenced in a CPE1447 and CPE1446 deletion
strain, suggesting that the CPE1447-CPE1446 protein complex
is a global regulator in C. perfringens. The CPE1447 and
CPE1446 genes are widely conserved in clostridia, including C.
acetobutylicum, C. beijerinckii, C. botulinum, C. tetani, C. novyi,
C. kluyveri, C. ljungdahlii, and C. cellulovorans. Among these,
C. botulinum, C. tetani, and C. novyi are causative agents of

botulism, tetanus, and gas gangrene, respectively, in humans.
On the other hand, C. acetobutylicum, C. beijerinckii, C.
kluyveri, C. ljungdahlii, and C. cellulovorans produce useful
solvents or enzymes and should have industrial value. Thus,
both pathogenic and industrially interesting clostridial species
possess this heteromeric protein complex regulator. Identifi-
cation of a precise CPE1447-CPE1446 regulon would also con-
tribute to understanding the regulation of virulence factors and
of useful genes in these clostridia that synthesize solvents and
enzymes.

The clostridial SRNA, VR-RNA, which is a global regulator
under the VirR/VirS two-component system, upregulates the
expression of CPE1447-CPE1446 (Fig. 1 and 6). However,
Northern blot analysis of the CPE1447-CPE1446-null mutant
and a VR-RNA-deficient mutant indicated that CPE1447-
CPE1446 and VR-RNA affect the expression of a different set
of the toxin genes (Fig. 7). We consider why VR-RNA does not
affect CPE1447-CPE1446 target gene expression like CPE1447-
CPE1446 while it positively regulates CPE1447-CPE1446 expres-
sion. One possibility is that a small amount of CPE1447-CPE1446
protein complex is sufficient to regulate the transcription of the
target toxin genes. The CPE1447-CPE1446 deletion mutant and
the CPE1446 disruptant have no CPE1447-CPE1446 protein
complex. In contrast, CPE1447-CPE1446 expression is not com-
pletely repressed in the VR-RNA deletion mutant, in which low
levels of CPE1447-CPE1446 protein complexes regulate target
gene expression. A high level of CPE1447-CPE1446 expression
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from the plasmid vector complemented the toxin gene expression
in a CPE1447-CPE1446 mutant strain (Fig. 4, lane 6) but did not
excessively regulate these genes (that is, expression of the toxin
genes did not differ between the wild type and a strain harboring
the CPE1447-CPE1446 expression vector). This finding implies
that the amount of CPE1447-CPE1446 proteins might not be
involved in the regulatory efficiency of the target gene. Although
the expression of over 100 genes changes in TS140 (17), a direct
target gene of VR-RNA other than the collagenase gene, colA4, is
unknown (16). This suggests that the repression of CPE1447 and
CPE1446 in TS140 is an indirect effect of the VR-RNA deletion.
The expression of CPE1447 and CPE1446 transiently increases
from the mid- to late-exponential phase (Fig. 1) and might be
triggered by external signals. Thus, we propose that the VirR/
VirS-VR-RNA cascade and CPE1447-CPE1446, respectively,
regulate different subsets of genes in response to different signals
in C. perfiingens.

To date, only a few transcriptional regulators have been
identified in C. perfringens (4, 13, 25). The present study dis-
covered that the CPE1447-CPE1446 complex conserved across
many clostridial species is a novel toxin gene regulator, and we
also identified a possible new regulatory cascade. Further func-
tional analysis of CPE1447 and CPE1446 is necessary to iden-
tify the direct target genes, as well as additional factors in-
volved in the DNA-binding activity of CPE1447-1446 and
external signals activating CPE1447-CPE1446 expression. Al-
though further functional analysis of CPE1447 and CPE1446 is
necessary, CPE1447-CPE1446 might be one of the most im-
portant regulatory factors among the pathogenic or industrially
important Clostridium species.
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