JOURNAL OF BACTERIOLOGY, Jan. 2000, p. 57-66
0021-9193/00/$04.00+0

Vol. 182, No. 1

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

The VirR Response Regulator from Clostridium perfringens
Binds Independently to Two Imperfect Direct Repeats
Located Upstream of the pfo4A Promoter
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Regulation of toxin production in the gram-positive anaerobe Clostridium perfringens occurs at the level of
transcription and involves a two-component signal transduction system. The sensor histidine kinase is encoded
by the virS gene, while its cognate response regulator is encoded by the virR gene. We have constructed a VirR
expression plasmid in Escherichia coli and purified the resultant His-tagged VirR protein. Gel mobility shift
assays demonstrated that VirR binds to the region upstream of the pfoA gene, which encodes perfringolysin O,
but not to regions located upstream of the VirR-regulated plc, col4, and pfoR genes, which encode alpha-toxin,
collagenase, and a putative pfo4 regulator, respectively. The VirR binding site was shown by DNase I foot-
printing to be a 52-bp core sequence situated immediately upstream of the pfo4 promoter. When this region was
deleted, VirR was no longer able to bind to the pfoA promoter. The binding site was further localized to two
imperfect direct repeats (CCCAGTTNTNCAC) by site-directed mutagenesis. Binding and protection analysis
of these mutants indicated that VirR had the ability to bind independently to the two repeated sequences. Based
on these observations it is postulated that the VirR positively regulates the synthesis of perfringolysin O by
binding directly to a region located immediately upstream of the pfo4 promoter and activating transcription.

Bacteria use two-component signal transduction systems to
respond to changes in environmental factors such as nutrient
availability, temperature, osmolarity, pH, and oxygen tension
(1). These regulatory networks usually consist of a membrane-
associated sensor histidine kinase and its cognate response
regulator, which communicate by a phosphorelay cascade that
generally leads to the modulation of gene expression (56). The
majority of two-component signal transduction systems have
been identified in prokaryotes, but they have also been found
in some eukaryotes (21). The phosphorelay process usually
involves the detection of a specific environmental stimulus,
which induces the autophosphorylation of the sensor kinase at
a conserved histidine residue located in the cytoplasmic C-
terminal region (38). This domain also contains conserved
motifs that are involved in ATP binding and kinase activity
(40). Once phosphorylated, it can act as phosphodonor for its
cognate cytoplasmic response regulator. The N-terminal do-
main of the response regulator catalyzes the transfer of the
phosphoryl group from the histidine residue to a conserved
aspartate residue, which in essence activates the response reg-
ulator so that it is able to bind to its target DNA and subse-
quently modulate gene expression (38).

Clostridium perfringens is a gram positive anaerobic bacte-
rium that is the causative agent of gas gangrene, or clostridial
myonecrosis, and is characterized by its ability to produce
many extracellular toxins and enzymes (44). Of these toxins,
alpha-toxin (phospholipase C) and perfringolysin O (theta-
toxin) have been implicated in gas gangrene (2, 13, 54). The
production of these toxins and collagenase (kappa-toxin), pro-
tease, and sialidase has been shown to be regulated by a two-
component signal transduction system that comprises the VirS
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sensor histidine kinase and the VirR response regulator, which
are encoded by the virS and virR genes, respectively (27, 48).
Mutation or inactivation of either virR or vir§ alters the ability
to produce the various toxins (3, 27, 48). It has been proposed
that when the transmembrane region of VirS detects an as yet
unidentified environmental or growth phase stimulus, it auto-
phosphorylates at His-255 and then acts as a phosphodonor for
the phosphorylation of Asp-57 of VirR. The phosphorylated
VirR protein positively regulates the transcription of its target
genes either directly or by activating the transcription of other
regulatory genes (3, 27, 43).

Comparison of the putative amino acid sequence of VirR
with those of other response regulators revealed significant
sequence similarity in the N-terminal region (27), in particular
two conserved aspartate residues and conserved lysine and
glutamate residues, all of which are proposed to form the
catalytic domain where phosphorylation occurs (4, 53, 55, 58).
Studies with other response regulators have shown that they
often activate transcription by binding to a promoter region
upstream of the target gene. However, unlike those of many
response regulators, the C-terminal domain of VirR does not
contain any DNA binding motifs such as a helix-turn-helix
motif (38, 39) or a helix-loop-helix domain (29). Consensus
binding sequences have been identified upstream of the genes
regulated by other response regulators such as OmpR (15, 16,
41), PhoP (23, 24), and AlgR (35, 36). However, no common
nucleotide sequences that could act as consensus binding sites
were identified upstream of the VirR-regulated genes (3).

The objectives of this study were to determine if VirR could
bind to the promoter regions of its target genes and if so to
identity its precise binding sites. The initial target regions that
were tested were located upstream of the VirR-regulated plc,
colA, pfoR, and pfoA genes, which, respectively, encode alpha-
toxin, collagenase, the putative regulatory protein PfoR, and
perfringolysin O. The results show that VirR binds to two
imperfect direct repeats located upstream of the pfoA gene.
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TABLE 1. Relevant strains and plasmid used in this study
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Strain or plasmid

Characteristics

Source or reference

E. coli strains

DH5«a F~ $80dlacZAM15 A(lacZYA-argF)U169 endAl recAl hsdR17(rg~ my ") Bethesda Research Laboratories
deoR thi-1 supE44 gyrA96 relA1

BL21(DE3)(pLysS) F~ ompT hsdSg(rg~ mg~) gal dem (DE3)(pLysS) Novagen

Plasmids

pRSET A pUC derived expression vector; N-terminal 6-His tag; Amp"; 2.9 kb Invitrogen

pUCI8 Amp" cloning vector; 2.7 kb 60

pTox6 pTZ18Q(HindIIL: C. perfringens, 2.7 kb)(plc™) 45

pTS302 pUCI19Q(HindII1: C. perfringens, 4.3 kb)(pfoR™ pfoA™) 49

pKY3132 pUC18Q(Xbal/PstI: C. perfringens, 7.6 kb)(colA™) 31

pJIR870 pJIR751Q(HindIIL:pJIR869, 2.7 kb)(virR ™" virS™) 27

pJIR1342 pRSET AQ(BamHI/EcoRI: 2799/3155 PCR product, 0.711 kb)(virR™) This study

pJIR1546 pUC180Q(Smal: 4565/4566 PCR product, 0.278 kb) This study

pJIR1781 pUC18Q(Smal: 6926/5126 PCR product, 0.342 kb) (VirR binding site This study
deleted)

pJIR1804 CCA—TAG change in DR1 This study

pJIR1803 CCA—TAG change in DR2 This study

pJIR1821 CCA—TAG change in DR1 and DR2 This study

MATERIALS AND METHODS

Strains, plasmids, and growth media. All bacterial strains and plasmids used
in this study are listed in Table 1. Escherichia coli strains were cultured at 37°C
in 2X YT broth or agar medium or SOC broth (46) supplemented with ampicillin
(100 pg mi™1).

Molecular techniques. Plasmid DNA was routinely isolated by an alkaline lysis
method (37). When used for sequencing, DNA was isolated by the modified
mini-alkaline-lysis/polyethylene glycol precipitation procedure outlined in the
PRISM Ready Reaction Dye Deoxy terminator cycle sequencing kit protocol
(Applied Biosystems, Foster City, Calif.). Rubidium chloride-competent E. coli
cells were prepared and transformed as previously described (14). Transforma-
tion of electrocompetent E. coli cells (52) was carried out with a Bio-Rad

(Hercules, Calif.) Gene Pulser in 0.1-ml cuvettes under conditions outlined by
the manufacturer.

PCR amplification was performed with Tag DNA polymerase (Boehringer
GmbH, Mannheim, Germany) and a 0.5 uM concentration of each primer
(Table 2) in a total volume of 100 wl. Reactions were carried out in a GeneAmp
PCR System 2400 (Perkin-Elmer Corp., Foster City, Calif.), and the 94°C dena-
turation (1 min), 50°C annealing (2 min), and 72°C extension (3 min) steps were
carried out for 30 cycles. The final cycle consisted of 2 min of annealing and 5
min of extension at the temperatures indicated above. All oligonucleotide prim-
ers used (Table 2) were synthesized on an Applied Biosystems 394 DNA/RNA
synthesizer.

Nucleotide sequence analysis was carried out with a PRISM Big Dye termi-

TABLE 2. Oligonucleotide primers

Primer and use

Sequence (5'-3")

Location, use, or reference

PCR
2799 AATAAGGATCCATGTTTAGTATTGCCTTAT
2798 AATAAGAATTCTCATTAACATATTAAATCCCC
4826 TTTGCCTTATAATTTATTTC
4824 CTTTAGTTGATACCCCAGCC
4825 CAAAAAATAAAAAATAATAGG
4823 TAAAATAAATGCTGCTAAAG
3732 AATATGAAGTGCTTAGAAAG
2245 TCCATGTGGTGCCTTATAACTA
4567 TTAAAGTTCAAAATAATAAG
4568 TTTGAGAAACTGAATACTGG
4565 GGAACTCATATTATAATTGG
4566 TTTAAGTAAACATTTTCATC
5126 CTCTAATTTTTTCTTTTCCC
5125 GGGAAAAGAAAAAATTAGAG
SOE PCR
7352 CTCATTCAATACTTTTGAGTTCCATTTATG
6926 CGCGAATTCAATGATTTAGAGGTAGAA
6927 ATGGAACTCAAAAGTATTGAATGAGAT
6928 CGCGGATCCATCAGTTTTTACTTTAG

DNase I footprinting
6519

Site-directed mutagenesis
2927

TGGAATTGTGAGCGGATAAC

GTGCCACCTGAAGTCTAAGAAACC

9781 GTCGACTCTATAGGATCCCCG
8482 TCGTGAATAACCTAGATTCCAATTAT
8481 TGTGCAGAACCTAGCTTTAATCG

5’ end of virR gene

3’ end of virR gene

plc promoter region

plc promoter region

colA promoter region

colA promoter region

Upstream of pfoR

Upstream of pfoR

Upstream of pfoA (inverted repeats)
Upstream of pfoA (inverted repeats)
pfoA promoter region

pfoA promoter region

Upstream of pfoA (promoter)
Upstream of pfoA (direct repeats)

Delete VirR binding region
End of pfoR gene
Delete VirR binding region
End of pfoA gene

55 bp upstream of pUC18 EcoRI site

20

Eliminates Xbal site of pUC18
Introduces DR1 mutation
Introduces DR2 mutation
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nator cycle sequencing Ready Reaction kit and AmpliTaq polymerase FS (Ap-
plied Biosystems) in accordance with the manufacturer’s instructions. Sequenc-
ing samples were resolved and analyzed on a 373 DNA STRETCH sequencer
(Applied Biosystems). Sequence analysis was performed with Sequencher 3.0
software (GeneCodes Corp., Ann Arbor, Mich.).

Construction of recombinant plasmids. Plasmid DNA was digested with re-
striction endonucleases as specified by the manufacturers (Boehringer GmbH
and New England Biolabs, Beverly, Mass.). Insert and vector DNA was isolated
with the BRESA-CLEAN nucleic acid purification kit (Bresatec, Adelaide, Aus-
tralia). When required, insert DNA and vector DNA were treated with T4
polynucleotide kinase (Promega Corp., Madison, Wis.) or alkaline phosphatase
(Boehringer GmbH) as specified by the manufacturers. Vector and insert DNA
was ligated with T4 DNA ligase (3 U pl~'; Promega Corp.) at 16°C overnight.

The plasmid pJIR1342 was constructed as follows to facilitate overexpression
and purification of a His-tagged VirR protein. The 711-bp virR gene was ampli-
fied by PCR from pJIR870 (Table 1) with oligonucleotides 2799 and 2798 (Table
2). These primers introduced BarnHI and EcoRI sites at the 5" and 3" ends of the
PCR-generated virR gene, respectively, and enabled the amplified gene to be
inserted into the BamHI and EcoRI sites of the expression vector pRSET A
(Invitrogen, Carlsbad, Calif.) (Table 1) in the correct reading frame. Sequence
analysis confirmed the in-frame insertion and confirmed that no mutations had
been introduced by PCR.

To facilitate DNase I footprinting and site-directed mutagenesis, plasmid
pJIR1546 was constructed by cloning a 278-bp PCR product containing the pfoA
promoter region into the Smal site of pUCI8 (60). The PCR product was
obtained by amplification with oligonucleotides 6565 and 6566 (Table 2). Simi-
larly, pJIR1781 was constructed by cloning a 342-bp PCR product, from which
the VirR binding site had been deleted, into the Smal site of pUC18.

Expression and purification of His-tagged VirR. E. coli BL21(DE3)(pLysS)
cells (Novagen, Madison, Wis.) harboring pJIR1342 were cultured overnight at
37°C in 2X YT broth supplemented with ampicillin (100 pg ml~') before being
diluted 1 in 10 with the same medium. After incubation at 37°C for 1 h, the
expression of His-tagged VirR was induced with 2 mM isopropyl-B-D-thiogalac-
topyranoside (IPTG) (Progen, Darra Q, Australia) at 37°C for 30 min to 1 h.
Cells were harvested by centrifugation at 16,300 X g for 10 min, resuspended in
lysis buffer (20 mM Tris-HCI, 0.3 M NaCl, 10% glycerol, 5 mM imidazole, pH
7.9) and lysed by passage twice through a French press. Cellular debris was
removed by centrifugation at 4°C as described above. The supernatant was
applied to a Talon (Clontech, Palo Alto, Calif.) affinity column consisting of 1 ml
of bed resin which had been previously equilibrated with lysis buffer. Proteins
were allowed to bind for 1 h at 4°C while rotating, followed by three washes with
5 ml of lysis buffer. His-VirR was eluted with 5 ml of elution buffer (20 mM
Tris-HCI, 0.3 M NaCl, 10% glycerol, pH 7.9) supplemented with 20, 60, 100, or
200 mM imidazole, and 1-ml fractions were collected. Samples of each fraction
were mixed with gel loading buffer and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (22). The SDS-12% PAGE
gels were stained with Coomassie brilliant blue essentially as described previ-
ously (46). Fractions containing highly purified VirR protein (the 20 and 60 mM
imidazole fractions) were then pooled and dialyzed overnight in dialysis buffer
(100 mM NaCl, 20 mM Tris [pH 7.5], 1 mM EDTA, 10% glycerol) at 4°C. The
protein was concentrated by use of a Biomax-10 Ultrafree-15 centrifugal filter
device (Millipore Corp., Bedford, Mass.) and stored at —70°C. Protein concen-
trations were determined by use of the BCA protein assay kit (Pierce, Rockford,
1IL).

Gel mobility shift assays. PCR-generated target DNA fragments were labelled
with digoxigenin-11-ddUTP (DIG) at their 3’ termini with the DIG gel shift kit
(Boehringer GmbH) as described by the manufacturer. Binding reactions were
carried out in a total volume of 20 pl, and reaction mixtures consisted of 4 pl of
binding buffer (DIG gel shift kit), 1 pg of poly(dI-dC), 0.1 pg of poly-L-lysine, 15
fmol of DIG-labelled target DNA, 1 or 2 pg of purified VirR, and sterile distilled
water. Binding reaction mixtures were incubated at room temperature for 15 min
before the addition of gel loading buffer (supplied with the kit) that did not
contain bromophenol blue. Reaction mixtures were then immediately loaded
onto a preelectrophoresed 4% native 0.25X TBE (22.3 mM Tris, 22.3 mM boric
acid, 0.5 mM EDTA, pH 8.0) polyacrylamide gel, alongside a control lane
containing gel loading buffer with bromophenol blue. Samples were separated at
170 V and 4°C until the blue dye front was on the verge of running off the gel.
The gel was then capillary transferred onto an Nylon™ membrane (Amersham
Life Science, Buckinghamshire, United Kingdom) as described for Southern
blots (46), with 0.25X TBE as the transfer buffer. Following overnight transfer at
room temperature, the membrane was soaked in 10X SSC (1.5 M NaCl, 0.15 M
sodium citrate, pH 7.0) and then cross-linked for 3 min at 312 nm with a Hybaid
cross-linker (Integrated Sciences, Melbourne, Australia). Chemiluminescent de-
tection of the bound probe was carried out as described by the manufacturer.
The chemiluminescent signals were recorded by exposure to X-ray film (Fuji,
Tokyo, Japan) at room temperature.

To quantitate the concentration dependence of VirR binding, the 183-bp pfo4
target fragment was end-labelled with [a->?P]dATP by terminal transferase
(Boehringer GmbH) in accordance with the manufacturer’s instructions. La-
belled DNA was used in gel mobility shift assays as described for DIG-labelled
DNA, with the exception that the target fragment was incubated with various
concentrations of VirR. Following electrophoresis, the acrylamide gel was vac-
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uum dried and then exposed overnight to a phosphor screen (Molecular Dynam-
ics, Sunnyvale, Calif.). Quantitative data were obtained with the STORM 690
PhosphorImager (Molecular Dynamics) with ImageQuant software (Molecular
Dynamics).

DNase I footprinting. The DNA probes were generated by PCR with oligo-
nucleotide primers that had been end-labelled with [y->*P]ATP by T4 polynu-
cleotide kinase as described previously (19). For protection studies on the sense
and antisense strands, PCR primers 6519 and 5126, respectively, were labelled.
The amplified labelled products were isolated with the BRESA-CLEAN nucleic
acid purification kit and quantitated in a Wallac 1410 scintillation counter (Wal-
lac Oy, Turku, Finland).

Binding reactions were carried out in a total volume of 80 pl. The reaction
mixtures consisted of the labelled DNA probe (25,000 cpm ul™!), 16 pl of
binding buffer [100 mM HEPES (pH 7.6), 50 mM (NH,),SO,, 5 mM 1,4-
dithiothreitol, 1% (wt/vol) Tween 20, 150 mM KCl], 1 pg of poly(dI-dC), and the
appropriate amount of purified VirR. Following incubation for 15 min at room
temperature, MgCl, was added to a final concentration of 4 mM prior to DNase
I digestion. The target DNA in the no-VirR control was digested with 1 U of
RQ1 RNase-free DNase (Promega); 2 U of RQ1 DNase was added to the
reaction mixtures containing VirR. The samples were partially digested at room
temperature for 1 min, and then the reaction was stopped by the addition of
phenol (saturated with 1 mM Tris-0.1 mM EDTA, pH 8.0). The footprinting
reaction products were then extracted and precipitated as described before (19),
with the exception that the reaction products were resuspended in 3 pl of Stop
solution from the T7 sequencing kit (Pharmacia Biotech, Uppsala, Sweden) and
run on an 8% sequencing gel. To localize the DNase I footprint, sequencing
reaction products generated by the T7 sequencing kit with primers 6519 or 5126
were run alongside the footprinting reaction products.

Deletion by SOE PCR. Deletion of the VirR binding site in the pfo4 promoter
region was achieved by the splice overlap extension (SOE) PCR method (17),
with a few modifications. Briefly, two separate PCR products were generated
with pTS302 (Table 1) as the template and the primer pairs 6926 and 7352 and
6927 and 6928 (Table 2). These products, which contain complementary se-
quences, were isolated with the QIAquick gel extraction kit (Qiagen GmbH,
Hilden, Germany). The purified products were then spliced together by PCR
with primers 6926 and 6928; the 91°C denaturation (1 min), 37°C annealing (1
min), and 72°C extension (2 min) steps were carried out for 30 cycles. The final
cycle consisted of 1 min of denaturation and annealing and 5 min of extension at
the temperatures indicated above. The 2,080-bp SOE PCR product was then
used as the template in a PCR with primers 6926 and 5126. The resultant 342-bp
product was completely sequenced to ensure that the appropriate region had
been deleted and to confirm that no other mutations had been introduced.

Site-directed mutagenesis. Site-directed mutagenesis was carried out by the
unique site elimination method (11) with a U.S.E. mutagenesis kit (Pharmacia
Biotech) by a modification of the manufacturer’s instructions. The second round
of restriction enzyme selection was performed in a total volume of 20 pl, and the
digested DNA was used to transform rubidium chloride-treated competent E.
coli cells. These cells were heat shocked at 37°C for 2 min before inoculation into
SOC broth. Plasmids were screened by restriction analysis, and the desired
mutations were confirmed by nucleotide sequence analysis. All mutated DNA
inserts were completely sequenced to confirm that no additional mutations had
been introduced.

RESULTS

Overexpression and purification of His-tagged VirR. To
overexpress the VirR protein, the virR gene was amplified by
PCR and cloned into expression vector pRSET A. Sequence
analysis of the resultant plasmid, pJIR1342, confirmed that no
mutations had been introduced into the virR gene. IPTG in-
duction in E. coli BL21(DE3)(pLysS)(pJIR1342) cells and
Western blotting with an antibody specific for the fused vector-
specific leader region showed that these cells produced an
immunoreactive protein of the same size as the expected N-
terminal fusion protein (His-VirR) (data not shown). How-
ever, even after 4 h of IPTG induction, the levels of expression
were not sufficient to observe this protein in crude extracts
separated by SDS-PAGE and stained with Coomassie blue
(Fig. 1). Nonetheless, the presence of a six-His tag at the N
terminus of the fusion protein facilitated the purification of the
protein under native conditions by metal ion chelation chro-
matography with Talon affinity resin. Cells used in purification
were induced for 30 min to 1 h, since a time course experiment
demonstrated that a longer induction period resulted in signif-
icant protein degradation (data not shown). The purified pro-
tein was visualized on Coomassie-stained SDS-12% PAGE gel
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FIG. 1. Purification of VirR. Low-molecular-weight standards (Pharmacia
Biotech), in kilodaltons, are shown adjacent to the gel. Lanes 1 and 3, uninduced
whole-cell extracts from cells harboring the vector pRSET A or pJIR1342,
respectively; lanes 2 and 4, postinduction (4 h) whole-cell extracts from cells
carrying the vector or pJIR1342, respectively; lane 5, His-VirR purified from
cells induced for 30 to 60 min with IPTG (arrow).

(Fig. 1) and was shown to migrate in accordance with its esti-
mated molecular size of 33 kDa.

Does VirR bind to the target gene regions? To identify
possible VirR binding sites, purified VirR was used in gel
mobility shift experiments with upstream promoter regions of
the plc, colA, pfoA, and pfoR genes. In previous studies, the
transcription of these genes was found to be affected by mu-
tations in either virR or virS (3, 27, 49). The upstream regions
were amplified by PCR (Table 2) and labelled with DIG. Each
of the target fragments contained the VirR-dependent pro-
moter of the respective gene (Fig. 2), with the exception of
PfoR, since its promoter has not yet been identified.

A 393-bp fragment (from —252 to +142 with respect to the
transcription start site) containing the single plc promoter (3),
as well as a regulatory deoxyribosyladenine rich region that is

A B
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involved in DNA bending (30, 57), was used as the target DNA
in gel mobility shift experiments. The results showed that when
this DNA target was incubated with different amounts of VirR,
no shifts in DNA mobility were observed (Fig. 2A).

In contrast to what was found for the plc gene, two promot-
ers have been identified upstream of the col4 gene (3). Based
on primer extension analysis, the promoter closer to the start
of the gene, P,, was found to be virRS dependent, while the
promoter located further upstream, P,, was found to be virRS
independent (3). Therefore, initially a 304-bp fragment (—136
to +169) containing the P, promoter was amplified, labelled,
and used as the DNA target. Once more the results showed
that VirR did not bind to this region, since no shifts in DNA
mobility were observed when the target fragment was incu-
bated with VirR (Fig. 2B).

The pfoR gene is located immediately upstream of pfoA4 (49).
Since the pfoR promoter has not been identified, a 408-bp
DNA fragment that encompassed the start of pfoR and 327 bp
of sequence located upstream of the ATG start codon was used
as the target (Fig. 2C). Like that of the regions upstream of the
plc and colA genes, the mobility of the pfoR upstream regions
did not shift in the presence of VirR (Fig. 2C). Based on these
data it was concluded that VirR does not bind to the regions
immediately upstream of the plc, col4, and pfoR genes. Note
that with all of the target DNA fragments, the gel shift exper-
iments were repeated in the presence of 50 mM acetyl phos-
phate. The same results were obtained in the presence of this
low-molecular-weight phosphodonor (data not shown).

The final region of interest was upstream of the pfoA4 gene,
which is transcribed from a major virRS-dependent promoter.
This region was divided into two target fragments, a 211-bp
fragment (+176 to +387) that contained two inverted repeats
and a 278-bp region (—99 to +180) that contained a cluster of
direct repeats as well as the pfoA promoter. When the 211-bp
fragment was incubated with VirR, its mobility was found to be
unaltered (Fig. 3C), providing evidence that VirR does not
bind to the inverted repeats. However, when the 278-bp frag-
ment was incubated with VirR, two bands of altered mobility

C D
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FIG. 2. Gel mobility shift analysis of target gene regions. Shown are the results of gel mobility shift assays using plc (A), colA (B), pfoR (C), and pfoA (D) gene
regions. These regions are shown in the schematic above each gel shift result, with the rectangular boxes representing the respective genes. The direction of transcription
is shown by arrows from each promoter (P). The DNA fragments used in the assays are shown by the solid bars, and their respective sizes (in base pairs) are shown
above the bars. (A and B) Lane 1, no-VirR control; lanes 2 and 3, DIG-labelled target DNA incubated with 1 and 2 ug of VirR, respectively. (C) Lane 1, no-VirR
control; lane 2, target DNA incubated with 1 pg of VirR. (D) Lanes 1 and 2, 278-bp fragment incubated with no protein or 1 ug of VirR, respectively. Shifted bands

are indicated by the arrows.
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FIG. 3. Gel shift analysis of the pfoA4 gene region. The pfoA-derived DNA
fragments used in the gel mobility shift assays (bars) and their respective sizes (in
base pairs) are shown. The direct repeats in the 114-bp fragment, the promoter
in the 183-bp fragment, and the inverted repeats in the 211-bp fragment, are
shown as directly repeated arrows, a bent arrow (P,,4), and inverted arrows,
respectively. (A and B) Lane 1, no-VirR control; lanes 2 and 3, DIG-labelled
DNA incubated with 1 and 2 pg of VirR, respectively. The VirR-DNA com-
plexes CI and CII are indicated. (C) Lane 1, no-VirR control; lane 2, DIG-
labelled fragment incubated with 1 pg of VirR. (D) Lane 1, no-VirR control;
lanes 2 to 5, target DNA incubated with 1 g of VirR. Reaction mixtures in lanes
3 to 5 also contained 15 pmol of the following unlabelled fragments: lane 3,
302-bp fragment (specific competitor); lane 4, 183-bp of unlabelled upstream
pfoA fragment; lane 5, 408-bp upstream pfoR fragment (nonspecific competitor).

were observed (Fig. 2D). This experiment provided the first
evidence that VirR had the ability to bind to a region located
directly upstream of one of its target genes.

To further localize the VirR binding site and to determine
whether the regulatory protein was bound to the cluster of
direct repeats or to the region surrounding the promoter, the
278-bp fragment was divided into two separate, slightly over-
lapping target fragments, a 114-bp fragment (+66 to +180)
that contained the direct repeats and a 183-bp fragment (—99
to +85) that encompassed the promoter region (Fig. 3). When
these fragments were incubated with 1 or 2 g of VirR, only
the fragment containing the pfoA promoter had an altered
electrophoretic mobility (Fig. 3A and B). As previously ob-
served with the 278-bp fragment, two bands of altered mobility
were observed. These bands were designated complex I (CI)
and complex II (CII) (Fig. 3). These experiments demon-
strated that VirR could bind to the promoter region of pfoA.
Furthermore, this binding was shown to be specific, since the
addition of various amounts of unlabelled 183-bp DNA frag-
ment gradually reduced the amount of the CII band, and, to a
lesser extent, the CI band (Fig. 4A). In addition, binding spec-
ificity was demonstrated by the lack of inhibition by a nonspe-
cific competitor (the unlabelled 408-bp pfoR upstream region)
when added at the same concentration as that of the specific
competitor (Fig. 4A). Binding to the 183-bp fragment was
dependent upon the concentration of VirR, since increasing
the amount of VirR in the binding assay mixture progressively
led to an increase in the amount of CI and CII, with a con-
comitant decrease in the amount of free unbound target DNA
(Fig. 4B). As before, the addition of acetyl phosphate did not
have any effect on the binding of the protein; that is, incubation
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FIG. 4. Specificity and VirR dependence of DNA binding. (A) Competitive
binding gel shift assay. The DIG-labelled 183-bp pfoA4 fragment was incubated
with 1 pg of VirR and various amounts of unlabelled 183-bp DNA (specific
competitor). Lane 1, no-VirR control; lanes 2 to 6, target DNA that was incu-
bated with 1 pg of VirR. These incubation mixtures also contained 0, 3.0, 7.5, 15,
and 30 pmol of specific competitor DNA, respectively. Lane 7, DIG-labelled
DNA incubated with 1 pg of VirR and 30 pmol of nonspecific competitor
(408-bp upstream pfoR fragment). (B) Concentration dependence of VirR bind-
ing. The [a-3?P]dATP-labelled 183-bp pfoA4 fragment was incubated with various
amounts of VirR and examined by gel shift analysis as described above except
that the data were obtained and quantitated in a phosphorimager. The amount
of labelled DNA in each band was calculated and plotted as shown. The amounts
of free DNA (F), CI complex, CII complex, and total complex (CI+CII) are
shown.

in the presence of acetyl phosphate did not increase the VirR
binding affinity.
Binding of VirR was also detected with an internal 302-bp

pfoA region (+436 to +737) (Fig. 3D, lane 2). However, the

binding was weaker and was found to be nonspecific, since the
addition of a specific competitor (the same unlabelled frag-
ment) (Fig. 3D, lane 3) gave a binding profile similar to that
obtained in the presence of the nonspecific competitor (the
408-bp upstream pfoR fragment) (Fig. 3D, lane 5). Further-
more, when the unlabelled 183-bp pfoA fragment was added at
the same concentration, the shifted band was no longer ob-
served (Fig. 3D, lane 4). Similar nonspecific binding was also
found with the 383-bp internal plc gene region (+251 to +634),
the 348-bp internal col4 gene region (+150 to +397), the
402-bp internal pfoR gene region, and the 275-bp region (—389
to —117) encompassing the VirR-independent col4 promoter,
P, (data not shown). The locations of these fragments are
shown in Fig. 2. Once more, the addition of acetyl phosphate
to these binding reaction mixtures did not have any effect on
VirR binding.

Identification of the VirR binding site. To identify the VirR
binding site, DNase I footprinting was carried out on both
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FIG. 5. DNase I footprinting analysis. Results of footprinting reactions where either the sense or antisense DNA strands were labelled with [y->?P]ATP are shown.
Sequencing reactions with the same oligonucleotide primers used to generate the PCR products are shown next to the footprinting reactions. The —10 and —35 boxes
are represented by the black rectangles. (A and B) Identification of the VirR binding site. Regions protected from DNase I digestion are represented by the open
rectangles. The transcription start point is shown as +1, and the positions of the regions of protection relative to +1 are as indicated. (C and D) Analysis of the VirR
binding site deletion derivative. The site of deletion is indicated by the asterisk. In all panels, lane 1 contains no VirR and lanes 2 and 3 contain 1 and 2 ug of VirR,
respectively. All footprinting reaction mixtures contained 25,000 cpm of labelled DNA.

sense and antisense strands. The 257-bp DNA target, which
encompassed the pfoA promoter region, was obtained by PCR
from pJIR1546 (Table 1) with primers 6519 and 5126. In sep-
arate PCR experiments, one primer was labelled with [y->P]
ATP so that only one DNA strand was end-labelled. When
these labelled DNA fragments were incubated separately with
VirR and then partially digested with DNase I, a protected
region was observed on both DNA strands (Fig. 5A and B).
Comparison with a DNA sequencing ladder revealed that the
region of protection on both strands overlapped and was lo-
cated immediately upstream of the pfo4 promoter (Fig. 6A).
The region of overlap was termed the core binding region and
was found to be approximately 52 bp in length.

To confirm that this region was required for VirR binding,
49 bp of the 52-bp core binding region was deleted by SOE
PCR. The resultant PCR product was then labelled with DIG
and used as the target DNA in gel mobility shift experiments.
The results showed that when this region was deleted, no DNA
mobility shift was observed in the presence of purified VirR
(Fig. 6B). These observations were confirmed by DNase I
footprinting. When the core binding region was removed, the
DNA footprint was no longer observed after incubation with
VirR (Fig. 5C and D). These data provided clear evidence that
the core binding region identified by DNase I footprinting was
essential for the binding of VirR to the pfoA4 promoter region.

VirR binds to directly repeated sequences located immedi-
ately upstream of the pfoA promoter. In other two-component
signal transduction systems, the response regulators have been
shown to bind to direct or inverted repeats located in the
promoter region (16, 33). Previous nucleotide sequence anal-
ysis of the pfoA upstream region revealed the presence of two
imperfect direct repeats (CCCAGTTNTNCAC) immediately
upstream of the —35 box of the pfoA promoter (3). These
repeats, which we have designated DR1 and DR2 (Fig. 6A),
were located in the core binding region and are different from

those in the 114-bp DNA fragment. Therefore, to determine
whether DR1 or DR2 or both were directly involved in VirR
binding, the repeats were altered by site-directed mutagenesis.
In these experiments, the CCA residues of bases 2 to 4 of the
direct repeats in the target plasmid, pJIR1546 (Table 1), were
changed to TAG either individually to produce pJIR1804
(DR1 altered) and pJIR1803 (DR2 altered) or together to
construct pJIR1821 (both DR1 and DR2 mutated) (Fig. 6A).
Each altered insert was completely resequenced to confirm
that no other mutations had been introduced. The 183-bp
DNA fragments from pJIR1546 and its mutated derivatives
were then amplified and analyzed for their abilities to bind
VirR in gel mobility shift assays. The results showed that when
either DR1 or DR2 was altered, VirR could bind to the target
DNA to form CI but that very little CII was observed (Fig. 6C).
However, when both DR1 and DR2 were mutated, VirR bind-
ing was almost eliminated, as no CII was observed and only a
very faint CI band was evident (Fig. 6C). These results clearly
demonstrated that the CCA residues in the direct repeats were
required for VirR binding.

To determine if VirR bound to only the wild-type sites in the
mutated regions or bound to both sites but was no longer able
to form a second-stage complex, DNase I footprinting studies
were carried out. For each plasmid derivative the sense DNA
stand was end-labelled with [y->2P]ATP, incubated with VirR,
and then partially digested with DNase I. When both direct
repeats were intact (pJIR1546 template), the normal footprint
was observed (Fig. 7, lane 2). When DR1 was mutated, a
region of DNA protection was observed in the DR2 region, but
no footprint was observed in the DR1 region (Fig. 7, lane 4).
The DNase I digestion profile in this area was the same as that
for the corresponding region in the no-protein control (Fig. 7,
lane 3). Similarly, when DR2 was mutated, a DNA footprint
was observed in the DRI region but no DR2 footprint was
evident (Fig. 7, lane 6). Again the digestion profile was the
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FIG. 6. Sequence and mutations of the VirR binding site. (A) Sequence of
the core binding region site (boldface). The imperfect direct repeats within this
region are indicated by the dashed arrows. The nucleotide residues that were
changed by site-directed mutagenesis are shown above the original nucleotide
sequence. The —35 and —10 boxes of the pfoA promoter are underlined, the
transcriptional start point (tsp) is indicated by the bent arrow, and the start of the
pfoA gene is indicated by the solid arrow. The 49-bp region deleted by SOE PCR
is shown as the gray rectangle. (B) Gel mobility shift assays carried out on the
deletion derivatives. Lane 1, wild-type 183-bp fragment incubated with 1 ug of
VirR; lanes 2 and 3, 134-bp deletion fragment incubated with either no VirR or
1 pg of VirR, respectively. (C) Gel mobility shift assay with direct repeat muta-
tion derivatives. The imperfect direct repeats were altered by site-directed mu-
tagenesis. Lanes 1 and 2, DNA fragment with intact direct repeats; lanes 3 to 5,
DNA fragments with mutations in DR1, DR2, or DR1 and DR2, respectively. All
binding reaction mixtures contained 1 pg of VirR, with the exception of the
no-protein control in lane 1.

same as that for the corresponding area in the no-VirR control
(Fig. 7, lane 5). Finally, when both repeats were mutated, no
footprints were detected in either region (Fig. 7, lane 8). Based
on these data it was concluded that the direct repeats consti-
tuted two individual VirR binding sites. Furthermore, binding
to these sites was not cooperative, since mutation of one site
did not eliminate binding to the other site.

DISCUSSION

Most response regulators consist of a conserved N-terminal
receiver domain and a unique C-terminal domain that interacts
with the target genes. These proteins may be divided into
different subclasses according to the nature of their C-terminal
domains (1). Many response regulators contain a helix-turn-
helix DNA binding motif in this region (1, 38), although others,
such as OmpR, have a helix-loop-helix or winged-helix domain
(29, 34). In C. perfringens, the VirR response regulator is re-
sponsible for the transcriptional activation of genes involved in
toxin production. These genes include the plc, colA, and pfoA
genes (27, 48). The N-terminal region of VirR has significant
amino acid sequence similarity to those of other response
regulators, in particular the conserved residues involved in
phosphorylation (27). However, no helix-turn-helix motif has
been identified in the C-terminal domain of VirR. In addition,
upstream of the plc, colA, and pfoA genes, no common se-
quences which could act as conserved DNA binding motifs
have been identified (3). Therefore, it was possible that VirR
did not bind to a single consensus site but to various regions
located upstream of the different target genes. Alternatively,
VirR may regulate transcription of one or more of the target
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genes by activating the transcription of genes that encode
other, as yet unidentified, regulatory proteins.

In this study, a His-tagged VirR protein was purified and
subsequently tested in gel mobility shift assays for its ability to
bind to the various promoter regions of the plc, col4, pfoR, and
pfoA genes. VirR was found to only bind specifically to the
pfoA promoter region, producing two complexes of altered
electrophoretic mobilities. This result is consistent with the
previously observed differential effects of mutation of the chro-
mosomal virR (48) and virS (27) genes. These mutants produce
reduced but detectible levels of alpha-toxin and collagenase.
However, they do not have any detectible perfringolysin O
activity, suggesting that the pfoA gene is regulated in a different
manner from the other target genes (27, 48). Subsequent tran-
scriptional analysis was in accordance with the observed toxin
phenotypes, and it was suggested that expression of the plc,
colA, and pfoR genes involves other regulatory genes in addi-
tion to the virS/irR system (3). Our results are in agreement
with this hypothesis as they show that VirR does not bind to
the promoter regions of these genes.

Previous studies indicated that the product of the pfoR gene,
which is located approximately 500-bp upstream of pfoA, acti-
vated the expression of pfo4 in E. coli (49). It was subsequently
postulated that VirR may activate the transcription of pfoA
indirectly by regulating the expression of the pfoR gene (3). In
such circumstances VirR would not bind to the pfoA gene
region. However, our results provide strong evidence that VirR
acts directly on the pfoA promoter rather than through a reg-
ulatory cascade involving PfoR. These data do not rule out the
possibility that PfoR may also regulate pfo4 expression. Res-

1 23 8
+1 ,. . ' &
X L
e b a

-

DR2 ﬂ
DR1 ﬁ

Bee@ vE8 ¢
" f ey g
(TS WS a5

¥

LS &

Foiy s
e
1
'
HIEY

- -
L

RN
B 7

ez

FIG. 7. DNase I footprinting analysis of direct-repeat mutants. The labelled
plasmid templates used in this experiment were the wild-type plasmid pJIR1546
(lanes 1 and 2) and the mutated derivatives pJIR1804 (DR1 mutant; lanes 3 and
4), pJIR1803 (DR2 mutant; lanes 5 and 6), and pJIR1821 (DR1-DR2 double
mutant; lanes 7 and 8). Lanes 1, 3, 5, and 7, control reaction mixtures that were
not preincubated with VirR. Lanes 2, 4, 6, and 8, test reaction mixtures that were
incubated with 2 pg of VirR prior to partial digestion by DNase I and electro-
phoresis. The first four lanes (ACGT) show the sequencing reaction products
from the wild-type pJIR1546 template. Lanes 9 to 11, C track sequencing reac-
tion products from pJIR1804, pJIR1803, and pJIR1821, respectively. The posi-
tions of the DR1 and DR2 repeats are shown by the arrows, and the region of
protection is represented by the open rectangle. The —10 and —35 boxes are
depicted as black rectangles, and the transcription start point is shown as +1.
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olution of the role of PfoR awaits the construction and analysis
of chromosomal pfoR mutants in C. perfringens.

DNase I footprinting and deletion analysis showed that VirR
bound to a core 52-bp sequence located immediately upstream
of the —35 region of the pfoA promoter. Many response reg-
ulators have been shown to bind in close proximity to the —35
boxes of their target gene promoters and to regulate transcrip-
tion by modulating the binding of RNA polymerase to the
promoter. Interaction between response regulators such as
BvgA from Bordetella pertussis (6, 7), PhoP from Bacillus sub-
tilis (42), and PhoB from E. coli (28) and their respective RNA
polymerase has been demonstrated. We postulate that VirR
activates pfoA transcription by either facilitating the binding of
RNA polymerase to the promoter or by altering the confor-
mation of the polymerase-promoter complex so that transcrip-
tion can occur. Therefore, in the absence of VirR either RNA
polymerase cannot bind to the promoter or it binds but cannot
initiate transcription. In both situations no perfringolysin O is
produced.

Sequence analysis of the VirR binding site revealed the
presence of two CCCAGTTNTNCAC imperfect direct repeats
(3). These repeats are not found in any of the other target gene
regions. Many well-studied response regulators such as PhoP
(12, 24, 25) and OmpR from E. coli (15, 41) have been shown
to bind to short directly repeated sequences. Gel shift analysis
of site-directed mutants of the pfoA repeats indicated that they
were required for VirR binding. Mutation of either repeat
almost eliminated the formation of the less-mobile CII VirR-
DNA complex and significantly reduced the affinity of VirR for
the DNA binding site, as observed previously with AlgR from
Pseudomonas aeruginosa (36). Mutation of both repeats virtu-
ally eliminated VirR binding, providing direct evidence that

VirR requires the CCA nucleotides of the repeat sequences for
binding.

These results can be explained by postulating that the re-
peats represent two separate VirR binding sites, whereby CI
represents a VirR-target DNA complex at either binding site
and CII results from VirR binding at both sites. Alternatively,
binding may have been cooperative, with both sites being re-
quired for VirR binding. However, DNase I footprinting of the
site-directed mutants provided strong evidence that the direct
repeats represented two separate VirR binding sites. When
either repeat was mutated, only the footprint protecting the
remaining wild-type repeat was observed. That is, the alter-
ation of one repeat did not appear to affect the ability of VirR
to bind to the other repeat. If binding was cooperative, muta-
tion of one direct repeat would most likely reduce the ability of
VirR to bind to the other binding site, as observed with NtrC
from E. coli (9, 59), or prevent the binding of VirR to the
wild-type site, as observed with PhoP (25).

In addition to the specific binding observed with the 183-bp
pfoA fragment, several internal gene regions were also found
to bind VirR, albeit nonspecifically. This interaction most
likely represents genuine nonspecific binding. Sequence align-
ments of these regions did not show any regions of conserva-
tion, nor were there any similarities to the pfo4 VirR binding
region. The binding of response regulators to internal gene
regions has recently been observed with genes regulated by the
PhoP/PhoR system in B. subtilis (25). However, these regions
were found to contain the consensus binding sequence. It is
possible that although binding to the pfoA region is sequence
specific, as demonstrated by the mutational analysis, the non-
specific binding to the internal gene regions may be due to
secondary structure similarities. Alternatively, the nonspecific
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binding may be due to the absence of a binding cofactor such
as RNA polymerase. The synergistic binding of RNA polymer-
ase and the BvgA response regulator has been observed (6, 7).
Important interactions between the a-subunit of RNA poly-
merase and OmpR have also been observed (47, 51). Future
studies will need to involve an examination of the possible
interactions between C. perfringens RNA polymerase and
VirR.

With most response regulators, phosphorylation plays a key
role in protein function. In most systems, phosphorylation can
increase the binding affinity for the target DNA so that the
regulatory protein can bind to secondary lower-affinity binding
sites (6, 8, 16, 25), alter the DNA binding pattern (10), or
initiate cooperative binding (9, 18, 59). However, some re-
sponse regulators are able to bind when not phosphorylated,
albeit with lower affinity (16, 23, 28, 42). The observation that
the addition of acetyl phosphate did not alter the gel shift
results suggested that DNA binding was not dependent on
phosphorylation. One possible explanation for this result is
that the VirR molecules may already be at least partially phos-
phorylated by sensor kinase cross talk or by low-molecular-
weight phosphodonors present in the expression host cells.
Nonspecific phosphorylation of response regulators does occur
in other systems (40). However, it seems unlikely that the VirR
protein phosphorylated by such mechanisms would remain in
the active phosphorylated state during longer-term storage of
the purified protein. Note that we cannot rule out the possi-
bility that although acetyl phosphate did not affect VirR bind-
ing, other low-molecular-weight phosphodonors may have de-
monstrable effects.

While acetyl phosphate is often used as the phosphodonor
for many response regulators, it is possible that this phospho-
donor does not phosphorylate VirR or does so inefficiently.
Either way, the addition of acetyl phosphate would have little
or no observable effect. Different reactivities toward various
phosphodonors have been previously demonstrated by several
response regulators. CheY can be phosphorylated by acetyl
phosphate, carbamoyl phosphate, and phosphoramidate (26),
while phosphoramidate is used exclusively by CheB (26) and
preferentially by NRI (or NtrC) (32). Therefore, further work
is required to test for phosphorylation of VirR by other phos-
phodonors.

A more plausible explanation is that phosphorylation of the
response regulator is not required for in vitro binding to the
specific pfoA target site. Even though phosphorylation may be
required in vivo for VirR binding, it may not be required at the
VirR concentrations used in the in vitro binding experiments.
BvgA (5) and PhoB (28) can still bind DNA when the N-
terminal region, which is essential for phosphorylation, has
been removed. However, phosphorylation is required for tran-
scriptional activation (5, 28, 42). More specifically, it is the
phosphorylated response regulator that interacts with RNA
polymerase, which in turn leads to gene transcription. There-
fore, it is also possible that phosphorylation of VirR is required
for transcriptional activation but not for DNA binding.

Based on the data presented in this paper we have modified
the previous model (50) for the regulation of toxin production
in C. perfringens (Fig. 8). We propose that when VirS detects
an environmental or growth phase stimulus, it autophosphory-
lates at H255. Phosphorylated VirS is then able to donate the
phosphoryl group to VirR, which is phosphorylated at D57.
Once activated, VirR binds upstream of the pfoA promoter
and activates the transcription of pfoA so that perfringolysin O
is produced. Transcription of pfo4 is VirR dependent, to the
extent that no perfringolysin O is produced in the absence of a
functional virRS operon. In addition, pfoA expression may also
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be controlled by another regulatory protein, PfoR (49). It also
appears that VirR acts in conjunction with other regulatory
factors to activate the transcription of the plc and colA genes so
that increased levels of alpha-toxin and collagenase are pro-
duced (3). Although we have now shown that VirR binds
directly to the pfoA promoter region there are still many as-
pects of the VirS/VirR two-component signal transduction sys-
tem that are yet to be elucidated. These features include the
nature of the external stimulus that activates VirS, the nature
of the other putative regulatory genes that may be involved in
the regulatory cascade, the extent of the regulatory network,
and, most importantly, the effect of the mutated direct repeats
on pfoA expression in vivo. However, it is hoped we are now at
least one step closer to the elucidation of the overall mecha-
nism by which toxin production and virulence are regulated in
C. perfringens.
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