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Three promoter sites (P1, P2, and P3) responsible for the sporulation-associated synthesis of Clostridium
perfringens enterotoxin, a common cause of food poisoning in humans and animals, were identified. Nested and
internal deletions of the cpe promoter region were made to narrow down the location of promoter elements. To
measure the effects of the deletions on the expression of cpe, translational fusions containing the promoter
deletions were made with the gusA gene of Escherichia coli, which codes for B-glucuronidase; E. coli-C.
perfringens shuttle vectors carrying the fusions were introduced into C. perfringens by electroporation. In
addition, in vitro transcription assays were performed with the cpe promoter region as the DNA template for
extracts made from sporulating cells. DNA sequences upstream of P1 were similar to consensus SigK-
dependent promoters, while P2 and P3 were similar to consensus SigE-dependent promoters. SigE and SigK
are sporulation-associated sigma factors known to be active in the mother cell compartment of sporulating

cells of Bacillus subtilis, the same compartment in which enterotoxin is synthesized in C. perfringens.

Clostridium perfringens is a common source of food poison-
ing in humans, being responsible for 10% of the outbreaks of
known etiology in the United States alone (17). After ingestion
of contaminated food containing vegetative cells, food poison-
ing symptoms are caused by the production of a potent entero-
toxin (CPE) protein made by sporulating cells in the gastroin-
testinal tract (20). The enterotoxin binds to receptors on the
surface of the brush border membranes of intestinal epithelial
cells (18, 27). The receptor-CPE complex then seems to form
a pore, leading to the loss of solutes and eventual cell death
(19).

Sporulation and enterotoxin synthesis are genetically and
temporally linked. Duncan (9) performed a kinetic analysis of
sporulation and enterotoxin synthesis during the growth and
sporulation cycles of C. perfringens NCTC 8798 and showed
that entry into the stationary phase (i.e., onset of sporulation)
and enterotoxin synthesis are closely linked. In 1972, Duncan
et al. (10) provided genetic evidence linking sporulation and
CPE synthesis in CPE-positive (CPE™) C. perfringens NCTC
8798. Mutants blocked at stage 0 of sporulation were unable to
express CPE, while mutants blocked at stages III, IV, and V
continued to do so, although in reduced amounts (10). This
pattern of CPE expression indicates that CPE synthesis is de-
pendent on one or more functions that are also needed to
reach stage I or II of the sporulation cycle. Electron micros-
copy and immunological labeling studies of thin sections of
sporulating cells indicate that the vast majority of CPE protein
is made in the mother cell compartment, rather than in the
forespore (24). This result implies compartment-specific regu-
lation of cpe expression. However, CPE synthesis is probably
not required to produce a normal spore, since many CPE-
negative (CPE™) C. perfringens strains are capable of sporu-
lating (21).
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Enterotoxin expression is controlled at the level of transcrip-
tion during the sporulation cycle (7, 22). When C. perfringens
NCTC 10240 was grown in sporulation medium, only very low
levels of cpe mRNA and no CPE protein could be detected in
the exponential growth phase (0 to 4 h of growth) (22). How-
ever, the levels of both cpe mRNA and CPE protein rose
rapidly and in synchrony about 1 h after the cells entered the
stationary phase, indicating that the increase in CPE expres-
sion as cells initiate sporulation results from increased tran-
scription of the cpe gene. In addition, Czeczulin et al. (7), using
Northern blot analyses, recently showed that only sporulating
cells and not vegetative cells produce the monocistronic, 1.6-kb
cpe mRNA, confirming that cpe is regulated at the level of
transcription during the sporulation cycle. When several nat-
ural CPE"™ strains of C. perfringens were transformed by elec-
troporation with a C. perfringens-Escherichia coli shuttle vector
carrying the cpe gene and ~0.4 kb of upstream DNA, the
synthesis of CPE was still sporulation dependent, indicating
that general sporulation-associated factors were responsible
for cpe regulation (7).

When the regions immediately upstream of the cpe gene in
six CPE™ C. perfringens strains were analyzed, a 45-bp insertion
(located about 265 nucleotides upstream of the start of the cpe
coding sequence) was detected in three of these strains; this
result indicates that there are two populations of upstream
regions in cpe™ isolates, designated types A and B (22). Trans-
lational fusions made between the E. coli gusA gene (encoding
B-glucuronidase [16]) and DNA containing the putative cpe
promoter region and N-terminal coding sequence from strains
NCTC 8798 (promoter type A) and NCTC 10240 (promoter
type B) were cloned in the C. perfringens-E. coli shuttle vector
pJIR750 (22). When introduced into strain NCTC 8798 by
electroporation, they showed the same pattern of induction as
did the direct measurements of cpe mRNA and CPE protein in
strain NCTC 10240 (as described above); this result indicates
that all of the necessary regulatory elements were present on
the promoter regions tested.

Although primer extension analysis identified several appar-
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TABLE 1. Bacterial strains used in this study

Strain Genotype or phenotype ?gflé rrf;l([:)(:
E. coli
IM107 endAl gyrA96 thi hsdR17 supE44 relA1 N~ A(lac-proAB) (F' traD36 proAB lacl! lacZAM15) 29
INVaF' F' endA recAI hsdR17 (rx— my+) supE44 thi-1 gyrA96 relA1 $80lacZAM15 A(lacZYA- Invitrogen
argF)UI169 N~
C. perfringens
NCTC 10240 CPE* C. Duncan
NCTC 8798 CPE™" C. Duncan
SM101 Derivative of NCTC 8798; high efficiency of electroporation This study

ent mRNA 5’ ends in the cpe promoter region (22), the pro-
moters responsible for sporulation-dependent regulation have
not yet been identified. In order to determine if these 5’ ends
represent actual promoter elements, we undertook a series of
mutational and biochemical analyses of transcription in this
region. The results of these studies are reported here.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All bacterial strains used in this study
are listed in Table 1. E. coli strains were cultured in Luria-Bertani medium. C.
perfringens strains were grown routinely in PGY medium (22); for experiments
involving sporulation, DSSM medium (22) was used. For anaerobic growth on
plates, C. perfringens strains were incubated at 37°C in an anaerobic chamber
(Coy Laboratory Products, Inc.). Anaerobic medium used to measure cpe-gusA
expression in C. perfringens during sporulation was prepared by adding 75 ml of
DSSM to 100-ml serum bottles fitted with butyl rubber stoppers. A needle was
inserted through the stopper, and the bottles were autoclaved and then allowed
to cool to room temperature in the Coy anaerobic chamber. Electroporation of
E. coli and C. perfringens strains was carried out as previously described (22).

Electroporation experiments with C. perfringens NCTC 8798 typically resulted
in 8 to 10 transformants per pg of DNA (23). Two chloramphenicol-resistant
(Cm") transformants of strain NCTC 8798 containing the E. coli-C. perfringens
shuttle vector pJIR750 were cured of the plasmid by growth in PGY medium
lacking chloramphenicol. One of the Cm® isolates, strain SM101, was then sub-
jected to electroporation with plasmid pJIR750. It showed a 1,000-fold increase
in electroporation efficiency, yielding ~1 X 10* transformants/ug of DNA. Ad-
ditionally, this strain showed no other changes in its growth, sporulation, or cpe
regulatory characteristics (23).

Plasmid constructs and DNA manipulations. The plasmids used in this study
are listed in Table 2. Nested deletions of the NCTC 10240 cpe promoter were
made with PCR methods, except for plasmid pSM145 (see below). Primers
containing an Sphl cleavage site at the 5’ end and primer OSM6, which contains
an Xbal cleavage site and anneals to the N-terminal coding region of the cpe
structural gene (22), were used to amplify the desired region with pSM100
(NCTC 10240 cpe promoter) as a template. The PCR products were ligated to
vector pCRII (Invitrogen Corp.), and the plasmids were then digested with Sphl
and Xbal. The small fragments containing the deletions in the cpe promoter were
ligated to the large fragment of pSM104, which had been digested with SphI and
Xbal, thereby replacing the full-length cpe promoter with the deletion constructs
fused to gusA. Plasmid pSM145 was made by partial digestion of pSM104 with
HindIII There is a HindIII site in the cpe promoter region at position —183 (Fig.
1), a second HindIII site in the polylinker region upstream of the cpe promoter
inserts of pSM104 and pSM105, and a third HindIII site immediately down-
stream of the gusA gene. After partial digestion with HindIIl, self-ligation, and
transformation of E. coli, plasmid pSM145 was isolated.

Plasmid pSM170 was made in two steps. First, two Bg/II sites were introduced
into pSM104 by sequential PCR mutagenesis (6) at positions —56 to —61 and
—122 to —127 (Fig. 1). The resulting double mutant, pSM164, was tested for
cpe-gusA expression during sporulation and showed very little difference from
that seen with pSM104. After digestion with Bg/II, the large fragment was
self-ligated, yielding pSM165, in which promoter sites P1 and P2 are deleted.
Second, pSM165 was subjected to partial HindIII digestion to delete the region
upstream of the HindIII site in the cpe promoter (Fig. 1), as described above for
pSM145, creating pSM170, in which only the P3 region of the cpe promoter is
intact. pSM183 was also made by sequential PCR mutagenesis. After Bg/II sites
were introduced at positions —56 to —61 and —177 to —182, the intervening
region was deleted by digestion with Bg/II and self-ligation. All mutations were
confirmed by DNA sequence analysis (26).

Plasmids pSM154 and pSM155, used as templates for in vitro transcription,

TABLE 2. Plasmids used in this study

Plasmid Parent Relevant genotype (cpe promoter region Source or
present) reference
pCRII Invitrogen
pBS— Stratagene
pBluescript SK— Stratagene
pSM100 pBluescript SK— NCTC 10240 cpe promoter 22
pSM101 pBluescript SK— NCTC 8798 cpe promoter 22
pJIR750 J. Rood (2)
pSM104 pJIR750 d(epencre 10240-8UsA) (—481 to +41) 22
pSM123 pSM104 d(epencre 10240-8UsA) (=296 to +41) Th%s study
pSM127 pSM104 d(epencre 102408UsA) (—121 to +41) Th%s study
pSM129 pSM104 d(epencre 10240-8UsA) (=56 to +41) Th%s study
pSM145 pSM104 d(epencre 10240-8UsA) (—183 to +41) This study
pSM151 pBS— cpe terminator region This study
pSM154 pBS— NCTC 8798 cpe promoter; in vitro This study
transcription vector
pSM155 pBS— NCTC 10240 cpe promoter; in vitro This study
transcription vector

pSM164 pSM104 d(epencre 10240-8USA) This study
pSM165 pSM104 d(epencre 10240-8USA) This study
pSM170 pSM104 d(epencre 10240-8USA) This study
pSM183 pSM104 d(epencre 10240-8USA) This study
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= psmi04 —»

-481 GCTTAACTAT TCTTGATAGT TATCTGGTAA AATATTAATT TCAAATCCTT GTAAACCAAG
~421 GAAATTAAGG TTGCTATAGA AAGCCATAAC CCATAATTCT TAAAACGTGA TTTATTTATC

-361 ATAATATATC ACTCTCCTTG TTTATAATAT ATAATATTAT GTTTAGTGAA ATTATGTTAA
= psm123 —b
-301 TATACATTGT CTATTTTTAT AGTTTAACTA TAAAATAAGT AGTATAGTCT TTATTTCTTC
o -
-241 TTTTATATTA ATTAACATTT CAACTGATCT GTTTAACGGA ATATCTCTTT TATTACCCAA
pSM145 —p» P3
-181 GCTTTAATTC TTTCAGCATT AATATCATAA AATGTCCATG TAGAAATATA TTCAAGATTA
- psmi27 —» P2
=121 TTAAAGATAT ATATTTTATT TAATATTTTG TTAATACTTT AAGGATATGT ATCCAAAATA
P1l— psmi2e —p
-61 AAAACTTTTA AATAATATAT TATATAAAAA AAATTAGAAA TAAGGAGATG TTAATTATAA
+1
-1 TATGCTTAGT AACAATTTAA ATCCAATGGT GTTCGAAAAT GC//gusA

FIG. 1. Location of cpe promoter constructs (arrows) and putative promoter
elements (asterisks) in the NCTC 10240 cpe type B promoter. The numbering is
relative to the A of the initiator Met codon (italics) of the cpe structural gene.
The HindIII site described in the text is also shown in italics. A 45-bp insertion
present in type B cpe promoters but absent in type A promoters is underlined.

were made in several steps. First, a PCR product of 129 bp, containing 28 bp
upstream of the thymidine in the cpe gene stop codon (TAA) and 100 bp
downstream of the stop codon, was made with chromosomal DNA from strain
NCTC 8798 and cloned in vector pCRIL This region contains the proposed cpe
terminator (8). An EcoRI fragment containing the terminator region was then
cloned in the EcoRI site of plasmid pBS— (Stratagene Corp.). A plasmid with
the desired orientation, determined by sequencing, was named pSM151. Next,
Xbal-PstI fragments containing the cpe promoters from strains NCTC 10240 and
NCTC 8798 were cut from plasmids pSM100 and pSM101, respectively, and
cloned between the Xbal and PstI sites of the polylinker in plasmid pSM151 to
make pSM155 and pSM154, respectively.

Primer extension and B-glucuronidase assays. For experiments analyzing cpe
promoter induction with primer extension, 300 ml of anaerobic DSSM was
inoculated with 3 ml of an overnight culture of the appropriate strain. Growth
was monitored by measuring the optical density of the culture at 600 nm. At
various times, 10 ml of culture was removed, and total RNA was extracted from
the sample with Trizol reagent (Gibco/BRL) as described previously (22). Primer
extension was then carried out by previously described techniques for C. perfrin-
gens mRNA (22).

Measurements of B-glucuronidase activity in C. perfringens cells expressing
cpe-gusA fusions were carried out as previously described (22).

In vitro transcription assays. Extracts from sporulating cells used in in vitro
transcription assays were prepared as follows. Five hundred milliliters of anaer-
obic DSSM in a round-bottom flask was inoculated with 5 ml of an overnight
culture of C. perfringens cells grown in PGY medium. Growth in DSSM was
monitored by measuring the optical density of the culture at 600 nm. The cells
were harvested by centrifugation 1.5 h after entry into the stationary phase (T 5)
and washed once in buffer containing 20 mM NaHPO, (pH 7.0); the pellet was
stored at —80°C. The frozen pellet was thawed and resuspended in buffer A (13),
which contained 10 mM Tris-HCI (pH 8.0), 1 mM EDTA, 1 mM dithiothreitol,
400 mg of phenylmethylsulfonyl fluoride per liter, 100 mM KCI, and 10% glyc-
erol. The cells were then disrupted by sonication, and cell debris was removed by
centrifugation at 15,000 X g for 10 min at 4°C. The cell extract was then subjected
to ultracentrifugation at 100,000 X g for 1 h at 5°C. Solid ammonium sulfate was
added to the supernatant from the centrifugation step just to saturation, and the
protein precipitate was retrieved by centrifugation. The pellet was then resus-
pended in 1 to 2 ml of buffer A and dialyzed against 2 liters of buffer A at 4°C.
After dialysis, the extracts were stored in 100-pl aliquots at —80°C. Protein was
measured with a protein assay kit (Bio-Rad Laboratories).

The in vitro transcription assays were carried out in microcentrifuge tubes with
40-pl volumes containing (13) 40 mM Tris (pH 8.0), 10 mM MgCl,, 1 mM
EDTA, 1 mM dithiothreitol, 50 mM KCI, ATP, GTP, and CTP at 125 pM each,
12.5 uM UTP, 12.5 uCi of [a-3*P]UTP, 1.5 to 2.2 ug of plasmid template DNA,
and 5% glycerol. The reaction was started by the addition of 17 pg of protein
from the cell extracts, the reaction mixture was incubated for 10 min at 37°C, and
the reaction was stopped by phenol extraction and ethanol precipitation. nRNA
was electrophoresed on 5% polyacrylamide-7.5 M urea gels along with RNA
Century size markers synthesized according to the manufacturer’s instructions
(Ambion, Inc.).

J. BACTERIOL.

RESULTS

Nested deletions of cpe promoter regions. In a previous
report (22), primer extension experiments with cpe mRNA
identified four potential 5’ ends corresponding to mRNAs
induced during sporulation. These apparent 5’ termini were at
positions —58, —73, —142, and —196 (termed P1, P2, P3, and
P4, respectively), relative to the start of translation of the cpe
structural gene (Fig. 1). However, RNase T, protection exper-
iments could only confirm the presence of P1, P2, and P3 (30).
We sought to determine whether these 5’ ends represent ac-
tual transcription start sites or are processing sites for mRNA
originating from a single, upstream promoter. To address this
question, we performed a series of deletion mutagenesis ex-
periments with the cpe promoter region.

The locations of a series of nested deletions in the NCTC
10240 (type B) cpe promoters are shown in Fig. 1. Each of the
cpe-gusA fusion constructs shown in Fig. 1 was cloned in the C.
perfringens-E. coli shuttle vector pJIR750 and used to trans-
form C. perfringens SM101 by electroporation (22). Strain
SM101 is a derivative of NCTC 8798 selected for high trans-
formation efficiency (see Materials and Methods). Strain
NCTC 10240 cannot be transformed by electroporation (23),
so expression from the NCTC 10240 cpe promoter was studied
in the heterologous strain, SM101. The transformants were
grown in sporulation medium DSSM, and samples were re-
moved for measurements of B-glucuronidase activity during
growth and the sporulation cycles as previously described (22).

The activities of gusA fusions containing nested deletions of
the NCTC 10240 cpe promoter (type B) are shown in Fig. 2. In
comparison to the longest cpe construct, pPSM104, the nested
deletions encompassing the region between pSM104 and
pSM127 showed activity levels 80 to 100% that seen with
pSM104. However, the level of expression for pSM129, which
lacks all the potential transcription start sites, was only 20%
the level shown by pSM104 (Fig. 2). With all of these cpe-gusA
fusions, the induction of B-glucuronidase activity did not occur
until the cells entered the stationary phase, consistent with our
previous results (22). These results suggest that most cpe tran-
scription in NCTC 10240 is derived from P1 and P2.

Separation of the cpe promoters from strain NCTC 10240.
The nested deletion experiments with the cpe promoter region
described above are useful for locating a single promoter but
are less effective in locating multiple promoter elements that
may not have simple, additive levels of expression. In order to
determine if P1, P2, P3, and P4 reflect independent promoters,
we made deletions in the cpe promoter region to isolate the
region corresponding to each potential start site and to test its
expression during growth and sporulation. At the present time,
we do not have sufficient information to differentiate potential
promoters for P1 and P2, since they are separated by only 15
bp and their proposed —10 and —35 elements would overlap to
a considerable extent (Fig. 1). Constructs that carry only P3
(pSM170), P4 (pSM183), or P1 and P2 are shown in Fig. 3A.
As shown in Fig. 3B and C, the complete promoter region (in
pSM104) and pSM127, which contains both P1 and P2 (Fig.
3A), had similar activities. pSM170, containing the P3 pro-
moter alone, exhibited about 50% the stationary-phase-in-
duced expression seen with pSM104. However, the construct
containing P4 alone (pSM183) exhibited only ~7% the level of
expression observed during the stationary phase with pSM104.
These results indicate that P1 and P2 together provide nearly
wild-type levels of expression, while P3 can also function as an
independent promoter. The apparent P4 transcription start
site is probably an artifact of primer extension.

Similar results were obtained with nested deletions of the
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FIG. 2. Growth (A) and cpe expression (B) of the NCTC 10240 cpe-gusA fusion constructs shown in Fig. 1 and grown in DSSM sporulation medium. Symbols: [J,
pSM104; O, pSM123; A, pSM145; <, pSM127; V, pSM129. ODy, optical density at 600 nm.

type A cpe promoter from NCTC 8798 (30). In addition, a 1-kb
region of DNA upstream of the cpe gene from NCTC 8798
(made by PCR amplification using previously published se-
quences [5]) fused to gusA resulted in no significant increase in
expression from the clone containing only 439 bp (22, 30),

A

P4 P3
: C

indicating there are probably no other promoters upstream of
P3.

In vitro transcription of cpe promoters by use of extracts
from sporulating cells. In order to confirm our results from the
cpe-gusA fusions, we wished to obtain direct biochemical evi-
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FIG. 3. (A) Schematic diagram showing the extent of internal deletions in the NCTC 10240 cpe promoter region. Growth (B) and cpe expression (C) of the NCTC
10240 cpe-gusA fusion constructs shown in Fig. 3A and grown in DSSM sporulation medium. Symbols: O, pSM104, <, pSM127; A, pSM170; O, pSM183. ODg, optical

density at 600 nm.
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FIG. 4. Schematic diagram showing the relevant features of the plasmids
used as DNA templates in in vitro transcription assays.

dence of transcription from the cpe promoters using extracts
from sporulating cells. Presumably, sporulating cell extracts
contain all the factors necessary for transcription of the cpe
promoters. Previous reports of in vitro transcription assays
with purified C. perfringens RNA polymerase and extracts from
sporulating cells strongly indicated that linear DNA does not
function efficiently as a template when C. perfringens RNA
polymerase is used to initiate transcription (13, 22). To over-
come this problem, we constructed specialized vectors to use as
supercoiled templates for in vitro transcription assays. A sche-
matic diagram illustrating the structures of these vectors is
shown in Fig. 4. The relevant parts of the plasmids consist
basically of the cpe promoter regions from NCTC 8798 (pSM154)
and NCTC 10240 (pSM155) connected by a short polylinker
region to the proposed terminator region of the cpe structural
gene (8). The terminator region of cpe contains a potential stem-
loop structure followed by seven consecutive thymidine residues
(8), features common to rho-independent terminators in Clostrid-
ium and other bacteria (12-14). The plasmids were designed so
that transcription initiating from the cpe promoters will terminate
at the run of thymidines downstream of the stem-loop. The length
of the transcript can then be used to estimate the point at which
transcription was initiated in the cpe promoter region.

We obtained cell extracts from sporulating cells of strains
NCTC 8798 and NCTC 10240 harvested at T, 5 (see Materials
and Methods) and used them to perform in vitro transcription
assays with pSM154 and pSM155 as templates. The results are
shown in Fig. 5. If transcription does terminate at the first
thymidine in the run of seven thymidines in the cpe terminator
region, we predict that a transcript initiating at P1 should be
228 bases long; those initiating at P2, P3, and P4 should be 243,
317, and 372 bases long, respectively. cpe-specific transcripts of
217 and 240 bases, estimated from the RNA size markers, were
seen in Fig. 5, lanes 3 to 6. These corresponded quite well with
the predicted sizes of transcripts from P1 and P2. With NCTC
8798 extracts, however, a transcript of 276 bases was observed
with pSM154 as a template (Fig. 5, lane 3), but a transcript of
320 bases was seen with pSM155 as a template (lane 4). Since
P3 is predicted to be 317 bases long, it most closely matches the
upper band in lane 4 (320 bases). No additional transcripts
corresponding in length to P3 were seen when NCTC 10240
extracts were used (Fig. 5, lanes 5 and 6), but transcripts longer
than 400 bases were seen in these lanes. Transcripts of these

J. BACTERIOL.
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FIG. 5. Invitro transcription assays with extracts from sporulating C. perfrin-
gens cells. Lanes: 1, 3, 4, and 7, NCTC 8798 extract; 2, 5, 6, and 8, NCTC 10240
extract. Plasmids used were none (lanes 1 and 2), pSM154 (lanes 3 and 5),
pSM155 (lanes 4 and 6), and pBS— (lanes 7 and 8). Markers on the left show the
migration of RNA Century size markers (bases).

lengths could have initiated within the cpe promoter region
(Fig. 1). Lanes 3 and 4 of Fig. 5 also contained a band of ~115
bases. This would be the length expected for a transcript orig-
inating from P3 in a region of the cpe mRNA that can poten-
tially form a secondary structure (see below). This result may
indicate that termination or mRNA processing occurs in cell
extracts.

In addition to the complete cpe promoter regions present on
pSM154 and pSM155, we cloned the following cpe internal
deletion fragments into pSM151 for use as in vitro transcrip-
tion templates: the cpe promoters from pSM127 (P1 and P2),
pSM170 (P3 alone), and pSM183 (P4 alone). However, we
could not generate any significant levels of transcription using
these plasmids as templates (30), even though the cpe promot-
ers from pSM127 and pSM170 showed significant levels of
expression in vivo (Fig. 3). The reason for the differences
between the in vivo and in vitro activities is unknown.

Kinetics of induction of transcription from cpe promoters
P2 and P3. The results shown above allowed us to identify
three promoter elements in the cpe promoter region (i.e., P1,
P2, and P3). In order to determine if these cpe promoters are
induced at similar times during the developmental cycle, we
wished to determine the kinetics of promoter induction during
the stationary phase. We did this by using primer extension
analysis of coe mRNA extracted at different times during the
growth and sporulation cycles. However, the use of a primer
that annealed near the N terminus of the cpe structural gene
consistently gave a very strong termination signal near posi-
tions —35 to —37, and the 5" ends of P1, P2, and P3 could only
be detected after long exposure times (22, 30). The 5" end at
positions —35 to —37 may represent an additional promoter
downstream of P1 but more likely is due to premature termi-
nation of the reverse transcriptase, since it corresponds to the
5’ side of a potential hairpin secondary structure that can form
in the cpe mRNA between positions —32 and —55 (30). To
overcome the premature termination of the reverse transcrip-
tase, we used a primer (OSM71) that annealed to the down-
stream half of the putative hairpin structure (from positions
—17 to —44) to both inhibit secondary structure formation and
act as a primer for the reverse transcriptase. Unfortunately,
this primer annealed too closely to P1 (at position —55) for us
to be able to resolve it on a polyacrylamide sequencing gel.
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FIG. 6. Growth (A) and primer extension analysis (B) of coe mRNA from strain NCTC 10240 with primer OSM71. The numbered arrows in panel A show the times
sampled for RNA extraction and correspond to the lanes in panel B. Y, yeast RNA control. The arrows in panel B designate cpe promoters discussed in the text. The
asterisk denotes the location of P4, based on the sequence shown at the left. GATC lanes show the sequence of the template strand of pSM104 derived with primer

OSM71. ODy, optical density at 600 nm.

Therefore, we could only analyze the kinetics of P2, P3, and P4
induction.

The results of the primer extension analysis of cpe mRNA
for strain NCTC 10240 are shown in Fig. 6. The cells entered
the stationary phase (T,)) after about 3 h of growth. Interest-
ingly, the intensity of the signal from P2 was much higher than
that of the signal from P3, and a 5" end at P4 could not be
detected at all in this experiment (Fig. 6), supporting our
previous finding that little transcription originates from P4
under the conditions tested here. There was a sustained signal
from P2 beginning at the entry into the stationary phase, T,
(Fig. 6, lane 2), until T, 5, with the signal intensity dropping
sharply between T, 5 and T, 5. There was also induction of P3
at T,; this induction was sustained at a high level through T, 5
(lane 4) before dropping off. Although the signal from P2 was
much stronger than that from P3, the promoters showed sim-
ilar kinetics of induction. Quantitative densitometry analysis of
these data was difficult due to the extended, smeared signal
exhibited by P2.

A similar pattern of P2 and P3 induction was seen with
primer extension products from strain NCTC 8798 during the
growth and sporulation cycles (30); in addition, a 5" end at P4
was not detected in this strain.

DISCUSSION

In a previous report, we identified by primer extension anal-
ysis several 5" ends that may indicate the location of cpe sporu-
lation-dependent promoters (22). In this study, we used nested
and internal deletions of the cpe promoter regions to narrow
down the locations where transcription can be initiated and
confirmed the presence of at least three promoters, P1, P2, and
P3. In vitro transcription assays done with extracts from sporu-
lating cells provided additional biochemical evidence for tran-
scription being initiated at these three promoters. A fourth 5’
end detected by primer extension (P4) in our previous report
(22) could not be detected with the techniques described here,
including primer extension (Fig. 6), RNase T, protection (30),
and in vitro transcription (Fig. 5) assays. In addition, deletion
analysis in which a P4-gusA4 fusion was assayed showed very
little sporulation-dependent expression (Fig. 3C). These re-
sults suggest either that P4 is a primer extension artifact or that

it requires sequences downstream of the start site of transcrip-
tion for activity.

The DNA sequences immediately upstream of the apparent
start sites for P1, P2, and P3 show significant similarity to
consensus recognition sequences for RNA polymerase con-
taining the sporulation-dependent sigma factors SigE and
SigK. In particular, sequences upstream of P1 are similar to
SigK-dependent promoters, while sequences upstream of P2
and P3 exhibit strong similarity to SigE-dependent promoters
(Fig. 7). These results could indicate that the synthesis of these
sigma factors during the course of sporulation is, at least in
part, responsible for the sporulation-dependent synthesis of
CPE. Indirect support for this regulatory model comes from
the kinetic analysis of P2 and P3 induction (Fig. 6). Transcrip-
tion of both P2 and P3 was initiated immediately upon entry
into the stationary phase. This coinduction was consistent with
P2 and P3 being regulated by a common mechanism, e.g., the
synthesis and activity of SigE in the mother cell. If P1 is reg-
ulated by the synthesis and activity of SigK, it presumably
would be induced at a later time in the sporulation cycle than
P2 and P3. However, C. perfringens produces a spore in a very
short time (~2.5 h) compared to B. subtilis (~6 to 8 h). This
rapid spore production may compress the time differences

Pl AC (16 bp) CAAANNNAA

SigKk AC (17 bp) CATANNNTA

P2 TATTTTA {14 bp) AATACTTT

SigE TAATATA (14 bp) CATACAAT
GC AT c

P3 TAATTCT (14 bp) CATAAAAT

SigE TAATATT (14 bp) CATACAAT
GC AA Cc

FIG. 7. Alignment of cpe promoters P1, P2, and P3 with consensus SigE and
SigK promoter recognition sequences derived from B. subtilis (15). Degenerate
bases in the consensus are shown below each line, the spacing between the
promoter —10 and —35 regions is shown in parentheses, and the —10 base
relative to the start site of transcription in the cpe promoters is underlined.
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between which SigE- and SigK-dependent promoters are ex-
pressed.

It should be pointed out that the consensus recognition
sequences shown in Fig. 7 are derived from studies with Ba-
cillus spp., mostly Bacillus subtilis (15). In addition, B. subtilis
does not regulate the cpe promoter in a sporulation-dependent
fashion and does not seem to initiate transcription from any of
the promoters described in this report (22). There are at least
two possible reasons for this. (i) B. subtilis may not recognize
the promoters due to the differences that exist between the
proposed recognition sequences for P1, P2, and P3 and the
consensus sequences of SigE- and SigK-dependent promoters.
(ii) C. perfringens may contain additional transcriptional regu-
lators, absent from B. subtilis, that allow it to recognize and
initiate transcription from P1, P2, and P3.

An important point to consider is whether C. perfringens
possesses homologs of SigE and SigK. The genes encoding
these sigma factors as well as SigA and SigG homologs have
recently been cloned and sequenced from Clostridium aceto-
butylicum (25, 28). In addition, we have also recently cloned
and sequenced the genes encoding homologs of SigE, SigK,
and SigG from C. perfringens (30). Therefore, these sigma
factor proteins are present in C. perfringens and could function
as potential regulators of transcription at the cpe promoters.
Unfortunately, with cpe™ strains, it is not possible at the
present time to make specific knockout mutations in the sigma
factor genes to test our model directly.

Interestingly, it has been clearly shown that SigE and SigK
are active only in the mother cell compartment of the devel-
oping sporangium in B. subtilis (see references 11 and 15 for
reviews). If this is also the case with C. perfringens, then SigE
and SigK would be active in the same compartment in which
the large majority of CPE protein is made. Such compartment-
specific regulation of toxin synthesis has also been seen with
the crylA gene from Bacillus thuringiensis, which encodes an
insecticidal toxin and is transcriptionally regulated by SigE and
SigK (1, 3, 4). If the regulation of cpe promoters also is found
to be SigE and SigK dependent, this finding would represent a
remarkable example of convergent evolution, where two tox-
ins, with no evident sequence homology, have a similar regu-
latory mechanism and are active on intestinal mucosal cells but
in completely different hosts (mammals versus insects).

Definitive proof of our model that transcription from P1, P2,
and P3 requires SigE and SigK will come from the purification
of RNA polymerase forms that can initiate transcription from
these promoters. Such experiments are currently under way in
our laboratory.
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