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Clostridium difficile, a causative agent of antibiotic-associated
diarrhea and its potentially lethal form, pseudomembranous coli-
tis, produces two large protein toxins that are responsible for the
cellular damage associated with the disease. The level of toxin
production appears to be critical for determining the severity of the
disease, but the mechanism by which toxin synthesis is regulated
is unknown. The product of a gene, txeR, that lies just upstream of
the tox gene cluster was shown to be needed for tox gene
expression in vivo and to activate promoter-specific transcription
of the tox genes in vitro in conjunction with RNA polymerases from
C. difficile, Bacillus subtilis, or Escherichia coli. TxeR was shown to
function as an alternative sigma factor for RNA polymerase. Be-
cause homologs of TxeR regulate synthesis of toxins and a bacte-
riocin in other Clostridium species, TxeR appears to be a prototype
for a novel mode of regulation of toxin genes.

lostridium difficile, a Gram-positive, anaerobic, spore-

forming bacterium, has been identified as one of the major
causative agents of antibiotic-associated diarrhea and has been
implicated in almost all cases of pseudomembranous colitis
(PMG; ref. 1). Virulent strains of C. difficile generally produce
two very large protein toxins (ToxA and ToxB) that have been
identified as major virulence factors (2). Both ToxA and ToxB
monoglucosylate mammalian Ras-related, small GTP-binding
proteins involved in the regulation of F-actin cytoskeletal integ-
rity leading to depolymerization of actin filaments and cytotox-
icity (2-5).

Toxin production varies greatly among different toxigenic
strains and appears to be highly influenced by environmental
conditions (6, 7). Synthesis increases as cells enter stationary
phase (6, 7) and is stimulated or inhibited by various amino acids
present in the medium (8-11), stimulated by butyric acid but
inhibited by butanol (12), repressed by rapidly metabolizable
carbon sources (7), induced by addition of certain antibiotics
(13), and stimulated by biotin limitation (14). However, the
regulation of toxin synthesis is poorly understood at the molec-
ular level, as is the mechanism that triggers an increase in the
level of toxin synthesis leading to the transition from mild
diarrhea to the potentially lethal PMC. The toxin genes, tox4 and
toxB (also known as tcdA and ftcdB, respectively), are in close
proximity on the chromosome and are among five ORFs found
in a 19.6-kb DNA element called the “pathogenicity locus” that
is typical of toxin-producing strains (15-17).

The fox promoters do not resemble the canonical ¢7° promot-
ers of bacteria (18) but do show strong similarity to the UV-
inducible P1 promoter of the Clostridium perfringens bacteriocin
locus (7). The expression of tox gene transcripts is coordinate,
induced at the entry into stationary phase, and repressed by
rapidly metabolizable carbon sources (6, 7), suggesting that the
tox genes are likely to be under a common mode of regulation.

A potential breakthrough in the study of toxin regulation came
from the analysis of txeR (also known as fcdD), the gene
upstream of toxB. Moncrief and colleagues (19) demonstrated
that, when expressed in trans in Escherichia coli, txeR activates
toxA and toxB reporter fusions, suggesting that TxeR is a positive
regulator of the tox genes. TxeR is an ~22-kDa protein, contains
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a potential C-terminal helix—turn-helix DNA-binding motif, and
shows sequence similarities to TetR, a positive regulator of the
tetanus toxin gene in Clostridium tetani, BotR, a positive regu-
lator of the botulism toxin genes in Clostridium botulinum and
UviA, a putative positive regulator of the UV-inducible bacte-
riocin gene of C. perfringens (19-21). Here, we present evidence
that TxeR is an alternative RNA polymerase sigma factor
required for the activation of toxin gene expression in C. difficile.

Materials and Methods

Bacterial Strains and Growth Medium. C. perfringens and C. difficile
strains were grown in TY or TY medium supplemented with 1%
glucose (TYG) as described previously (7). All routine plasmid
constructions and cloning in E. coli were done by using standard
techniques (22).

Construction of a GusA Reporter Fusion System in C. perfringens. A
transcriptional fusion vector for studying gene expression in C.
perfringens was constructed by modifying the C. perfringens— E.
coli shuttle vector pJIR750 (23). After deleting the lac promoter—
operator sequences, we introduced the E. coli gusA gene engi-
neered to contain the roxB ribosome-binding site upstream of the
gusA start codon to create the transcriptional fusion vector
pTUM177. Fragments corresponding to the foxA or toxB
promoter regions (7) were cloned upstream of the gusA gene
in pTUM177, creating plasmids pTUMI181 and pTUM182,
respectively.

Construction of a txeR-Expressing Plasmid for C. perfringens. The
txeR gene was amplified from the C. difficile chromosome by
PCR and cloned in the E. coli- Bacillus subtilis shuttle vector
pDG1664 (24). The txeR gene then was excised and ligated to the
EcoRV-digested, broad host-range shuttle vector, pTRKL2 (25),
to yield the plasmid pTUMB307. To test the effect of TxeR on tox
gene expression, plasmid pTUM181 or pTUM182 (see above)
was introduced into electrocompetent C. perfringens strain
SM101 (26) harboring either pTRKL2 or pTUM307. B-Glucu-
ronidase activity of C. perfringens was assayed as described
previously (7).

Overproduction and Partial Purification of TxeR. To overproduce
TxeR, the tveR gene was amplified from the C. difficile chromo-
some by PCR and cloned between the Ncol and Xhol sites of the
expression vector pET28-b (Novagen). This construction created
a translational fusion adding six carboxyl-terminal histidine
residues to the treR coding sequence and placed it under the
control of the T7 promoter. The resulting plasmid, pCD54, was
introduced into E. coli strain BL21ADE3 (pLysS), carrying the
isopropyl B-D-thiogalactoside (IPTG)-inducible T7 RNA poly-
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merase. To produce TxeR, a 2-liter culture of strain BL21ADE3
(pLysS, pCD54) was grown at 22°C in LB broth containing
ampicillin and chloramphenicol. When the cells reached sta-
tionary phase (absorbance at 600 nm = 3), IPTG was added (1
mM) and incubation was continued for 3 h. The cells were
harvested, resuspended in 20 ml of buffer I (50 mM sodium-
phosphate, pH 8/300 mM NaCl/20 mM imidazole), and lysed
by sonication, and the cell debris was removed by centrifugation.
The supernatant was loaded on a 0.5-ml Ni*-NTA agarose
column (Qiagen) and washed with buffer I, and TxeR was eluted
with an imidazole gradient (30-500 mM). The protein was
concentrated and exchanged into storage buffer (50 mM sodium-
phosphate, pH 8/300 mM NaCl/50% glycerol). Protein purity
was analyzed by Coomassie blue staining of an SDS-
polyacrylamide gel (27), and protein concentration was mea-
sured by the method of Bradford (28).

Preparation of Antibodies to TxeR. Rabbit serum was prepared
against TxeR that was purified after overexpression in E. coli
strain BL21IADE3 (pLysS) harboring pCD32, a derivative of
pET16-b (Novagen) carrying the zveR gene under an IPTG-
inducible T7 promoter. Induction of TxeR synthesis at 37°C
resulted in formation of inclusion bodies, which were subjected
to SDS/PAGE. TxeR was eluted from a gel slice, mixed with
adjuvant, and injected s.c. into rabbits. Anti-TxeR antibodies
were purified by absorption against crude extracts of E. coli
strain BL21ADE3 (pLysS) harboring pET16-b.

Gel Retardation Experiments. Fragments of 372, 347, and 353 bp
containing the foxA, toxB, and gdh (C. difficile glutamate dehy-
drogenase gene) promoters, respectively, were amplified by PCR
and labeled by using T4 polynucleotide kinase and [y-3>P]ATP
(3,000 Ci/mmol; Amersham Pharmacia). E. coli RNA polymer-
ase holoenzyme and core enzyme forms were purchased from
Epicenter. B. subtilis RNA polymerase holoenzyme was pre-
pared by F. W. Whipple (29). B. subtilis RNA polymerase core
enzyme was a gift from J. Helmann (Cornell University, Ithaca,
NY). Purification of C. difficile RNA polymerase will be de-
scribed elsewhere (N.M., A. L. Sonenshein, and B.D., unpub-
lished data). Labeled fragments (0.2 nM) were mixed with RNA
polymerase holoenzyme or core enzyme (50-200 nM) in gluta-
mate buffer (40 mM Hepes, pH 8/100 mM MgCl,/100 mM
potassium glutamate /500 ug BSA per ml) and incubated for 60
min at room temperature in a total volume of 10 ul. Three
microliters of a heparin-dye solution (150 pg heparin per
ml/0.1% dye /50% sucrose) in glutamate buffer was added, and
the mixture was loaded on a 4.5% polyacrylamide gel in TBE
buffer (90 mM Tris/64.6 mM boric acid/2.5 mM EDTA, pH
8.3) during electrophoresis. After electrophoresis, the gels were
dried and analyzed by autoradiography. Holoenzyme was re-
constituted by incubating one volume of 5 uM E. coli core
enzyme with a 4-fold molar excess of TxeR for 30 min at 37°C.
The concentration of TxeR was estimated based on its apparent
abundance relative to that of other Coomassie blue-stained
bands.

In Vitro Run-Off Transcription Reactions. [nn vitro transcription re-
actions were carried out as described previously (30). The
activities of all RNA polymerases were assayed by using poly
(dA-dT) as template, and equal amounts of activity were used in
any given experiment.

TxeR-Core Enzyme Interaction Experiments. Samples (1 ug) of E.
coli RNA polymerase core enzyme were immobilized on nitro-
cellulose filters (Amersham Pharmacia), and the membranes
were blocked with 5% powdered milk in PBS at room temper-
ature. Filters then were incubated for 2 h at 37°C with 200 pg of
whole-cell extract of BL2IADE3 (pET28-b) (used as a negative
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Fig. 1. In vivo transcription activation of Ptox-gusA fusions by txeR in trans
in C. perfringens. Fragments of DNA carrying either toxA (A) or toxB (B) gene
promoters were cloned in the reporter fusion vector pTUM177 and introduced
into C. perfringens with or without the txeR gene in trans. B-Glucuronidase
activity of late stationary phase cells grown in TY or TYG medium was assayed
as described previously (7). In control experiments, cells carrying the fusion
vector alone were assayed. Solid bars, TY medium, no TxeR; open bars, TYG
medium, no TxeR; striped bars, TY medium with TxeR; dotted bars, TYG
medium, with TxeR.

control) or with 50-200 ng of whole-cell extract of BL21ADE3
(pCD54). The filters were washed and immunoblotted by using
anti-TxeR serum and developed by using the enhanced chemi-
luminescence kit (Amersham Pharmacia).

Results

TxeR Stimulates toxA and toxB Expression in C. perfringens. To study
the mechanism of tox gene regulation, we created a transcrip-
tional fusion vector, pTUM177 (see Materials and Methods). We
chose C. perfringens because, unlike C. difficile, it can be ma-
nipulated genetically (31) and because C. perfringens is suffi-
ciently close to C. difficile evolutionarily that the rules of
promoter recognition and gene regulation should be conserved
between the two species. When we introduced either the ProxA4-
gusA fusion (Fig. 14) or the ProxB-gusA fusion (Fig. 1B) into C.
perfringens carrying the compatible plasmid pTRKL2, we saw no
detectable Gus activity in cells grown in either TY or TYG
medium. However, when we introduced the PfoxA4-gusA fusion or
PtoxB-gusA fusion into a C. perfringens strain carrying txeR in
trans (plasmid pTUM307), high levels of Gus activity were
observed in cells grown in TY medium. This result is consistent
with and confirms the observation of Moncrief et al. (19) that the
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Fig. 2. Overproduction and purification of TxeR. (A) SDS/PAGE analysis of

protein extracts from E. coli BL21ADE3 (pLysS) carrying either pCD54 or
pET28-b. Lanes: 1, crude cell extracts from E. coli carrying the vector pET28-b;
2, crude cell extracts from E. coli carrying pCD54 (expressing TxeR); 3, TxeR-
containing fraction from E. coli carrying pCD54 retained and eluted from a
Ni*-NTA column; 4, an equivalent protein fraction from crude extract of E. coli
carrying the vector pET28-b after Ni*-NTA chromatography. (B) Immunode-
tection of TxeR by using anti-TxeR antibodies. The protein samplesin each lane
correspond to those in A. The bandsin lanes 2 and 3 corresponding to TxeR are
indicated by an arrow.

txeR gene in trans stimulates fox gene expression in E. coli. We
observed further that the TxeR-mediated activation of fox-gusA
fusions was repressed in glucose-containing medium (TYG, Fig.
1), consistent with the behavior of the fox genes in their natural
host (7).

Overexpression and Partial Purification of TxeR. To understand the
mechanism by which TxeR stimulates fox gene expression, we
sought to purify TxeR for in vitro studies. Initial attempts were
frustrated by the insolubility of TxeR overexpressed in E. coli.
After trying many different approaches, we finally succeeded in
overcoming this problem by cloning the txeR gene in pET28-b (as
in pCD54), creating TxeR with six C-terminal histidine residues,
by growing cells at low temperature (22°C) and by inducing
expression of TxeR only when cells had reached stationary phase
(see Materials and Methods).

Analysis by SDS/PAGE of the soluble fraction of a crude
extract of E. coli cells containing pCD54 showed an extra band
with an apparent molecular mass of 24 kDa, which was absent in
the control extract from cells carrying the pET28-b vector alone
(Fig. 24, lanes 1 and 2). His-tagged TxeR then was purified in
a single step by using a nickel affinity column. Analysis by
SDS/PAGE of partially purified TxeR protein, confirmed by
Western blot analysis using anti-TxeR antibodies (Fig. 2B),
showed some major contaminating proteins (Fig. 24, lane 3).
Unfortunately, we have never been able to improve the purity of
TxeR. For this reason, we also purified the contaminating
proteins in the same way from an E. coli strain carrying the vector
pET28-b (Fig. 24, lane 4) and used this preparation as a negative
control for the in vitro experiments.

RNA Polymerase Binds Specifically to tox Promoter Regions in the
Presence of TxeR. To determine whether TxeR activates fox4 and
toxB transcription by directly binding to the promoter regions of
tox genes, we first used partially purified TxeR in gel mobility-
shift assays with DNA fragments that contained the promoter
regions of toxA and foxB. No shift in the mobility of the foxA or
toxB promoter regions was seen (data not shown), even when we
used large amounts of TxeR or when we modified the stringency
of the binding reactions. This result suggests that TxeR may
activate fox gene expression indirectly via other regulatory
factors. One possibility is that TxeR interacts with RNA poly-
merase to activate fox gene transcription. To test this idea, RNA
polymerase was purified from C. difficile (N.M. et al., unpub-
lished data) and the ability of C. difficile RNA polymerase to
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Fig. 3. Gel mobility retardation of tox promoters with C. difficile RNA
polymerase and TxeR; gel mobility retardation of the C. difficile glutamate
dehydrogenase gene promoter (Pgdh), toxin B gene promoter (PtoxB), and
toxin A gene promoter (PtoxA) by C. difficile RNA polymerase. For gdh
promoter, left lane is Pgdh DNA alone and right lane is Pgdh DNA incubated
with C. difficile RNA polymerase. For toxB and toxA promoters, left lane is tox
promoter DNA alone, middle lane is tox promoter DNA with C. difficile RNA
polymerase, and right lane is tox promoter DNA with C. difficile RNA poly-
merase and TxeR, respectively.

bind to tox promoter regions in the presence and absence of
TxeR was assayed. All binding reactions were challenged with
the polyanion heparin, which is known to release RNA poly-
merase from weak, closed complexes with target DNA, without
interfering with stable, open complexes (32). As shown in Fig. 3,
C. difficile RNA polymerase holoenzyme was unable to bind to
tox promoter-containing DNA fragments in the absence of
added TxeR, even though it could bind well to the promoter
region of the gdh gene, a gene expressed during the exponential
growth phase (N.M. et al., unpublished data). Addition of
partially purified TxeR greatly increased the ability of RNA
polymerase to form heparin-resistant complexes at the fox
promoters. Similar results were obtained with E. coli RNA
polymerase (data not shown). On the other hand, addition of a
fraction containing the proteins that contaminate our prepara-
tion of TxeR (Fig. 24, lane 4) did not increase the affinity of
RNA polymerase for the fox promoters (data not shown). These
results suggest that TxeR is either a positive regulator that
stabilizes binding of RNA polymerase to the tox promoters or a
protein that alters the structure of RNA polymerase and thereby
changes its promoter recognition properties.

TxeR Activates Transcription from tox Promoters in Vitro with RNA
Polymerase Holoenzyme. To see whether TxeR activates transcrip-
tion specifically from the fox promoters used in vivo, the ability
of TxeR to stimulate transcription was tested by in vitro run-off
transcription assays. As shown in Fig. 4, synthesis of a foxA-
specific transcript (255 nt) and a toxB-specific transcript (175 nt)
was greatly stimulated when TxeR was added to the reaction
when any one of the three RNA polymerases was tested. In the
absence of TxeR, no detectable tox transcripts were observed
with either E. coli RNA polymerase or B. subtilis RNA poly-
merase. The C. difficile RNA polymerase showed low levels of
tox transcript without added TxeR, perhaps because of the
presence of small amounts of TxeR in this RNA polymerase
preparation. Nevertheless, it was very clear that the addition of
TxeR greatly elevated fox transcription in all cases. Addition of
the contaminating proteins (Fig. 2, lane 4) had no effect on the
ability of RNA polymerase holoenzymes to transcribe from the
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Fig. 4. In vitro transcription activation from tox promoters by RNA poly-
merase and TxeR. In vitro run-off transcription reactions were performed by
using RNA polymerases from E. coli (Ec), B. subtilis (Bs), or C. difficile (Cd) and
DNA fragments containing either the toxA promoter (PtoxA) or the toxB
promoter (PtoxB) incubated in the absence or presence of partially purified
TxeR. A control transcription reaction performed on the gdh promoter DNA
with C. difficile RNA polymerase is shown in the leftmost lane. The expected
sizes of run-off transcripts (indicated by arrows) are: Pgdh, 162 nt; PtoxA, 255
nt; PtoxB, 175 nt. An additional read-through transcript of 291 ntis made from
the gdh promoter.

tox promoters (data not shown). These results confirm that TxeR
interacts with a variety of RNA polymerases and show that TxeR
activates transcription from the bona fide tox promoters.

TxeR Allows Core RNA Polymerase to Bind to the tox Promoters. A
BLAST search of TxeR against the GenBank and SwissProt
databases revealed that TxeR is distantly related to certain sigma
factors of bacterial RNA polymerase, including members of the
extracytoplasmic function (ECF) family of sigma factors (33, 34).
To test the ability of TxeR to act as a sigma factor, we performed
gel mobility-shift assays with the tox promoter DNA fragments
and E. coli core RNA polymerase with or without addition of
TxeR and challenged the complexes with heparin. Neither core
enzyme alone nor core enzyme mixed with TxeR was able to shift
the mobility of the gdh promoter-containing fragment (Fig. 54),
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TxeR BRI IR I I I RIS
Prot-TxeR = [=13#0 === =l =A¥E]=1=] =] =
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Fig. 5. Gel mobility retardation of tox promoters with E. coli RNA polymer-

ase core enzyme and TxeR. Gel mobility retardation of the C. difficile gdh gene
promoter (Pgdh) (A), the toxA gene promoter (PtoxA) (B), and toxB gene
promoter (PtoxB) (C) by E. coli RNA polymerase core enzyme alone or in the
presence of either TxeR or contaminating proteins (Prot-TxeR) from E. coli not
expressing TxeR. The triangles in B and C indicate the use of increasing
amounts of TxeR (50, 100, and 200 nM).
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Fig. 6.  In vitro transcription activation from tox promoters by RNA poly-
merase core enzyme and TxeR. In vitro transcription reactions were carried out
in the presence of E. coli RNA polymerase holoenzyme (H) or core enzyme (C)
(A and B) or B. subtilis RNA polymerase holoenzyme (H) or core enzyme (C) (C)
with or without TxeR by using as templates DNA fragments containing the
promoters of the gdh, toxA, or toxB genes. In lanes marked with an asterisk,
contaminating proteins from E. coli not expressing TxeR were added. The
arrows indicate the positions of the toxA and toxB transcripts. The sizes of
expected gdh transcripts are 122 and 251 nt.

indicating that the core enzyme was devoid of the major vege-
tative sigma factor and that any effect of TxeR would be specific
to the fox promoters. When we mixed TxeR with the core
enzyme, binding to the fox promoters was observed in a dose-
dependent manner (Fig. 5 B and C). A mixture of core enzyme
and the proteins equivalent to those that contaminate our
preparation of TxeR (Fig. 2) was unable to bind to the promoter
regions of toxA (Fig. 5B) and foxB (Fig. 5C). We obtained very
similar results when we used the core RNA polymerase of B.
subtilis (data not shown).

For both foxA and toxB, the addition of an excess of unlabeled
heterologous DNA [1 ug of poly(dI-dC)] did not prevent DNA
binding, whereas the addition of an excess of unlabeled homol-
ogous DNA effectively prevented DNA binding (data not
shown). Thus, it is clear that neither TxeR nor the RNA
polymerase core enzyme independently associates with the fox
promoters, but the simultaneous presence of both of these
components is required for specific, open complex formation at
the toxA and toxB promoters.

TxeR Directs Core Enzyme to Initiate Transcription from tox Promoters
in Vitro. To test directly the hypothesis that TxeR is an RNA
polymerase sigma factor, we carried out in vitro run-off tran-
scription reactions with core enzyme of E. coli RNA polymerase
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Fig.7. Interaction of purified TxeR with E. coli RNA polymerase core enzyme.
Core RNA polymerase was spotted onto nitrocellulose membranes and im-
munoblotted by using anti-TxeR antibodies after incubation with crude ex-
tract of E. coli (200 ng) carrying the vector pET28-b (filter 1), crude extract of
E. colicarrying pCD54 (expressing TxeR) (filters 2-4), or heat-inactivated crude
extract of TxeR-expressing cells (filter 5). The triangle indicates the use of
increasing amounts of crude extract of E. coli carrying pCD54 (50, 100, and
200 pQ).

in the presence and absence of TxeR. As shown in Fig. 6 4 and
B, E. coli RNA polymerase core enzyme was unable to initiate
transcription from either the foxA4 or toxB promoters. However,
addition of TxeR to E. coli core RNA polymerase activated
transcription from both fox promoters (Fig. 6 4 and B). Similar
results were obtained with B. subtilis RNA polymerase core
enzyme (Fig. 6C). These findings suggest strongly that TxeR is
an alternative sigma factor required for the expression of toxin
genes. No effect on transcription by core RNA polymerase was
observed with either the tox4 (Fig. 6A4) or the toxB (data not
shown) promoter upon addition of the contaminating proteins.

TxeR Interacts with the E. coli Core RNA Polymerase. To verify that
TxeR stimulates transcription by interacting with core RNA
polymerase rather than by binding independently to DNA, we
immobilized E. coli core RNA polymerase on membranes and,
then, after saturating the membranes with blocking proteins,
incubated the membranes with whole-cell extracts of E. coli
strain BL21ADE3 either containing or lacking TxeR. Retention
of TxeR was detected by using anti-TxeR antibodies. As shown
in Fig. 7, a signal appeared in a dose-dependent manner only
when the core enzyme was incubated with a crude extract of
TxeR-expressing cells (filters 2-4) and not with a crude extract
of cells that do not express TxeR (filter 1). We applied the same
procedure to unrelated proteins (BSA, restriction enzyme Nsil)
immobilized on filters to check the specificity of TxeR—core
enzyme interaction (data not shown), and there was no indica-
tion of nonspecific binding. Moreover, no specific binding of
anti-TxeR antibodies appeared with immobilized core enzyme
alone (data not shown), and the signal of the TxeR—core enzyme
interaction was decreased strongly when we incubated the
immobilized core enzyme with the heat-inactivated crude extract
of TxeR-expressing cells (filter 5). These results show that TxeR
is able to bind directly to RNA polymerase core enzyme, forming
a TxeR-holoenzyme complex that is recognized by anti-TxeR
antibodies.

Discussion

Our results provide genetic and biochemical evidence that TxeR
is required for specific transcription from the fox4 and foxB
promoters and that TxeR functions as an alternative sigma factor
of RNA polymerase. The putative promoter elements of the toxA4
and toxB genes show striking similarities with each other but do
not resemble the canonical ¢’® consensus promoters of pro-
karyotes (6, 7, 18), consistent with the notion that the fox genes
are likely to be under a common mode of regulation that depends
on a novel form of RNA polymerase.
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TxeR shows similarities, on the one hand, to transcriptional
activators from different Clostridium species (19, 20), and, on the
other, to RNA polymerase sigma factors (data not shown). Our
conclusion that TxeR is a sigma factor rather than a positive
regulator of RNA polymerase holoenzyme is based on the
following results: (i) TxeR is unable to bind to fox promoters by
itself; (if) TxeR interacts directly with RNA polymerase core
enzyme in the absence of promoter DNA; and (iii) TxeR confers
upon RNA polymerase core enzyme the ability to recognize the
tox promoters. We cannot exclude the possibility, however, that
TxeR acts in conjunction with another protein present in E. coli
extracts. The relatedness of TxeR to BotR of C. botulinum (19,
21), TetR of C. tetani (20), and UviA, a putative activator of the
ben gene in C. perfringens (35), leads us to speculate that these
other regulators are also sigma factors. In fact, the —35 regions
of the target genes of these regulators [the C. botulinum ntnH
bonT operon, the C. tetani tetX gene, and the C. perfringens bcn
gene, respectively (35, 36)] are nearly identical to those of the
toxA and toxB genes (7). Thus, a common molecular mechanism
may control production of toxins and bacteriocins in several
Clostridium species. In support of this idea, we have found that
a complex of TxeR and E. coli core enzyme is able to bind to all
of these promoters (data not shown). Interestingly, the botR,
tetR, and uviA genes, as txeR, lie just upstream of the genes they
regulate (35, 36). Thus, TxeR, BotR, TetR, and UviA seem to
define a new subgroup of the ¢-70 family. These proteins have
some similarity with the extracytoplasmic function (ECF) family
(33, 34, 37-42) but are sufficiently different in structure and
function to leave open the question of their phylogenetic rela-
tionship. TxeR may be the first example described of an alternate
sigma factor that directly affects the transcription of toxin genes.

Previous studies showed that toxin production and fox4 and
toxB mRNA levels in C. difficile vary in response to environ-
mental signals, including the amino acid composition of the
medium and the nature of the carbon source (7, 11, 14). Dupuy
and Sonenshein (7) and Hundsberger et al. (6) also observed that
the fox transcripts are induced as cells approach stationary phase
in rich medium. Consistent with these data, C. difficile TxeR-
mediated activation of fox-gusA fusions in C. perfringens also is
repressed by the presence of glucose. Interestingly, TxeR not
only activates transcription of tox genes but also activates its own
transcription in C. perfringens, and TxeR synthesis in C. difficile
is greatly decreased by the presence of glucose (N.M. et al.,
unpublished data).

On the basis of our results and those of others, we offer a
model for fox gene expression and regulation (Fig. 8). According
to this model, as C. difficile cells reach stationary phase (in the
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absence of a rapidly metabolizable carbon source), an extracel-
lular signal (nutrient depletion, stress, etc.) results in increased
synthesis of TxeR. TxeR, an alternative sigma factor, activates
transcription of the foxA and foxB genes by directing RNA
polymerase core enzyme to bind to the fox promoters. Our
preliminary data indicating that synthesis of TxeR is positively
autoregulated (N.M. et al., unpublished data) suggest that a
small initial increase in TxeR accumulation will be amplified
rapidly. The inhibitory effects of glucose and other nutritional
sources on fox gene transcription may be exerted directly through
TxeR or through other regulatory proteins that act at either the
txeR or tox promoters. However, we cannot exclude the possi-
bility that the fox promoters may be independently subject to
environmental regulation. A detailed understanding of the key
players involved in regulating toxin synthesis is likely to provide
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useful insights into the mechanism by which C. difficile-induced,
antibiotic-associated diarrhea evolves into the more debilitating
and life-threatening disease, pseudomembranous colitis.
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