A JB

Journals.ASM.org
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ABSTRACT

Clostridium difficile is a major nosocomial pathogen and the principal causative agent of antibiotic-associated diarrhea. The
toxigenic C. difficile strains that cause disease secrete virulence factors, toxin A and toxin B, that cause colonic injury and in-
flammation. C. difficile toxins have no export signature and are secreted by an unusual mechanism that involves TcdE, a holin-
like protein. We isolated a TcdE mutant of the epidemic R20291 strain with impaired toxin secretion, which was restored by
complementation with functional TcdE. In the TcdE open reading frame (ORF), we identified three possible translation start
sites; each translated isoform may play a specific role in TcdE-controlled toxin release. We created plasmid constructs that ex-
press only one of the three TcdE isoforms and complemented the TcdE mutant with these isoforms. Western blot analysis of the
complemented strains demonstrated that TcdE is translated efficiently from the start codon at the 25th and 27th positions in the
predicted ORF, producing proteins with 142 amino acids (TcdE, ,,) and 140 amino acids (TcdE, ,,), respectively. TcdE, ¢ was not
detected when expressed from its own ribosomal binding site (RBS). The effects of all three TcdE isoforms on C. difficile cell via-
bility and toxin release were determined. Among the three isoforms, overexpression of TcdE,¢s and TcdE, ,, had a profound ef-

fect on cell viability compared to the TcdE, ,, isoform. Similarly, TcdE, ¢ and TcdE, ,, facilitated toxin release more efficiently
than did TcdE, 4. The importance of these variations among TcdE isoforms and their role in toxin release are discussed.

IMPORTANCE

C. difficile is a nosocomial pathogen that has become the most prevalent cause of antibiotic-associated diarrhea in North Amer-
ica and in several countries in Europe. Most strains of C. difficile produce two high-molecular-weight toxins that are regarded as
the primary virulence factors. The mechanism by which these large toxins are secreted from bacterial cells is not yet clear but
involves TcdE, a holin-like protein. In this work, we show that TcdE could be translated from three different start codons, result-
ing in the production of three TcdE isoforms. Furthermore, we investigated the role of these isoforms in toxin release and cell
lysis in C. difficile. An understanding of TcdE-dependent toxin secretion may be helpful for the development of strategies for

preventing and treating C. difficile infections.

Clostridium difficile is a major nosocomial pathogen and the
principal causative agent of antibiotic-associated diarrhea.
The economic impact of C. difficile infection (CDI) is profound
and represents a major financial drain on the health care system
(1). Pathogenic C. difficile strains produce two toxins, toxin A
(enterotoxin) and toxin B (cytotoxin), which belong to the family
of large clostridial glucosylating toxins (LCGTs) (2). Other mem-
bers of this family include Clostridium sordellii lethal (TcsL) and
hemorrhagic (TcsH) toxins, Clostridium novyi alpha-toxin (TcnA),
and Clostridium perfringens TpeL toxin. These toxins act as gluco-
syl transferases and inactivate small GTPases, such as Rho, Rac,
and Cdc42, in target cells by glucosylation, which leads to the
disruption of vital signaling pathways and cell death (3—5). LCGTs
are secreted by bacteria during infection and directly influence
disease severity. Most extracellular proteins carry an N-terminal
or C-terminal signal peptide, such as the Tat signal peptide or
another clearly definable signal that directs the secretion process
(6). Interestingly, LGCTs are secreted without any recognizable
secretion signals and without lysing the bacterial cell (7), suggest-
ing that they are secreted by an unconventional mechanism.

In C. difficile, the toxin genes lie within the pathogenicity locus
(PaLoc) (8). In addition to the toxin-encoding genes, the locus
also contains the tcdR, tcdC, and tcdE genes (see Fig. S1A in the
supplemental material). TcdR is an alternative sigma factor that
specifically directs transcription from the toxin promoters as well
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as its own promoter, and TcdC is an antagonist of TcdR (9-14).
We previously demonstrated that TcdE is necessary for toxin se-
cretion (15).

TcdE is predicted to contain three transmembrane domains
(TMDs), a short hydrophilic stretch at the N terminus, and a series
of charged residues at the C terminus (see Fig. S1B in the supple-
mental material) (16). The primary sequence and structural fea-
tures and primary sequence similarities strongly suggest that TcdE
is a member of the class I family of holins (17). This family of
holins includes the lambda phage S protein, and we previously
demonstrated that TcdE could complement a lambda phage with
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a defective S holin (15). Holins are small membrane proteins en-
coded by double-stranded DNA phages that are required for pro-
grammed host cell lysis after intracellular phage development
(17-21). Lambda phage S is produced in two forms, S; s and S;;,
which are translated from a single open reading frame (ORF) by
an alternate translation start mechanism. The ribosome initiates
translation from the annotated start site to form a 107-amino-acid
S protein (S,,,) and from the nearest downstream AUG codon to
translate a protein with 105 amino acid residues (S,o5) (22-24).
The S5 protein has holin activity, whereas S;,,, which has two
additional amino acid residues at the N terminus, retards lysis by
interfering with the activity of S,,5 and thus possesses antiholin
activity (25). By maintaining a defined proportion of holin (S,,s)
and antiholin (S,,,), lambda phage controls the timing of lysis and
maximizes progeny production before release (26). In the tcdE
OREF, there are three possible translational start sites that may
result in three different TcdE isoforms of different sizes (15, 27).
The presence of different TcdE isoforms in certain proportions
may be necessary for efficient toxin release in C. difficile.

In this study, we isolated a tcdE mutant from the high-toxin-
producing R20291 strain and confirmed the role of TcdE in toxin
release in this strain. We complemented the R20291::tcdE mutant
with various mutant tcdE constructs to identify possible transla-
tion start sites in the fcdE ORF. Our results indicate that tcdE is
efficiently translated from the 25th and/or 27th AUG codon in the
predicted ORF, resulting in two major TcdE isoforms. The effects
of all three TcdE isoforms on C. difficile cell viability and toxin
release were determined and are discussed.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. difficile strains R20291 (28)
and CD646 (29) and tcdE mutants were grown anaerobically (10% H,,
10% CO,, and 80% N,) in TY (tryptose-yeast extract) broth or TY agar, as
described previously (11). C. difficile strains carrying pRPF185-derived
plasmids were grown in TY medium supplemented with 15 pg/ml thiam-
phenicol. Escherichia coli strain S17 (30), which was used for conjugation,
was cultured aerobically in LB medium. E. coli cultures were supple-
mented with 30 pg/ml chloramphenicol or 100 wg/ml ampicillin as nec-
essary. Plasmids were constructed by using standard procedures.

C. difficile toxin assay. Culture supernatants were collected and fil-
tered, and the cell pellets were resuspended in 10 mM Tris buffer (pH 8.0)
containing a protease inhibitor cocktail (Roche, Mannheim, Germany).
The cytosolic contents were obtained by sonication of the cells, followed
by brief centrifugation to remove unbroken cells and cell debris. The total
protein concentration was determined by using the Bio-Rad protein assay
reagent. Equal amounts of cytosolic and supernatant proteins were as-
sayed for their relative toxin contents by using an enzyme-linked immu-
nosorbent assay (ELISA) kit (Alere Wampole C. difficile Tox A/B) accord-
ing to the manufacturer’s directions.

Generation of TcdE-specific antibodies. A female New Zealand rab-
bit was used to raise TcdE-specific antibodies. A peptide with the TcdE
C-terminal sequence, GLPVPKRLKEKIAILLDAMTDEMNAKDEK, was
synthesized by Selleck Chemicals Services (Houston, TX). One milligram
of this synthetic peptide conjugated with keyhole limpet hemocyanin
(KLH) was used for the first immunization on day 1, followed by two
boosters on days 30 and 45. Immunizations and blood collections were
performed by Lampire Biologicals, PA, in their animal care facilities. Two
weeks after the second booster, blood was collected from the immunized
animal. TcdE-specific antibodies were enriched after preadsorbing the
collected serum against total proteins from the R20129:tcdE mutant
strain.

Complementation of C. difficile TcdE mutants. The predicted tcdE
gene was amplified by using primers ORG102 and ORG103 to introduce
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BamHI and Sacl restriction sites and a C-terminal 6 X His tag (see Table S2
in the supplemental material). The PCR product was cloned into the
pGEM-T Easy vector, and the resulting plasmid was used as a template for
site-directed mutagenesis to introduce mutations in the TcdE coding re-
gion. After confirmation by sequencing, the mutated tcdE ORFs were
excised from pGEM-T Easy and cloned into pRPF185 under a tetracy-
cline-inducible promoter. The various mutations introduced are pre-
sented in Fig. 2A and 3A, while the primers and resulting plasmids are
presented in Tables S1 and S2 in the supplemental material. To express
TcdE with 166 amino acids (TcdE, ) from an altered ribosomal binding
site (RBS), fcdE, ¢ was PCR amplified from plasmid pRG126 by using
primers ORG107 and ORG102. Forward primer ORG107 introduces the
gus (beta-glucuronidase) RBS upstream of the tcdE, ¢ ORF. The amplified
product was cloned under the tetracycline-inducible promoter in the
pRPF185 vector to create pRGL267.

Plasmids carrying the wild-type (WT) or the mutated tcdE ORF under
control of the tetracycline-inducible promoter were introduced into the
R20291::fcdE mutant strain by transconjugation. As controls, the
pRPF185 vector alone was introduced into the R20291 parent strain and
the R20291::tcdE mutant strain. Transconjugants carrying either the tcdE-
expressing plasmids or pRPF185 alone were grown overnight in TY me-
dium supplemented with thiamphenicol. Fresh 100-ml cultures were ini-
tiated by using 1 ml of cultures grown overnight and were grown for 4 h in
TY medium with thiamphenicol before induction with anhydrous tetra-
cycline (ATc). Culture supernatants were harvested after induction to
detect released toxins by an ELISA. ATc-induced cultures were harvested
after induction to detect TcdE-6XHis by using a 6 XHis antibody and a
TcdE antibody, as described below.

Creation of C. difficile strains that express toxins at the early expo-
nential stage. The alternate sigma factor TcdR, which is essential for the
transcription of toxin genes, was expressed from the tetracycline-induc-
ible promoter. The tcdR ORF was PCR amplified from the JIR8094 strain
by using primers ORG341 and ORG359 and cloned into pRPF185 by
digestion with BamHI and Sacl. The resulting plasmid, pRGL209, was
introduced into R20291 and the R20291::tcdE mutant by conjugation to
produce the transconjugant strains RGL100 and RGL101, respectively.

Western blot analysis. Soluble membrane proteins were harvested
from bacterial cultures as described previously (31), separated by SDS-
PAGE, and immobilized onto a polyvinylidene difluoride (PVDF) mem-
brane by using the semidry blot technique. Membranes were probed with
antibodies specific for TcdE (1:500) followed by horseradish peroxidase
(HRP)-conjugated anti-rabbit secondary antibodies. Anti-6XHis-HRP-
conjugated antibodies were used at a dilution of 1:5,000. The membrane
with test samples was also probed with anti-ATP synthetase B-subunit
antibody (32) at a dilution of 1:5,000 when necessary.

Fluorescence-activated cell sorter (FACS) analysis. C. difficile cells
were washed with equal proportions of 0.9% NaCl and stained with
SYTOY and propidium iodide (PI) for 5 min. Flow cytometry was per-
formed immediately after staining, using a FACSCalibur instrument
(Becton Dickinson, San Jose, CA) equipped with an air-cooled 15-mW
argon ion laser operating at 488 nm. The green fluorescence of the SYTO9
dye (FL1) was collected by using a 530- to 630-nm-band-pass filter; the
red fluorescence emitted from PI (FL3) was collected by using a 630- to
610-nm-band-pass filter. The data were analyzed by using FCS Express
software from De Nova Software.

RESULTS

TcdE is required for efficient secretion of toxins A and B in C.
difficile. We recently reported that TcdE is required for the secre-
tion of toxins in C. difficile strain JIR8094, an erythromycin-sen-
sitive derivative of the 630 strain (15). We measured secreted and
cytosol-accumulated toxins in the parent and tcdE mutant strains
and demonstrated that TcdE mediates toxin secretion in C. diffi-
cile without inducing cell lysis (15). In contrast, Olling et al. dem-
onstrated that a tcdE mutant of C. difficile strain 630E was not

jb.asm.org 2601


http://jb.asm.org

Govind et al.

A
1.8 114
E 16  “R20291-toxin !
= d
1.2
< WR20291::tcdE toxin
% 14 >
8 R20291 growth ) -
€ 12
8 ~~R20291::tcdE growth o
0.8
L ‘ ;
5 g
S 08 = | 0.6 =
E o6 ) @ : ‘
= . 0.4
g 0.4 ;
e 02 . ! 9:2
x
=}
L (4] (]
o a4 8 12 16 20
Time (Hours)
B
1.8 1
8 .
€ 16 WCD646-toxin 0.9
g =CD646::tcdE toxin |
% 14 08
» CD646 growth 07
g %
§ 12 ~~CD646::tcdE gro
£ 0.6
2 1 £
£ =
© 0.5
% 08 g
2 04 S
E o6 =
' B 0.3
£ )
@ 04 I | 0.2
£ | I
x
e o e B N B L o
o 4 8 12 16 20

Time (Hours)

FIG 1 Characterization of tcdE mutants of C. difficile strains R20291 and
CD646. Shown are growth curves and toxin titers of the parent strains and
their corresponding tcdE mutants. Bacterial cultures were harvested at differ-
ent time points, and the toxins in the supernatants were quantified by an
ELISA. The signal from the test was recorded as the absorbance at 405 nm. Data
are expressed as the means = standard errors from three replicative samples.
Student’s ¢ test was used for statistical analysis to compare toxin titers. **, P <
0.05;*, P> 0.5.

defective in toxin secretion and exhibited cell lysis-mediated toxin
release (27). This discrepancy may be attributable to differences in
the parental strains used in these studies. The rate of toxin pro-
duction in C. difficile varies widely among strains. For example,
ribotype 027 strains produce significantly more toxins than do
strains of other ribotypes (33). We hypothesized that the effect of
a tedE mutation on toxin secretion would be clearly observed in a
high-toxin-producing strain. To test this hypothesis, we created
tcdE mutants of R20291 (ribotype 027) and CD646 (ribotype 078)
using the ClosTron system developed by Heap and coworkers (see
Fig. S2A in the supplemental material) (34, 35). We measured the
secreted toxins in the supernatants of bacterial cultures at differ-
ent time points using a toxin-specific ELISA (Fig. 1). Culture su-
pernatants were also probed for cytoplasmic markers (ribosomal
protein L7/L12) to detect cell lysis. The toxin secretion defect was
not observed in the tcdE mutant of CD646, consistent with the
results reported previously for the 630E strain (27). A rapid de-
crease in the optical density (OD) at 600 nm (Fig. 1) and detection
of the cytoplasmic ribosomal L7/L12 protein in the culture super-
natants confirmed cell lysis of the CD646 strain (see Fig. S2B in the
supplemental material). Due to this rapid cell lysis and low level of
toxin production, we could not measure the true effect of the TcdE
mutation on the CD646 strain. However, for R20291, a clear dif-
ference in toxin secretion between the R20291::tcdE mutant and
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the parent strain was observed (Fig. 1). The absence of the ribo-
somal protein L7/L12 in the culture supernatant confirmed the
absence of cell lysis in R20291 cultures at 8 and 12 h (see Fig. S2B
in the supplemental material). The clear difference in the secreted
toxin titers of the fcdE mutant and parent R20291 strains at the late
exponential growth phases (Fig. 1) indicated that TcdE is impor-
tant for toxin secretion in C. difficile, at least in the R20291 strain.
We did not detect a significant difference in total toxin contents
(i.e., from culture supernatants and cytosolic proteins) between
the mutant and parent strains, confirming that the defect is mostly
in the secretion of the toxins (see Fig. S3 in the supplemental
material). As we clearly observed the toxin secretion defect in the
R20291 background, we used the R20291::tcdE mutant strain for
the remainder of our studies.

Translation of the tcdE-predicted ORF starts only at Met,;
and/or Met,,. Structural and sequence analyses suggested that
TcdE is similar to class I holins (15). A well-characterized class I
holin is lambda phage S. The S holin ORF can be translated from
two different start codons to produce the S,,5 and S, proteins,
which comprise 105 and 107 amino acid residues, respectively
(23).S,95isaholin, and S, is an antiholin; together, they control
the timing of lysis during the lambda phage lytic cycle (25). As
with lambda S, more than one potential ATG start codon is pres-
ent in the tcdE ORF (Fig. 2A). Three potential initiator methio-
nines are present at positions 1 (Met, ), 25 (Met,s), and 27 (Met,,)
of the putative full-length TcdE protein. The specific mutations
indicated in Fig. 2A were introduced in the tcdE ORF to express
the TcdE, 4, TcdE, 4, or TcdE, 4, isoform. Translation starting at
Met, would be expected to result in the production of the TcdE ¢
protein, while translation starting at Met, 5 or Met,, would result
in the production of the TcdE, 4, or TedE, o protein, respectively.
TcdE WT refers to the expression of the tcdE ORF without any
mutations, in which more than one TcdE isoform may be ex-
pressed. Different tcdE ORFs with six histidine amino acid resi-
dues at the C terminus were cloned under the control of the tet-
racycline-inducible promoter in the pRPF185 vector (36). The
resulting plasmid constructs were introduced into the R20291::
tcdE mutant through conjugation. Membrane proteins were har-
vested from cultures of selected transconjugants and probed with
anti-6 X His- or TcdE-specific antibodies to detect different TcdE
isoforms. ATPase was detected in the same blots as a loading con-
trol. Western blotting revealed that the tcdE ORF is translated
from the Met,; and Met,, codons in C. difficile to produce TcdE, ,,
and TcdE o, respectively (Fig. 2B). Both TcdE isoforms were de-
tectable when expressed from the tetracycline-inducible pro-
moter. Surprisingly, we did not detect TcdE, 4, the isoform result-
ing from translation initiating from the Met, codon. This result
suggests that the TcdE, 4 isoform either is not translated or is
translated in C. difficile at levels below the detectable threshold. In
the TcdE WT construct, the tcdE ORF was expressed without any
mutation, and we expected to detect more than one TcdE isoform.
By comparing the sizes of TcdE, 45, TcdE, 4o, and the TcdE WT, it is
clear that TcdE, 44 is absent or present at undetectable levels and
that the major expressed TcdE isoform is either TcdE, ,, or a mix-
ture of both TcdE,,, and TcdE, 4,, which are hard to separate if
coexpressed (Fig. 2B).

In tcdE, a potential RBS (GGTGG) is present 10 nucleotides
(nt) upstream of the Met, codon (see Fig. S4A in the supplemental
material). Further analysis revealed potential start codons 3 ntand
6 nt downstream of the RBS (underlined in red in Fig. S4A in the
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FIG 2 Expression of TcdE isoforms in C. difficile. (A) TcdE sequence. All possible translation start sites are indicated as Met,, Met,s, and Met,,; the potential
Shine-Dalgarno (SD) sequences are underlined, and mutated nucleotides in the specified constructs are in boldface type. (B) Cytoplasmic membrane protein
analysis of C. difficile strains expressing various TcdE isoforms. Western blots were probed with anti-TcdE, anti-6 X His, or anti-ATPase beta-subunit antibodies.

supplemental material). However, translation from these codons
would result in a frameshift, with the production of a small pep-
tide with 4 or 5 amino acids instead of TcdE, 5. We hypothesized
that bacteria use this alternate translation strategy to limit the
production of TedE, 4. If TcdE, 4 is a potent holin protein, lim-
ited production may be important to minimize its lethal effect. To
test this hypothesis, we introduced a mutation in the ATG se-
quences (3 ntand 6 nt downstream of the RBS) and replaced them
with TTA in the TcdE, 4 construct (see Fig. S4A in the supplemen-
tal material). The single adenine 9 bases downstream of the
GGTGG sequence (indicated by a box in Fig. S4A in the supple-
mental material) was also deleted to prevent a potential frame-
shift. Western blotting demonstrated that TcdE, 4 is not pro-
duced, even after removal of the alternate translational start
codons near Met,;. Removal of the adenine that could result in a
frameshift also did not result in translation of the higher-molecu-
lar-weight TcdE, 46 protein. From these results, we conclude that
the tcdE ORF in C. difficile is not translated from the Met, position
or is translated at undetectable levels and that the GGTGG se-
quence upstream of the fcdE, 44 start codon is a weak RBS. The tcdE
transcript is efficiently translated from the Met,; and/or Met,,
codon of the predicted ORF, probably because of the stronger RBS
(GGAGG) upstream of the tcdE, 4, and tcdE, 4, start codons.
Effect of TcdE isoforms on toxin secretion and cell viability
in C. difficile. In our previous work (15), we showed that comple-
mentation of a fcdE mutant using a multicopy plasmid (with the
tcdE ORF from its own promoter) was unsuccessful. However, we
successfully complemented the tcdE mutant by expressing fcdE
from the tetracycline-inducible promoter (15). These results
demonstrated that TcdE islethal to C. difficile, if expressed above a
certain threshold level. In the present study, we wanted to deter-
mine which TcdE isoform is responsible for inducing cell death in
C. difficile. Plasmids expressing TcdE WT, TcdE, 4, TcdE, ,,, and
TcdE, ,, were introduced into the R20291::tcdE mutant by conju-
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gation, and the transconjugants were grown to an OD at 600 nm of
0.5 before being induced with 10 ng or 50 ng/ml ATc. Three hours
after induction, bacterial cultures were collected and serially di-
luted to enumerate the population of living cells (see Fig. S5A in
the supplemental material). Induction of TcdE isoforms at a lower
level (with 10 ng/ml ATc) did not result in cell death (see Fig. S5A
in the supplemental material), but overexpression of the TcdE
isoforms and the TcdE WT induced a certain level of cell death in
C. difficile. However, their levels of lethality were significantly dif-
ferent from one another. Overexpression of TcdE 4 and TcdE, ,,
in C. difficile resulted in cell death, while TcdE, 4, had little effect
on cell viability. Even though the serial dilution method was effi-
cient, to precisely quantify the extent of cell death in TcdE-ex-
pressing C. difficile cultures, we performed FACS analysis after
staining the cells with the fluorescent nucleotide-binding dyes
SYTO9 and PI. SYTOY stains live cells, whereas P is excluded by
an intact cell membrane and stains only dead cells with a compro-
mised membrane. Cells stained with both dyes represent an in-
jured (or dying) population (Fig. 3). Even though TcdE, ., was
undetectable by Western blot analysis (Fig. 2B), induction of
TcdE, 46 resulted in cell death in nearly 15% (dead and injured) of
the population (see Fig. S5B in the supplemental material). This
result indicated that even a very small amount of TcdE 4 is
enough to trigger membrane damage in C. difficile. For TcdE,,,
and TcdE, ,,, induction of TcdE,,, resulted in rapid cell death
compared to TcdE, ;. Nearly 40% of the population was found to
have membrane damage due to TcdE, ,,, whereas only 13% of the
population was affected when TcdE, 4, was expressed in C. difficile
(Fig. 3). The lethal effects due to TcdE 4, and TcdE, ,, were similar
when they were expressed in E. coli as well (15). The TcdE WT
(which may express more than one TcdE isoform) exhibited a low
level of cell death, where 90% of the population was alive, with an
intact cell membrane. This result suggests that coexpression of the
less lethal isoform TcdE, ,, along with the lethal isoforms TcdE, ,,
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FIG 3 FACS analysis of C. difficile cells expressing TcdE isoforms for membrane damage by propidium iodide and SYTO9 staining. C. difficile R20291:: tcdE
mutants carrying plasmids expressing either the TcdE WT or different TcdE isoforms were induced with 50 ng/ml ATc for 3 h and subjected to FACS analysis
following PI and SYTO9 staining. Shown are data from a representative experiment of four independent experiments.

and TcdE, 4 somehow minimized membrane damage and subse-
quent cell death. Lower-level expression of TcdE 4 TcdE, 4,
TcdE,,,, and the TcdE WT by induction with 10 ng/ml ATc did
not affect bacterial viability (see Fig. S4A in the supplemental ma-
terial). Toxin titers in the supernatant were determined by using
these cultures. The TcdE, ,,-complemented mutant secreted more
toxin than did the TcdE,,,-complemented mutant (Fig. 4). We
detected more toxins in the TcdE,4-expressing cultures than in
the vector-alone control cultures. This result, combined with the
results of the TcdE, ¢ expression analysis (Fig. 2B and 3), suggests
that expression of TcdE, 4, even at undetectable levels, can trigger
toxin release. Expression of the TcdE WT completely comple-
mented the toxin secretion defect of the R20291::tcdE mutant.
None of the TcdE isoforms were as efficient as the TcdE WT in
complementing the toxin secretion defect of the tcdE mutant.
When just one TcdE isoform was expressed in the R20291::tcdE
mutant strain, it only partially regained the toxin secretion ability,
suggesting that the expression of TcdE 4, TcdE,,,, and TcdE,
together is necessary for optimal toxin secretion in C. difficile.
An asparagine residue is important for the holin activity of
TcdE, 4,. The lambda phage holin S, o5 and antiholin S, , are iden-
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tical in sequence, with the exception of two extra amino acids, a
methionine and a lysine, at the N terminus of S,,,. The TcdE,,,
isoform differs from TcdE, ,, only by the presence of a methionine
and an asparagine (Asn) at its N terminus. In lambda phage, the
shorter polypeptide S5 acts as a holin and induces cell death,
whereas in TcdE, the longer form, TcdE,,,, is more lethal than the
shorter form, TcdE, 4. To determine if the presence of the extra
Asn in the N terminus of TcdE, , is important for this phenotype,
we replaced this residue in TcdE,,, with a valine (TcdE, ;,n06v)»
alanine (TcdE, yn6a), OF glutamine (TcdE,,,n;6q) by site-di-
rected mutagenesis. We then overexpressed these mutated
TcdE,,, isoforms by inducing their expression with 50 ng/ml of
ATc. The lethal effects of TcdE| 41on26v> TCAE  1on26vs TCAE o226y
and TcdE, ;, were studied by enumerating the number of live cells
by spotting serial dilutions (Fig. 5A). Membrane proteins pre-
pared from the induced bacterial cultures were probed with anti-
TcdE antibodies to confirm the expression of various TcdE, 4,
forms (Fig. 5B). TcdE proteins carrying a valine, glutamine, or
alanine at position 26 instead of Asn were nearly 2- to 3-fold less
lethal than TcdE, ,,. These results suggest that the N-terminal Asn
residue is required for the holin activity of TcdE, ,,. Supernatants
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were collected from cultures induced with 10 ng/ml of ATc, and
toxin levels were measured by using an ELISA. The results showed
that TcdE | 15n26v> TCAE  ona6v> and TedE, 45006y Were less efficient
in releasing the toxin than TcdE, ,, and were similar to the TcdE, 4,
isoform. These results suggest that the holin activity of TcdE is
necessary for aiding in toxin release from C. difficile cells.

Overexpression of TcdE, 4 is lethal to C. difficile. To identify
the effect of TcdE, ¢4 on toxin release, we expressed TcdE, ¢4 from
an altered RBS. Interestingly, TcdE, 4 overexpression in C. difficile
resulted in cell lysis, which was detected by a rapid reduction in the
optical density (Fig. 6A). Lysis was evident even in cultures in-
duced with a lower concentration of ATc (Fig. 6B). Western blot
analysis of membrane proteins from the cultures induced with
anti-6 X His antibodies confirmed the expression of TcdE, ¢4 (Fig.
6C). This result suggests that TcdE, 4 is a potent holin and that its
expression is tightly controlled in C. difficile. A weak RBS and the
pair of alternate start codons (see Fig. S4A in the supplemental
material) upstream of the tcdE, ¢ start codon may be important in
regulating the expression of TcdE, ¢ in C. difficile to limit its lethal
effect.

TcdE-mediated toxin release occurs without cell lysis in C.
difficile. Overexpression of the TcdE isoforms TcdE,,, and
TcdE 4 in C. difficile resulted in cell death and cell lysis, respec-
tively, raising the question of whether toxins in C. difficile are
released by TcdE-mediated cell lysis. TcdE-mediated toxin release
occurs during the late exponential and stationary phases of bacte-
rial culture growth. Certain levels of autolysis occur during these
growth stages, particularly as the bacteria initiate the sporulation
pathway, which complicates the detection of the true effect of
TcdE on toxin release or its effect on cell lysis in C. difficile. To
overcome this difficulty, we expressed the toxin regulator tcdR
from the tetracycline-inducible promoter in WT strain R20291
and the R20291:tcdE mutant to generate strains RGL100 and
RGLI101, respectively. The creation of these strains enabled toxin
expression in the early exponential stage, when autolysis is absent.
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Toxins could be detected in the cytosol of these cultures even in
the absence of ATc induction. These results demonstrate that even
a very low level of TcdR during this growth stage is sufficient to
induce high levels of toxin production. Toxins were detected the
cytosol even in 1-h-old bacterial cultures (data not shown). The
production and release of toxins in the early exponential stage did
not affect bacterial growth (Fig. 7A). The effect of TcdE on toxin
release is clearly evident in these strains. When TcdR was ex-
pressed at the exponential phase, toxins were observed only in the
cytoplasm in RGL101 and were not released from the cells
(Fig. 7B). Bacterial cells were collected at this earlier growth stage
(4 h old) and analyzed for cell lysis. Twofold dilutions of these
bacterial cultures were prepared and spotted to enumerate live
bacteria during toxin release. No difference in cell counts was
observed between the toxin-releasing strain RGL100 (R20291
background) and strain RGL101 (R20291:tcdE mutant back-
ground), which did not release toxins (data not shown). Further-
more, we examined the effects of TcdE and toxin release on C.
difficile membrane integrity by FACS analysis of cells exposed to
the fluorescent nucleotide-binding dyes SYTO9 and PI. R20291
and the R20291::fcdE mutant carrying the vector alone were used
as controls (see Fig. S6 in the supplemental material). Analysis of
the tcdE mutant and parental strains harvested at 4 h of growth
revealed no difference in the proportions of intact and mem-
brane-permeable cell populations. The membrane-intact live-cell
fraction was >97% in all four strains tested, indicating the absence
of cell lysis during TcdE-mediated toxin release (Fig. 7C; see also
Fig. S6 in the supplemental material).

DISCUSSION

In this study, we provide additional genetic evidence that TcdE, an
apparent holin, is required for efficient toxin secretion by C. dif-
ficile. We performed this study based on the hypothesis that the
effect of TcdE on toxin release would be more obvious in high-
toxin-producing C. difficile strains than in low-toxin-producing
strains. We created fcdE mutants of the high-toxin-producing
R20291 strain and demonstrated that the mutants are defective in
toxin release into the culture medium. However, we did not detect
a significant change in toxin secretion between the CD646::tcdE
mutant and its parent strain. The CD646 strain produced very low
levels of toxin and was lysed more rapidly as it entered the station-
ary growth phase (Fig. 1B). Hence, toxins from this strain are
released into the culture medium mostly due to cell lysis indepen-
dent of TcdE. We tried to introduce the plasmid expressing tcdR
(pRGL209) into CD646 and the CD646::tcdE mutant to overex-
press toxins in these strains. However, our repeated attempts were
unsuccessful for unknown reasons. Our observations of the
CD646::tcdE mutant strain are consistent with those of Olling et
al., who did not detect an effect of TcdE on toxin release when they
used the low-toxin-producing 630E strain (27). Taken together,
these results suggest that the discrepancy in the apparent role of
TcdE in toxin secretion may be due mainly to differences in the
parental strains used in these studies. Our results with the R20291
strain validate the role of TcdE in toxin secretion in C. difficile.
Holins are grouped into three main classes based on the num-
ber of predicted TMDs. We predicted three TMDs in TcdE (http:
/Iwww.cbs.dtu.dk/servicess TMHMM) with characteristics of class
I holins (37). Similar to many class I holins, TcdE expressed in E.
coli and C. difficile was localized to the cytoplasmic membrane in
an oligomeric form (15). We previously provided the first exper-
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samples to the effect of the vector alone were significant (P < 0.001).

Toxin titer in terms of absorbance at 405nm

imental evidence for the holin function of TcdE by expressing the first TMD (38). Thus, with only two TMDs, S, is less efficient
TcdE downstream of the lambda late promoter in E. coli MC1063  in inducing cell lysis than S, 5, which contains three TMDs (38).
N (clgs,Sam7), which resulted in cell lysis upon phage induction  In contrast to lambda, the longer form of TcdE (TcdE, ,,) induced
(15). Holin activity and holin-encoding genes are regulated at var-  more cell death than did the shorter form (TcdE, ;). TcdE, 4, dif-
ious levels. A unique holin regulatory mechanism is the common  fers from TcdE, ,, by two additional amino acids, Met and Asn, at
occurrence of two potential translation start sites separated by  the N terminus. Site-directed mutagenesis revealed that this Asn
only a few codons (22, 24). The TcdE coding sequence includes  residue is important for the holin function of TcdE,,,. Previous
three potential start codons, at positions 1, 25, and 27. We tested  studies demonstrated that Asn side chains in membrane proteins
all three potential TcdE isoforms (TcdE, 44, TcdE,,,, and TedE,,,)  can form a strong site for transmembrane helix stabilization and
for their ability to complement the R20291::tcdE mutant strain.  oligomerization (39). Thus, the extra Asn residue in TcdE, ,, may
Initial expression analysis revealed that only TcdE,,, and TcdE,,, help the protein form a stable first TMD and/or facilitate its oli-
were translated in C. difficile, while the TcdE, 4, isoform was un-  gomerization. These hypotheses are under investigation.
detectable. Upon induction, TcdE,,, induced some level of cell Overexpression of TcdE 4, from a modified RBS was lethal in
death, whereas the cell death induced by TcdE, ,, was less obvious.  C. difficile. Interestingly, expression of TcdE, ¢4 resulted in a rapid
TcdE WT constructs, which presumably express all isoforms si-  decrease in the turbidity of the bacterial cultures, mimicking host
multaneously, exhibited reduced cell death. The toxin secretion  cell lysis during phage release, which involves both the holin and
profiles of different complemented R20291::fcdE mutant strains  an endolysin. The proteins released from the TcdE,4-overex-
demonstrated that the TcdE WT facilitated efficient toxin release, — pressing cultures were concentrated and analyzed in zymograms
suggesting that combinations of different TcdE isoforms may be  (using Micrococcus cells and C. difficile cells) to detect endolysin
necessary for this process. activity. No endolysins were detected, suggesting that the rapid
In the lambda phage S, antiholin, the presence of a highly lysis was due mainly to the expression of TcdE 4 (data not
charged lysine reside in its N terminus hinders the penetration of ~ shown). It is unclear how the first 25 amino acid residues of
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TcdE, 4 trigger such a dramatic cell lysis effect in bacterial cells.
We detected toxin release by an ELISA and cell death by FACS
analysis in the strain that expresses TcdE, 44 from its native RBS,
suggesting that TcdE, 4 is translated albeit at a very low level,
below the detection threshold. Although TcdE, is lethal to C.
difficile, its presence along with TcdE, ,, and TcdE, 4, may be nec-
essary for the efficient release of toxins in C. difficile. Stem and loop
structures are predicted for the tcdE transcript RNA (see Fig. S7 in
the supplemental material), and these structures may play arole in
controlling the translation rate of TcdE,,, and TcdE, . A less
efficient RBS and alternate translation start codons that can lead
to a frameshift (see Fig. S4A in the supplemental material) may
stringently control the translation of TcdE, 4 production. Under
natural conditions, C. difficile presumably translates different
amounts of all three TcdE isoforms to release toxins with minimal
or no cell lysis.

To exclude a role of TcdE-mediated cell lysis during toxin re-
lease, we altered the timing of toxin expression to the early expo-
nential stage of bacterial growth. When TcdR was expressed from
the tetracycline-inducible promoter, toxins were produced as
early as 1 h after inoculation, and no cell lysis was detected. The tet
promoter is leaky in nature, and toxin production was observed
even in the absence of any induction with ATc. This result sug-
gested that even a very small amount of the TcdR sigma factor is
enough to induce high levels of toxin production in C. difficile.
Analysis of the C. difficile tcdR mutant in our laboratory suggests
that TcdR is necessary for tcdE expression (our unpublished data).
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Hence, when TcdR was expressed at an earlier time point in the
wild-type strain (RGL100), it must have been inducing the pro-
duction of both toxins and TcdE, enabling the efficient release of
the toxins from bacterial cells. However, in the absence of TcdE, a
defect in toxin release in the tcdE mutant strain (RGL101) was
clearly evident. At the 12-h time point, the toxin levels in the
supernatants of RGL100 and RGL101 were very similar to the
toxin levels observed in the supernatants of 12-h-old R20291 and
R20291::tcdE mutant cultures (data not shown). This suggests that
the smaller amount of toxins detected in the R20291::tcdE strain
supernatant during this late exponential growth stage is due to a
lower level of TcdE-independent cell lysis in C. difficile.

How TcdR induces the transcription of tcdE is still under investi-
gation. It has been proposed that tcdE may carry its own promoter or
could be transcribed as a polycistronic message from the upstream
tedB promoter. In our previous study, we failed to complement the
tedE mutant by cloning tcdE from its own promoter in a multicopy
plasmid (15). This result suggested that tcdE could be transcribed
from its own upstream region and that its overexpression from a
multicopy plasmid could be lethal to C. difficile cells. Complementa-
tion of the tcdE mutant became possible when TcdE was expressed at
an optimal level from an inducible promoter (15). In this study, when
TcdR was expressed during the early exponential growth stage (in
RG100), tcdE expression was driven by the chromosome and the
TcdE protein. In fact, quantitative reverse transcriptase PCR (qRT-
PCR) analysis showed that induction of tcdE from PtetR using 10
ng/ml of ATc produces nearly 30-fold more tcdE transcripts than
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following PI and SYTO staining. Shown here are representative results from four independent experiments.

those present in the early exponential culture of RG100 (data not
shown). Thus, induction of chromosomal #cdE by TcdR enabled ef-
ficient toxin release from this strain. These toxin-overexpressing
strains provide new tools to analyze TcdE-mediated toxin release in
C. difficile. How does TcdE mediate toxin release? Why are there
three TcdE isoforms? Does TcdE act with other proteins to aid
toxin release? These questions regarding the toxin secretion mech-
anism in C. difficile remain to be answered.
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