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ABSTRACT Large clostridial toxins (LCTs) are secreted virulence factors found in sev-
eral species, including Clostridioides difficile, Clostridium perfringens, Paeniclostridium sor-
dellii, and Clostridium novyi. LCTs are large toxins that lack a secretion signal sequence,
and studies by others have shown that the LCTs of C. difficile, TcdA and TcdB, require a
holin-like protein, TcdE, for secretion. The TcdE gene is located on the pathogenicity
locus (PaLoc) of C difficile, and holin-encoding genes are also present in the LCT-
encoded Palocs from P. sordellii and C. perfringens. However, the holin (TpeE) associ-
ated with the C. perfringens LCT TpeL has no homology and a different membrane to-
pology than TcdE. In addition, TpeE has a membrane topology identical to that of the
TatA protein, which is the core of the twin-arginine translocation (Tat) secretion system.
To determine if TpeE was necessary and sufficient to secrete Tpel, the genes from a
type C strain of C. perfringens were expressed in a type A strain of C. perfringens, HN13,
and secretion was measured using Western blot methods. We found that TpeE was
required for TpeL secretion and that secretion was not due to cell lysis. Mutant forms
of TpeE lacking an amphipathic helix and a charged C-terminal domain failed to
secrete Tpel, and mutations that deleted conserved LCT domains in Tpel indicated
that only the full-length protein could be secreted. In summary, we have identified a
novel family of holin-like proteins that can function, in some cases, as a system of pro-
tein secretion for proteins that need to fold in the cytoplasm.

IMPORTANCE Little is known about the mechanism by which LCTs are secreted. Since
LCTs are major virulence factors in clostridial pathogens, we wanted to define the
mechanism by which an LCT in C. perfringens, Tpel, is secreted by a protein (TpeE)
lacking homology to previously described secretion-associated holins. We discovered
that TpeE is a member of a widely dispersed class of holin proteins, and TpeE is nec-
essary for the secretion of TpelL. TpeE bears a high degree of similarity in membrane
topology to TatA proteins, which form the pore through which Tat secretion sub-
strates pass through the cytoplasmic membrane. Thus, the TpeE-Tpel secretion sys-
tem may be a model for understanding not only holin-dependent secretion but also
how TatA proteins function in the secretion process.
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he Clostridia, which include many pathogenic species of humans and animals,

secrete a wide variety of toxins as important virulence factors in causing disease
(1). One family of secreted factors is the large clostridial toxins (LCTs), which can inacti-
vate host cell Rho family GTPases by glycosylation with either glucose or N-acetylglu-
cosamine (2-5). Each LCT has a specific subset of GTPases that it uses as the substrates,
but inactivation of the GTPases usually leads to disruption of the actin cytoskeleton,
causing cells to round up and undergo apoptosis (2). Currently known LCTs include
TcdA and TcdB of Clostridioides difficile (previously Clostridium difficile), alpha-toxin
(TenA) of Clostridium novyi, lethal toxin (TcsL) and hemorrhagic toxin (TcsH) of

April 2021 Volume 203 Issue 8 e00580-20 Journal of Bacteriology

Citation Saadat A, Melville SB. 2021. Holin-
dependent secretion of the large clostridial
toxin Tpel by Clostridium perfringens. J
Bacteriol 203:e00580-20. https://doi.org/10
.1128/JB.00580-20.

Editor Michael J. Federle, University of Illinois
at Chicago

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Stephen B.
Melville, melville@vt.edu.

Received 20 October 2020

Accepted 25 January 2021

Accepted manuscript posted online

1 February 2021

Published 23 March 2021

jb.asm.org 1


https://orcid.org/0000-0002-0116-4280
https://doi.org/10.1128/JB.00580-20
https://doi.org/10.1128/JB.00580-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:melville@vt.edu
https://jb.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JB.00580-20&domain=pdf&date_stamp=2021-2-1

Saadat and Melville

Journal of Bacteriology

tpel

A
C. perfringens Paloc — tpeR >—| tpe>-|

>

bcn

C. perfringens bacteriocins - wiA >—| uvif>-|

>.

C. difficile PaLoc ~ —— tcdR >-| tcdB

D

tcdA >—

P. sordellii PaLoc — tcsl >—| tcsl:>-< tcsH

|—< tcsR |-

tcnA

C. novyi Paloc - tpeR >-|

>.

Cytoplasmic
membrane

TpeE, UviB, TatA, TatE, TatA, TcdE, TesE, S0 (lambda holin)

TpeE C. perfringens -MDS-ELFKIMATQGAFALLFSYLLFYVLKEN-SKREENYQNIIKELTELLPIIKSDVEDIKNKLNNN 65
UviB C. perfringens -MDS-EMFKLIATQGAFALLFSYLLFYVLKEN-SKREENYQSIIKELTELLPSIKNDVEDIKNKLNSN 65
TatE E. coli -MGEISITKLLVVAALVVLLFGTKKLRTLGGDLGAATKGFKKAMNDDD -AAAKKGADVDLQAEKL SHKE 67
TatA E. coli -MGGISIWQLLITIAVIVVLLFGTKKLGSIGSDLGASIKGFKKAMSDDEPKQDKTSQDADFTAKTIADKQADTNQEQAKTEDAKRHDKEQV 89
TatAd B. subtilis  MFSNIGIPGLILIFVIALIIFGPSKLPEIGRAAGRTLLEFKSATKSLVSGDEKEEKSAELTAVKQDKNAG 70

FIG 1 Gene synteny, membrane topology, and sequence homology of LCT-associated holin-like proteins in clostridia. (A) Gene organization in LCT PalLocs
and a bacteriocin-containing operon. Light blue, LCTs and bacteriocin; yellow, sigma factors; orange, holin-like proteins. Gene lengths are not to scale. (B)
Proposed membrane topology of holins and holin-like proteins from panel A and twin-arginine transport (Tat) proteins. TatA and TatE are from E. coli, and
TatA, is from B. subtilis. (C) Sequence alignments of holin-like proteins. The proteins were aligned using the ClustalW algorithm in the MegAlign software
suite, part of the Lasergene 16 DNA analysis package from DNAStar. Residues that match the TpeE sequence are highlighted in yellow shading. Note that
there are 7 residue differences between TpeE and UviB. GenBank sequence accession numbers are as follows: WP_003453321.1 for C. perfringens TpeE,
ABG87870.1 for C. perfringens UviB, WP_105463372.1 for E. coli TatE, and QNN28895.1 for B. subtilis TatA,. The PDB ID for E. coli TatA is 2MN7_A.

Paeniclostridium (formerly Clostridium) sordellii, and the Tpel toxin of Clostridium
perfringens (Fig. 1A). The well-studied TcdA and TcdB toxins of C. difficile have been
shown to be directly linked to virulence in C. difficile-associated infections using
animal models (6). P. sordellii has been associated with postabortion toxic shock
syndrome in humans (7, 8), and TcsL has been shown to be important for virulence
in an animal model (9). C. perfringens Tpel has been linked to increased virulence in
chicken necrotic enteritis (NE) infections (10-12) but has not been shown to be
essential for virulence in NE infections or other animal diseases.

The genes encoding LCTs are located in pathogenicity loci, which vary from species
to species (Fig. 1A). Three genes comprise the core members of each pathogenicity
locus (PaLoc), the toxin-encoding, sigma factor-encoding, and holin-like protein-encod-
ing genes. The exception is the C. novyi PaLoc, in which no holin-encoding genes have
been found adjacent to the tcnA gene (Fig. 1A). In a previous report (13), it was noted
that the uviA-uviB-bcn locus, which is involved in bacteriocin production in C. perfrin-
gens, has a gene synteny identical to PaLocs encoding LCTs (Fig. 1A). For each of these
loci, the sigma factors have been shown to be important for the transcriptional regula-
tion of the LCT-encoding genes, and the same is true for the uviA gene in the bcn locus
(14, 15). The holins have been proposed to mediate secretion, and one of them, TpeE,
is the subject of this work.

C. difficile TcdE is the only holin for which there is definitive evidence that it is
essential for secretion (16) (Fig. TA). TcdE is proposed to have a membrane topology
similar to that of the A phage holin S'%, including three transmembrane helices and a
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cytoplasmic C-terminal domain (Fig. 1B), and TcdE was able to function as a holin in A
phage (16). Using the TMHMM Web-based server (http://www.cbs.dtu.dk/services/
TMHMM-2.0/), a similar membrane topology is predicted for the P. sordellii TcsE
holin-like protein (Fig. 1B). Mutation of the tcdE gene led to a very significant
decrease in extracellular TcdA in the medium, and complementation of the mutant
restored secretion to levels above that of the wild-type strain (16). Assays to detect
cytoplasmic enzymes in the supernatant and membrane permeability using propi-
dium iodide indicated that little cell lysis was occurring during the period in which
TcdA was being secreted (16). However, just prior to this, a report by Olling et al.
(17) indicated that, in fact, there was considerable cell lysis occurring during sta-
tionary phase, resulting in toxin release. This seeming contradiction was resolved
by a later report showing that there was an induction of an autolytic transglycosy-
lase, Cwp19, when C. difficile cells were grown in brain heart infusion (BHI) broth,
as was done in the report by Olling et al. (17), but not in trypticase-yeast extract
(TY) medium, which was used to show that TcdE was required for secretion (16).
Together, these results indicated that C. difficile possesses both a holin-dependent
and a holin-independent (i.e., lysis) mechanism for TcdA/TcdB secretion.

In contrast to TcdE and TcsE, the holin-like protein TpeE from C. perfringens is pre-
dicted to have a single-transmembrane helix, an amphipathic helix (APH) located on
the inner side of the cytoplasmic membrane (CM), and a hydrophilic C-terminal domain
(Fig. 1B; see also Results). A BLAST analysis (18) of the TpeE protein from the type C
strain JGS1495 (GenBank accession number WP_003453321.1) shows 1,255 matches in
bacteria, of which 1,252 are in the Firmicutes, with most being clustered in the clostri-
dia (859). A conserved domain analysis (19) puts TpeE in the BhIA holin family, which
places it in superfamily VI (DUF 2762) according to the classification of Reddy and Saier
(20, 21). TpeE homologs are often annotated as bacteriocins; this may be due to the
early annotation of UviB from plasmid plP404 from C. perfringens (22), which is a homo-
log, as a bacteriocin. UviB proteins from many species, including the two homologs
found in the small plasmids carried by C. perfringens strain SM101 (23), are predicted to
have the same membrane topology as TpeE as well as a high level of sequence homol-
ogy to TpeE (Fig. 1C). Despite their putative substrates, TpeL and Bcn have little
sequence or predicted structural homology. These findings bring up an interesting bio-
logical question: How do completely different holins (TcdE and Tpel) secrete similar
substrates (TcdA/TcdB and, presumably, Tpel), while nearly identical holins, TpeE and
UviB, secrete structurally different proteins, TpelL and Bcn?

We noted that despite little sequence homology, the predicted membrane topol-
ogy for TpekE is the same as those for the TatA and TatE proteins from Escherichia coli
and TatAy from Bacillus subtilis (24, 25) (Fig. 1B and C). TatA comprises the core of the
twin-arginine translocation (Tat) system, which is widely found in Gram-positive bacte-
ria, Gram-negative bacteria, and plants (26) but is absent in C. perfringens. The Tat com-
plex is involved in the translocation of folded proteins across the CM, which is similar
in function to that proposed for the holins described above. The Tat system in E. coli is
composed of three proteins, TatA, TatB (referred to as TatA-like protein), and the inte-
gral membrane protein TatC (27). Substrates with a Tat recognition sequence at the N
terminus, which contains the twin-arginine residues that gave the system its name, are
bound by TatBC and transferred to a TatA complex, an oligomer of TatA, which translo-
cates the substrate across the CM (26, 27). TatE is a TatA-like protein in E. coli that can
functionally replace TatA in E. coli (28).

Given the differences in membrane topology between TcdE and TpeE and TpeE's
similarity in topology to TatA, we decided to determine if TpeE is necessary for the
secretion of TpelL in C. perfringens. We focused on the TpelL PalLoc found in the type C
strain JGS1495 (29). However, this strain is recalcitrant to genetic manipulation (our
unpublished data). To have a more workable genetic system, the tpeE and tpel genes
from strain JGS1495 were transferred to strain HN13, a derivative of the genetically
manipulatable strain 13 (30). By removing the two genes from their native host, we
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Native PaLoc in C. perfringens type C strain JGS1495

Heterologous expression in C. perfringens HN13 strains

pAS12, pAS46*
pAS55 - tagless genes tpeL-His6 >— .- PKRAH1

pAS11, pAS45* |:|~

pAS54 — tagless gene tpeL-His6 >_ ...pKRAH1

pAS13, pAS37* - tpeE

pAS14, pAS38* - tpeE-His6
pAS15, pAS39*- tpeE-FLAG His6/FLAG --PKRAH1

pAS53* - tpeE-His6-tpel-His6
pAS48* - tpeEAHCD-tpel-His6 tpeL-His6 >_ ...pKRAH1

pAS49* - tpeEAAPH-tpel -His6

pAS42* - tpeE-tpel A-His6
AS43* - tpeE-tpe AC-His6
b KS a4% tng-tngACD-His6 b—' tpeL mutations-His6 >— --PKRAH1

FIG 2 Schematic diagram showing plasmid constructs used for heterologous expression of tpeE and tpel in C.
perfringens strain HN13. pKRAH1 has a lactose-inducible promoter for regulated expression (31), which is
indicated by arrows. AHCD, deletion of the high charge density domain at the C terminus; AAPH, deletion of
the amphipathic helix. TpelLA, TpelLAC, and TpeLACD are constructs with deletions of nested C-terminal
domains of full-length TpeL. All constructs have a Sacll site at the 5’ end and a BamHl site at the 3’ end of the
inserts. Some, indicated with an asterisk, have an additional Sall site inserted between the tpeE and tpel genes
to allow efficient cloning. Each plasmid and its description are also listed in Table 1.

were also able to address the question of whether TpeE was necessary and suffi-
cient for the secretion of TpeL. We also took advantage of the topological similarity
between TpeE and the TatA protein to guide us in making specific mutations in
regions of TpeE that have been shown to be important for TatA function. In this
sense, the well-studied TatA system provides a framework for analyzing the func-
tions and characteristics of the TpeE holin translocation system.

RESULTS

Cloning the tpeE and tpel genes from the type C strain JGS1495 and
heterologous expression in C. perfringens strain HN13. Genes encoding small holin-
like proteins are often found adjacent to LCT-encoding genes in some pathogenic clos-
tridia (Fig. 1). Govind and Dupuy demonstrated that the holin-like protein TcdE is
required for the secretion of the toxins TcdA and TcdB in C. difficile (16). For C. perfrin-
gens, we set out to determine if the holin-like protein TpeE was necessary and suffi-
cient to mediate the secretion of its cognate toxin, TpeL. To accomplish this, we ampli-
fied tpeE and tpel from type C strain JGS1495 and expressed the genes using the
lactose-inducible expression plasmid pKRAH1 (31) in C. perfringens strain HN13 (30)
(Fig. 2). This removed these genes from being under the control of TpeR, an alternative
sigma factor shown to be involved in regulating these genes (15). This approach
allowed us to study the secretion of Tpel free from factors that may be specific to the
type C strain and the large plasmid on which the tpeE and tpel genes are carried (29,
32). Additionally, strain HN13 is genetically manipulatable, and there are multiple
genetic molecular tools developed for use in this strain. Peptide antigen tags (FLAG
and His,) were fused to both proteins for identification by immunoblotting (Fig. 2).

TpeL-His, secretion is TpeE dependent. We cultured strains expressing TpeL-Hisq
in TY broth supplemented with lactose to induce the expression of the tpeE and/or
tpel gene. Large quantities of TpeL-His, were detected in the supernatants only if TpeE
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FIG 3 Efficient Tpel secretion is TpeE dependent in C. perfringens. (A) Western blotting using an antibody direct against the His, tag on TpelL to indicate
the location (supernatant or intracellular) of TpeL. pKRAH, empty vector control; pAS11, toxin only; pAS12, toxin and holin; pAS15, holin alone. For the
lysis control and loading controls, BCP was identified by fluorescently labeled streptavidin (see Materials and Methods). (B) A C-terminal polyhistidine tag
does not significantly affect TpeL expression or secretion in C. perfringens. (Top) Coomassie-stained protein gels demonstrating similar amounts of TpelL in
concentrated culture supernatants from strains overexpressing TpeE (no tag) and TpeL with and without a C-terminal His, tag. Note that there is a protein
in the supernatant that is somewhat larger than Tpel; this can be seen clearly in the lane with pKRAH1 and no TpeE (leftmost lane). (Bottom) Anti-His,
immunoblot combined with Ponceau S staining of the PVDF membrane showing similar levels of TpeL in the supernatants (white arrows) whether the
Hiss tag was present or not. Strains expressing TpeL with and without the Hisg tag in the absence of TpeE are shown as secretion negative controls.
Whole-cell lysate samples were included to control for differences in TpeL and TpelL-His, expression. Strains expressing the empty vector and TpeE alone
were included to control for effects related to the expression vector and TpeE. Note the increased levels of TpeL in the supernatant when the TpeE
protein was also present. The results are representative of data from three independent experiments. (C) Sensitivity of lysis detection by the conjugated
streptavidin probe. The image shows a Western blot using an antibody against Tpe-His, and a fluorescent streptavidin conjugate to detect the
cytoplasmic BCP of C. perfringens. When the lysate from the toxin-only strain was added to the filtered supernatant and concentrated, lysis was reliably
detected at levels as low as 2% of total cell lysis (see Materials and Methods). +C represents a positive control, using pAS11 to express the toxin, and —C
represents a negative control with the empty vector, pKRAH1. The image is representative of results from two separate biological experiments. MW,
molecular weight marker.

was coexpressed (Fig. 3A). Whole-cell lysates were prepared from the same cultures as
the supernatants, subjected to immunoblotting, and found to have qualitatively equiv-
alent levels of TpeL-His, between strains expressing the toxin alone and strains coex-
pressing TpeE (Fig. 3A).

For whole-cell lysates, we used fluorescence-conjugated streptavidin to bind a
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cytoplasmic protein and visually assess loading among the stains, as previously
described (33). This gave a signal at roughly 20 kDa and demonstrates no significant
differential sample loading between the strains expressing the toxin (Fig. 3A). A search
for biotinylated proteins in C. perfringens suggests that this is most likely the biotin car-
boxyl carrier protein (BCP) (34), which is predicted to have a molecular weight of
18 kDa (35).

To determine if the C-terminal Hisq tag on Tpel affected the efficiency of secretion,
we compared intracellular and extracellular TpeL levels in strains expressing tagged
and untagged versions of TpelL and with and without TpeE. TpeL levels in the superna-
tants were not statistically different between strains expressing TpeL and those
expressing TpeL-Hisg alone or between strains expressing TpelL and those expressing
TpeL-Hisg with TpeE (Fig. 3B). Conversely, we also tested whether the presence of the
FLAG tag on TpeE affected Tpel secretion and found that the FLAG tag did not inhibit
secretion (see Fig. S1 in the supplemental material).

Secretion of TpeL was not due to cell lysis by TpeE. Small amounts of extracellu-
lar Tpel-His, were occasionally detected in the strain lacking coexpressed TpeE (Fig.
3A). Reasoning that the presence of the cytoplasmic BCP in culture supernatants would
indicate cell lysis, the conjugated streptavidin probe was also applied to supernatant
samples as an indicator of lysis, but no signal was detected (Fig. 3A). To measure the
lowest level of detection of the BCP in the supernatants, the culture supernatants were
spiked with whole-cell lysates at increasing levels, analogous to measuring the per-
centage of cell lysis (see Materials and Methods). This method was able to reliably
detect cytoplasmic BCP in concentrated supernatant samples containing 2% lysate and
higher (Fig. 3C), which represents the upper boundary for lysis in these experiments.
As an additional test for cell lysis, total cell counts and CFU per milliliter were not found
to be statistically different between the strains expressing the toxin with and without
TpeE (Fig. S2A). Finally, we performed a third assay for cell lysis by comparing the activ-
ities of another cytoplasmic protein, lactate dehydrogenase (LDH), in the culture super-
natants and did not detect LDH activity in the supernatants of the strains with or with-
out the holin (Fig. S2B).

The very low level or even the absence of lysis suggests that the toxin may be
secreted at low levels by a TpeE-independent method. C. perfringens can release mem-
brane vesicles (36), and the possibility of TpeL secretion by the release of membrane
vesicles was assessed by immunoblotting and probing for TpeL in supernatant sample
fractions that were spun in an ultracentrifuge for 1 h at 100,000 x g to pellet mem-
brane vesicles (36). Tpel-His, was not detected in the pelleted supernatant fraction
(data not shown), suggesting that either TpelL-His, was not secreted by membrane
blebbing or the centrifugation was not sufficient to pellet the vesicles.

When expressed in C. perfringens, TpeE is not toxic, while TpeL expression
decreases the growth rate. We next set out to understand the physiological effects
of expressing TpeE and Tpel in C. perfringens. During growth in liquid TY medium,
expressing TpeE alone had no effect on cell growth (Fig. 4A). However, expressing
Tpel resulted in a lower growth rate, as did coexpressing Tpel with TpeE (Fig. 4A). In
the absence of the inducer (lactose), there were no detectable differences in growth
rates (Fig. 4B). As noted above, the lower growth rates did not result in significant lev-
els of lysis, suggesting that they were due to some metabolic limitation that lowered
the maximum growth rate achievable by that strain.

TpeE localizes to the membrane in C. perfringens. Given the holin-like attributes
predicted in TpeE (Fig. 1), we set out to determine whether it collected in the mem-
brane of C. perfringens. Since inducing the cultures at the time of inoculation resulted
in variable growth rates (Fig. 4A), the strains were instead induced in late log phase for
these experiments, and we allowed 3 to 4h for expression and secretion to occur
before harvesting samples. By dual-color immunoblotting, we detected TpeE-FLAG in
the membrane and whole-cell fractions but not the cytoplasmic fractions (Fig. 5A).
Furthermore, these results indicate that TpeE-FLAG does not form a covalently linked
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FIG 4 Expression of tpeE in C. perfringens strain HN13 did not negatively affect the growth rate, while
overexpression of tpel decreased the growth rate. Shown are results for pKRAH1 (vector control),
pAS15 (tpeE), pAS11 (tpel), and pAS12 (tpeE-tpel). (A) Results after induction with lactose; (B) controls
with no lactose added. The means and standard deviations (SD) from five replicate samples are
shown. The curves are representative of results from three independent biological replicates.

multimer since the protein is predicted to be 8.6 kDa in mass (37) and was detected
near the 10-kDa molecular weight marker (Fig. 5A).

Despite success in detecting TpeE by Western blotting, we were not able to detect
TpeE expression in C. perfringens by direct protein staining even with considerable
effort using multiple types of SDS-PAGE. Instead, we validated the transcription of the
version of the gene with no tag by reverse transcription-PCR (RT-PCR) (Fig. 5B, lanes 3
and 4).

Expression of TpeE in E. coli is toxic. Given that TpeE demonstrated no lytic or
holin-like activity in C. perfringens, we expressed TpeE in the unrelated Gram-negative
bacterium E. coli to determine if holin-like activity could be detected in this species, as
was found to be the case with TcdE from C. difficile (16). A dramatic, dose-dependent
decrease in the optical density at 600 nm (ODg,,) of the cultures began about 150 min
after the addition of the inducer arabinose (Fig. 6A). To see if this effect could be
repeated under different environmental conditions, E. coli cultures were spotted onto
solid medium with different concentrations of arabinose. Again, dramatic dose-de-
pendent inhibition of growth was seen in strains expressing TpeE (Fig. 6B).

We determined the cellular location of TpeE in E. coli by dual-color immunoblotting
and probing for C-terminal antigen tags. Analogous to the experiments in C. perfrin-
gens, expression was induced in the late logarithmic growth phase, known to be ~2 h
postinoculation by previous growth curve analyses with E. coli. In contrast to C. perfrin-
gens cultures, large amounts of TpeE were detected not only in membrane fractions
but also in the cytoplasmic fraction (Fig. 6C). The conjugated streptavidin probe was
again employed to control for loading and lysis and likely bound the cytoplasmic, bio-
tinylated protein AccB in E. coli (38). Significant levels of lysis were detected in E. coli
supernatants but only in strains expressing TpeE (Fig. 6D).

Mutagenesis of the C-terminal highly charged domain and the amphipathic
helix in TpeE abolishes TpeE-dependent TpelL secretion by C. perfringens. Full-
length TpeE is predicted to be 65 amino acids (aa) long, a predominantly alpha-helical
protein with one transmembrane domain (39). As depicted in Fig. 1 and Fig. 7A, the N
terminus of TpeE is likely extracellular (40), followed by a membrane-spanning alpha-
helix, while the cytoplasmic portion contains an amphipathic region followed by a
string of asparagine and lysine residues (KNKLNNN) at the C terminus (Fig. 7A). To con-
firm the presence and extent of the amphipathic helix (APH), we used the helical wheel
projection software Heliquest (https://heliquest.ipmc.cnrs.fr/), which predicted that the
helix extended from residues 34 to 58 with a pronounced amphipathicity (Fig. 7A). We
hypothesized that the negatively charged residues of the amphipathic helix may form
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FIG 5 (A) TpeE localizes to the membrane in C. perfringens. Western blotting was performed using anti-FLAG antibodies to identify the cellular location of
TpeE-FLAG. Plasmids pKRAH1 (vector control), pAS13 (tpeE), and pAS15 (tpeE-FLAG) were used. The cytoplasmic loading control consisted of a fluorescent
streptavidin conjugate to detect the cytoplasmic BCP of C. perfringens. (B) Detection of tpeE transcripts in C. perfringens using RT-PCR. (Top) Location of

primers used for RT-PCR. (Bottom) Agarose gel showing the relative sizes of RT-PCR products and the conditions used for each sample.

salt bridges with complementary charges at the C terminus of the holin (Fig. 7A), simi-
lar to an experimentally tested model for the TatA protein in the Tat secretion sys-
tem (41). To test this hypothesis, we deleted the region encoding the amphipathic
helix (A34-58) and, separately, the C-terminal hydrophilic region of TpeE (A59-65)
and coexpressed them with TpeL. In dual-color immunoblots, TpelL-His; was not detected in
the culture supernatants of strains coexpressing the mutated TpeE forms, although it was
seen in the positive-control strain expressing full-length TpeE (Fig. 7B). Whole-cell lysate
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FIG 6 TpeE is toxic to and localizes to the membrane and cytoplasm of E. coli. (A) Growth curves with E. coli showing the toxic effects of adding
increasing concentrations of the inducer arabinose at the time of inoculation. The means and SD from five replicate samples are shown. The curve is
representative of data from three independent biological replicates. (B) Arabinose induction inhibits the growth of colonies containing the tpeE gene
(pAS17 and pAS18) on agar plates in E. coli. (C) Western blot showing that TpeE-FLAG was detected in whole-cell lysates, the cytoplasm, and membranes
when expressed in E. coli. The cytoplasmic loading controls represent the use of a fluorescent streptavidin conjugate to detect the cytoplasmic biotin
carboxyl carrier protein AccB (22.5kDa) in E. coli. (D) Western blot showing the strains of E. coli in which TpeE appeared in the supernatant after lysis

along with the AccB cytoplasmic protein (detected using a fluorescent streptavidin conjugate).

samples demonstrated that strains carrying the mutated TpeE were able to produce the full-
length toxin and full-length TpeE alone as negative controls, even though some degrada-
tion of the Tpel protein occurs in the intracellular environment (Fig. 7B). This indi-
cates that both the C-terminal hydrophilic domain and the amphipathic helix are
required for Tpel secretion. Additionally, the expression of TpeE during TpeL
secretion was validated in a strain expressing both proteins with a Hisg tag fused
at their C termini (pAS53 in Fig. 7B). A strain expressing FLAG-tagged TpeE without
the toxin was included to determine if we could detect both the His,-tagged and
FLAG-tagged versions on the same membrane. After immunoblotting with anti-
Hiss, the membrane was imaged, rewetted, probed with an anti-FLAG antibody,
and reimaged. Both tagged versions were then visible on the membrane (Fig. 7B).

We did not fuse antigen tags to the mutated forms of TpeE since both Hiss and
FLAG tags are highly charged and could interfere with the mutagenesis effects
that we desired to study. Instead, we validated the transcription of full-length
TpeE mRNA and its mutated forms by RT-PCR (Fig. 5B, lanes 5 to 8). As controls,
PCR of DNA collected from each strain was performed using the same primers as
those used for RT-PCR, resulting in a banding pattern (Fig. S2) identical to those
seen with RT-PCR (Fig. 5B).

Although we were able to detect Hiss- and FLAG-tagged TpeE by immunoblotting, we
were not able to detect TpeE or its mutant forms in C. perfringens by SDS-PAGE and protein
staining. We believe that this was because the proteins are expressed at moderate levels,
and the mutated TpeE forms have very low molecular weights. Therefore, we used peptide
mass spectrometry methods to detect the presence of the highly charged domain (HCD)
and APH deletion proteins (see primers and methods in the supplemental material). The
TpeE-specific peptides EENYQNIIK and ELTELLPIIK (Fig. 1C) were detected in SDS-PAGE
gels when extracts from plasmid-expressed FLAG-tagged (pAS58) and HCD-deleted
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FIG 7 Conserved domains in TpeE are required for secretion of TpelL by C. perfringens. (A) Diagram showing the predicted cellular
location of each domain in TpeE. The amphipathic nature of the central alpha-helix is shown using a helical wheel projection of
hydrophobic (yellow) and hydrophilic (all other colors) residues. TMD, transmembrane domain. (B) Western blots showing the
presence of TpeL-His, and TpeE-FLAG in whole-cell lysates and supernatants. Note the lack of a TpelL-Hisy signal in the supernatants
of the strains expressing the TpeE protein with the ampbhipathic helix or C-terminal domain deleted, even though no cell lysis could
be detected with the streptavidin-BCP control.

(pAH48) TpeE were analyzed, but no TpeE peptides were found with the APH-deleted
TpeE (pAS49) and the empty vector control (pKRAH1). This suggests that the HCD-deleted
form of TpeE was present but that the APH-deleted TpeE was absent or present at only
very low levels in the cell.

C-terminal truncations of TpelL are not secreted by TpeE. Tpel is a large clostri-
dial toxin (LCT) that shares a common ACDB structure with other members of this class,
where A is the glycosyltransferase domain, C is the autocatalytic protease domain, D is
the delivery domain, and B is the receptor domain, but lacks the C-terminal CROPs
(combined repetitive oligopeptides) domain (Fig. 8A). In order to determine which
domains are needed for secretion, we truncated the toxin by deleting regions encod-
ing domains from the most C-terminal region (B domain) and each additional domain
in succession. Each truncated form was coexpressed with full-length TpeE in C. perfrin-
gens. Dual-color immunoblotting demonstrated that none of the Tpel truncations
were secreted when coexpressed with TpeE compared to a full-length TpeL control
(Fig. 8B). Whole-cell lysates verified that each strain expressed Tpel in its truncated
form, although TpelL lacking just the B domain showed lower levels of intracellular pro-
tein than the other forms (Fig. 8B). This may be due to the hydrophobicity of the D
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FIG 8 Truncations of the TpeL toxin lead to loss of secretion. (A) Diagram showing the location of specific domains in the TpeL
protein. A, glycosyltransferase domain; C, autocatalytic protease domain; D, delivery domain; B, receptor domain. A table listing the
TpeL truncations used and their respective molecular weights is included. (B) Western blot showing the intracellular levels and
secretion of full-length and truncated TpeL. An anti-Hisg antibody was used to detect each form of the protein. Note the absence of
the streptavidin-BCP lysis control signal in the supernatant fractions, indicating that very little lysis had occurred. (C) Growth curves
showing that strains expressing truncated TpelL proteins (pAS42, pAS43, and pAS44) do not have defects in their growth in
comparison to strains expressing full-length TpeL (pAS11 and pAS45). The means and standard errors of the means (SEM) from five
replicate samples are shown. The curves are representative of results from three independent biological replicates.

domain, which could make the protein unstable when expressed without the B do-
main. These results suggest that either the binding domain or all domains of TpelL are
needed for TpeE-dependent secretion.

Growth curves generated with the strains expressing the Tpel truncations suggest
that while the expression of the complete protein containing the B domain retards
growth early in the exponential phase, strains expressing the truncated versions grew
similarly to the one expressing an empty vector control (Fig. 8C). The strain expressing
the TpeL truncation lacking the B domain cannot be directly compared to the other
forms since its intracellular concentration was shown to be lower in immunoblot
experiments. However, taken together, the results of the immunoblot and growth
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curve experiments (Fig. 8B and C) suggest that the B domain of Tpel is necessary for
TpeE-dependent Tpel secretion.

DISCUSSION

Our experimental approach was to determine if the holin TpeE was necessary and
sufficient for the secretion of the LCT Tpel in C. perfringens. To simplify the system, we
moved the tpeE and tpel genes out of the host type C strain and into the genetically
manipulatable strain HN13. We detected large amounts of the toxin TpeL-His, in cul-
ture supernatants only in C. perfringens strains coexpressing TpeE, even though both
strains had similar amounts of intracellular TpeL (Fig. 3A). We demonstrated that the
antigen tags present on the C termini of TpeE and TpelL, which were used to locate the
proteins to specific locations in the cell by Western blotting, did not play a role in the
efficiency of secretion of TpelL (Fig. 3B). Significant levels of cell lysis by the strains
expressing the holin, toxin, or holin-toxin combination could not be detected using
three independent methods: (i) comparative amounts of CFU per milliliter and direct
microscopic counts of bacteria (see Fig. S2A in the supplemental material), (i) the pres-
ence of the cytoplasmic enzyme LDH in culture supernatants (Fig. S2B), and (iii) the
detection of a biotin-conjugated cytoplasmic protein (the biotin carboxyl carrier pro-
tein [BCP]) in culture supernatants (Fig. 3A). We used a cytoplasmic extract titration
method to estimate the lowest level of detection of the BCP while simultaneously
detecting the presence of Tpel in culture supernatants and determined that we could
detect <2% lysis of cells in our assay (Fig. 3C). Added together, these results indicate
that TpeE is indeed necessary and sufficient for the secretion of TpelL by C. perfringens
and does not use cell lysis as a mechanism for toxin release. These findings align with
previous reports that the LCTs TcdA and TcdB required the holin TcdE for secretion in
C. difficile (16, 42). However, there may be other features, in particular regulatory func-
tions, that were lost when we transferred the holin-toxin system from its native host to
a heterologous strain.

Low levels of TpeL in the absence of TpeE coexpression (Fig. 3A) were occasionally
detected, similar to results seen with TcdE-independent secretion of TcdA in C. difficile
(16). While it seems that cell lysis and shedding of membrane vesicles are unlikely,
secretion could be due to the presence of an endogenous holin, CPE0383, found in strain
13, the parent of strain HN13 (43). For CPE0383, transcriptome sequencing (RNA-seq) data
from a recent study from our laboratory (44) suggest that the gene encoding this holin is
transcribed only at very low levels, and the holin is predicted to have 4 transmembrane
domains using the TMHMM Web-based software (http://www.cbs.dtu.dk/services/TMHMM
-2.0/), so if it provides a low level of TpelL secretion, it is likely using a different mechanism
than TpeE. Therefore, the mechanism underlying the small amounts of holin-independent
secretion of TpeL and TcdA is still not understood.

The expression of TpeE alone showed no negative effect on growth in C. perfringens
(Fig. 4A), which is in contrast to that observed with TcdE in C. difficile, in which expres-
sion in the absence of TcdA was toxic to the cells (16, 42), which may indicate different
mechanisms of action between TpeE and TcdE. The expression of TpeE was lethal in E.
coli (Fig. 6A), which correlates with results from a homolog of TpeE, the holin BhlA
from Bacillus pumilus, which also showed significant toxicity when expressed in E. coli
(45). This indicates that C. perfringens has a protective mechanism against the toxic
effects of TpeE, presumably due to the formation of pores in the membrane, which is
lacking in E. coli. Some of the differences in lethality may be due to lower TpeE levels
in C. perfringens than in E. coli (Fig. 5 and 6), as evidenced by the lower signal in
Western blots, possibly due to differences in promoter strength between pBAD30 (E.
coli) and pKRAH1 (C. perfringens). However, the lethal effect in E. coli was delayed;
although expression was induced at inoculation, the loss in optical density was not
seen until ~2.5 h later, in the late logarithmic phase of growth (Fig. 6A). This may indi-
cate that the levels of TpeE in the cytoplasmic membrane need to build to a critical
level before pore formation is initiated, much like a phage holin such as the lambda
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phage holin S (46). It was found that tcdE, like S'°, may be transcribed and trans-
lated into multiple isoforms, which can affect the secretion of TcdA (42). We did not
see evidence of similar TpeE isoforms in C. perfringens using RT-PCR (Fig. 5B) and SDS-
PAGE and Western blotting.

The TMHMM Web-based software (http://www.cbs.dtu.dk/services/TMHMM-2.0/)
predicted that TpeE had a single transmembrane helix (data not shown). Since we
suspected that TpeE may have a membrane topology similar to that of the TatA
family of proteins, we used helical wheel projections to identify an amphipathic he-
lix (APH) in the middle of the sequence (Fig. 7A), similar to that found in the struc-
ture of TatA, from B. subtilis (24, 25). There is also a 7-residue C-terminal domain
containing mostly charged and hydrophilic residues (HCD), which we postulated
may interact with the charged residues on the amphipathic helix. To begin to
understand how TpeE contributes to Tpel secretion, we removed both the C-termi-
nal residues and the predicted amphipathic helix of the protein (Fig. 7A). Each
mutation abolished the rapid TpeE-dependent secretion seen with the full-length
protein (Fig. 7B). While we could detect the HCD-deleted protein using mass spec-
trometry methods (see primers and methods in the supplemental material), we
could not detect the APH-deleted TpeE, so we cannot confidently state that the
APH domain is essential for TpeL secretion. Despite the requirement for both of the
deleted domains, the addition of an antigen tag to the C terminus of TpeE did not
have an effect on Tpel secretion (Fig. 3B), which suggests that the amphipathic he-
lix and C-terminal domains are needed for specific functions in the TpeE-mediated
secretion of Tpel.

Nested deletions of the four domains (ACDB) starting from the C terminus of TpelL
also resulted in a complete loss of secretion, although there was too little of the stable
intracellular ACD form to be able to conclude if secretion was actually defective. The
instability of the ACD form could be due to the exposure of a hydrophobic domain
within the delivery domain of the protein that would lead to rapid turnover by in-
tracellular proteases. But clearly, the A and AB domains were not sufficient for
secretion. This is the first time that the role of individual domains in LCT secretion
has been examined.

The actual mechanism for the holin-dependent transport of TpelL and the other
LCTs is not known. Even though they lack sequence homology, the TatA family of pro-
teins has a membrane topology very similar to that of the holin family represented by
TpeE and UviB. The precise mechanism by which TatA forms a pore to transport the
TatA substrates is not known, although three early models were proposed: an iris
mechanism (47), a gated pore mechanism (48), and a membrane-weakening mecha-
nism (49). More recently, a charge zipper mechanism was proposed, where a pore is
formed by TatA in which the amphipathic helix becomes inserted into the membrane
antiparallel to the transmembrane helix, and this conformation is stabilized by salt
bridges between the charges on the C-terminal domain and the amphipathic helix (41,
50). Support for this model was provided by the determination of the solution nuclear
magnetic resonance (NMR) structure of TatA, from B. subtilis (24), which also provided
support for the TpeE membrane topology shown in Fig. 1B. Solid-state NMR of a trun-
cated form of TatA, (residues 2 to 45) that contained the transmembrane helix and the
amphipathic helix suggested that the amphipathic helix was pulled into the mem-
brane by the short (14-residue) transmembrane helix and was partially stabilized by
intramolecular salt bridges (25). Using the charged zipper mechanism for the TatA
secretion system as the basis for a model, we have developed a hypothesis for how
TpeE might function to secrete Tpel (Fig. 9). In this model, TpeE exists as nonoligomer-
ized monomers in the membrane since pore formation in the absence of the substrate
would lead to the collapse of the proton motive force (PMF) and death of the cell. In
the next step, Tpel is inserted into the membrane using a surface-exposed hydropho-
bic patch (Fig. 9) that is analogous to a conserved hydrophobic domain that is part of
the pore-forming domain found in TcdA that helps the protein traverse the endosomal

April 2021 Volume 203 Issue 8 e00580-20

Journal of Bacteriology

jb.asm.org

13


http://www.cbs.dtu.dk/services/TMHMM-2.0/
https://jb.asm.org

Saadat and Melville

Hydrophobic
patch
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FIG 9 Model showing a potential mechanism of TpeE-dependent secretion of TpeL. Hydrophobic
residues are shown in orange in the TpeL model. The sequence shown is based on the charged
zipper mechanism proposed for the Tat secretion system (41), where TatA is a membrane topology
model for TpeE. The main features of the model are described in Discussion. The asterisks represent
potential salt bridges between charged residues in the amphipathic helix (APH) and high charge
density (HCD) domains. The model for the TpeL structure was made using the TcdA structure as a
template with the Swiss Model software package. The hydrophobic surface residues were identified
using the PyMOL molecular graphics system. TMH, transmembrane helix.

membrane and gain access to the cytoplasm of mammalian cells (51). The insertion of
TpelL into the membrane acts as the initiator of the amphipathic helix of TpeE to fold
into the membrane, followed by oligomerization around the TpelL protein, forming a
pore through which the toxin is transported (Fig. 9). Evidence in support of this model
includes the requirement for both the APH domain and the HCD of TpeE for secretion
as well as the absence of secretion when just the A or AC domains of TpeL were
present since they do not include the residues encoding the major portion of the
hydrophobic patch (residues 1081 to 1101 in Tpel), which is conserved among all
of the LCTs (51).

Proteins destined for secretion that require a holin-like protein for transport
across the cytoplasmic membrane fall into three classes, those requiring a cofactor
that needs to be added in the cytoplasm, proteins that require the cytoplasmic
environment to achieve proper folding, or oligomeric proteins that cannot utilize
the Sec secretion pathway (26, 27). This is the case for both the holin-dependent
substrates such as the LCTs discussed here as well as the Tat system. Except for
TcnA in C. novyi, all of the LCTs have an associated holin (Fig. TA). This suggests
that they too require folding in the cytoplasm and are secreted via holin-mediated
mechanisms. There are two possible reasons why the LCTs need to fold in the cyto-
plasm: (i) their large size and complex folds (51) require additional factors such as
chaperones to fold properly, or (ii) the addition of a zinc atom in the C (autopro-
tease) domain requires cytoplasmic conditions. Although the members of the
TcdA/TcdB/TesL/TesH family of LCTs have a holin associated with them with a very
different membrane topology than that of the TpeE, UviB, and TatA proteins, it
seems likely that they too require the holin for secretion because they need to fold
in the cytoplasm. So why do they use a holin with a different membrane topology
from that of TpeL? One possible answer is that Tpel is unique among LCTs in lack-
ing a large CROPs (combined repetitive oligopeptides) domain at the C terminus.
The CROPs domain of TcdB (residues 1834 to 2367) is connected to the rest of TcdB
by a hinge region, which allows the CROPs domain to be flexible and interact with
the other domains of the toxin. The presence of such a flexible feature may make
the other LCTs unable to utilize a TpeE-like holin for secretion.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Bacterial strains and plasmids used in this study are listed
in Table 1, and primers are listed in Table S1 in the supplemental material. E. coli strain DH10B was
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TABLE 1 Bacterial strains and plasmids used in this study®

Journal of Bacteriology

Strain or plasmid

Relevant characteristic(s)

Reference or source

Strains
Clostridium perfringens type A strain HN13
Clostridium perfringens type C strain JGS1495
Escherichia coli strain DH10B

Escherichia coli strain LOBSTR

Plasmids
pKRAH1
pCRBIuntlITOPO
pBAD30
pAS6
pAS7
pAS8
pAS9
pAS10
pAS11
pAS12
pAS13
pAS14
pAS15
pAS16
pAS17
pAS18
pAS19
pAS25
pAS26
pAS27
pAS28
pAS29
pAS30
pAS31
pAS32
pAS33
pAS34
pAS35
pAS36
pAS37
pAS38
pAS39
pAS40
pAS41
pAS42
pAS43
pAS44
pAS45
pAS46
pAS48
pAS49
pAS50
pAS51
pAS52
pAS53
pAS54
pAS55
pAS58

AgalKT
Contains tpeE-tpel genes

F~ mcrA A(mrr-hsdRMS-mcrBC) ¢ 80lacZAM15 AlacX74 recA1 endA1

araD139 A(ara leu)7697 galU galK rpsL nupG A~

Derivative of strain BL21; designed for low background binding to Ni

affinity columns

Cm"; lactose-inducible expression system plasmid for use in C. perfringens

PCR cloning vector

Amp"; arabinose-inducible expression system plasmid for use in E. coli

Km?"; Sacll tpeL-His, BamHI in pCRBluntlITOPO

Km"; Sacll tpeE and tpeL-His, BamHI in pCRBluntlITOPO
Km?"; Sacll tpeE BamHI

Km'; Sacll tpeE-Hiss BamHI

Km?; Sacll tpeE-FLAG BamHI in pCRBIuntlITOPO
Cm'; tpel-His, in pKRAH1

Cm'; tpeE-tpel-Hisg in pKRAH1

Cm?"; tpeE in pKRAH1

Cm’; tpeE-Hisg in pKRAH1

Cm'; tpeE-FLAG in pKRAH1

Amp'; tpeE-FLAG in pBAD30

Amp'; tpeE in pBAD30

Amp'; tpeE-Hisg in pBAD30

Amp; tpelL-His, in pBAD30

Km?; Sacll-tpeE-Sall in pCRBIuntlITOPO

Km?"; Sacll-tpeE-Hisg-Sall in pCRBluntlITOPO

Km"; Sacll-tpeE-FLAG-Sall in pCRBIuntlITOPO

Km"; Sacll-tpeE,_sz-Sall in pCRBIluntlITOPO

Km"; Sacll-tpeEAhelix-Sall in pCRBluntlITOPO

Km"; Sall-tpeLA-His,-BamHI in pCRBluntlITOPO

Km"; Sall-tpeLAC-Hisg-BamHI in pCRBIuntlITOPO
Km?"; Sall-tpeLACD-Hiss-BamHI in pCRBIuntlITOPO
Km"; Sall-tpeLACDB-His,-BamHI in pCRBIuntlITOPO
Km'; tpeE-Sall-tpeL ACDB-Hiss-BamHI in pCRBluntlITOPO
Km?"; Sacll-tpeL-BamHI in pCRBIuntlITOPO

Km?; Sacll-tpeE-tpeL-BamHI in pCRBluntlITOPO
Cm’; tpeE (Sall site added) in pKRAH1

Cm?"; tpeE-His, (Sall site added) in pKRAH1

Cm’; tpeE-FLAG (Sall site added) in pKRAH1

Cm'; tpekE,_,4 (Sall site added) in pKRAH1

Cm"; tpeE,_;, 5065 (Sall site added) in pKRAH1

Cm"; (Sall site added) tpeL,_s,,-His, in pKRAH1

Cm'; (Sall site added) tpeL,_g,s-His in pKRAH1

Cm?; (Sall site added) tpeL,_; ;;,-Hiss in pKRAH1
Cm"; (Sall site added) tpeL-His, in pKRAH1

Cm'; tpeE-(Sall site added)-tpeL-His, in pKRAH1
Cm?"; tpeE,_s5~(Sall site added)-tpeL-His, in pKRAH1
Cm'; tpeE, s, 5o ¢5-(Sall site added)-tpeL-His, in pKRAH1
Cm'; tpeE-(Sall site added)-tpel,_s,,-Hiss in pKRAH1
Cm'; tpeE-(Sall site added)-tpel,_g,s-Hisg in pKRAH1
Cm'; tpeE-(Sall site added)-tpeL,_;;;,-His, in pKRAH1
Cm'; tpeE-Hisg-(Sall site added)-tpeL-His, in pKRAH1
Cm'; tpeL in pKRAH1

Cm'; tpeE-(Sall site added)-tpeL-His, in pKRAH1
Cm'; tpeE-FLAG-tpel-His, in pKRAH1

30
J. Glenn Songer
59

58

31

Invitrogen
56

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

aKm" represents kanamycin resistance, Amp' represents ampicillin resistance, and Cm' represents chloramphenicol resistance.

grown in Luria-Bertani (LB) broth (1% tryptone and sodium chloride plus 0.5% yeast extract) at 37°C for
all experiments. C. perfringens strains HN13 and JGS1495 were cultured anaerobically with either brain
heart infusion (BHI) broth (Thermo Fisher) or TY medium (3% tryptone, 2% yeast extract, 0.1% sodium
thioglycolate) at 37°C in an anaerobic chamber (Coy Laboratory Products, Inc.) under anaerobic condi-
tions (approximately 85% nitrogen, 5% hydrogen, and 10% carbon dioxide). One hundred micrograms
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per microliter of kanamycin was added to media for E. coli strains containing pCRBIuntllTOPO, and
100 ng/ml ampicillin was added for strains carrying pBAD30. Twenty micrograms per microliter of chlor-
amphenicol was added to the culture media for C. perfringens strains carrying pKRAH1.

For protein expression studies, C. perfringens strains were cultured under anaerobic conditions in an
anaerobic chamber at 37°C in TY medium. Cultures grown overnight were used to inoculate experimen-
tal cultures at a 1:50 dilution. Lactose was added to a final concentration of 20 or 30 mM to induce
expression from the lactose-inducible promoter in pKRAH1 (31) at the time of inoculation for the growth
curve analyses and in the late logarithmic growth phase (3.75 h postinoculation) for protein expression
experiments. Culture samples for SDS-PAGE analysis were harvested 3 h (Fig. 3A) or 4 h (Fig. 3B, Fig. 5A,
Fig. 7B, and Fig. 8A) following induction.

For E. coli, cultures grown overnight from frozen stocks were used to inoculate, at a 1:50 dilution, ex-
perimental cultures. Arabinose was added to induce expression from pBAD30. Inducing sugar was
added either at inoculation or in the late logarithmic phase of growth (2 h, as determined by growth
curve analysis). E. coli culture samples for SDS-PAGE analysis were harvested 2 h following induction in
order to capture a time where expression and effects could be observed before the culture cleared from
lysis (Fig. 6A).

For measuring growth, 200 ul of the cell culture was aliquoted into clear, flat-bottomed, 96-well
microtiter plates (Costar; Corning). For C. perfringens experiments, 30 mM lactose was added at inocula-
tion, and anaerobic conditions were maintained by sealing the plates with clear adhesive film. For E. coli
experiments, various amounts of arabinose were added at inoculation. For both organisms, the optical
density was monitored over time at 600 nm at 37°C in a Tecan microplate reader, with sampling and agi-
tation every 15 to 30 min. For the spot plate assays, 5 ul of a culture grown overnight was placed onto
agar plates with increasing amounts of arabinose and incubated overnight.

Constructs, cloning, and mutagenesis. Genomic DNA was isolated from C. perfringens strain
JGS1495 by phenol-chloroform extraction and used as the template in full-length, antigen-tagged, and
mutated isoforms for tpeE and tpel amplifications. Primer OAS28F was used to flank tpeE with a 5" Sacll
site, OAS36R with a 3’ BamHI site, and OAS57R with a 3’ Sall restriction site, as indicated. C-terminal His,
sequences were fused to tpeE with primers OAS51R (3’ BamHI) and OAS62R (3’ Sall), and FLAG sequen-
ces were fused with primers OAS55R (3’ BamHI) and OAS63R (3’ Sal). tpeE-tpel with 5’ Sacll and 3’
BamHI were amplified with primers OAS28F and OAS31R, and overlapping primers OAS29 and OAS30
were used to fuse polyhistidine tag sequences to the C terminus of tpel, with additional Gly-Ser-Gly
sequences between the gene and histidine-encoding codons. All constructs were confirmed by
sequencing using primers OAS37 to OAS49.

To mutate the amphipathic helix of tpeE, Heliquest (52) was used to predict the boundaries of the
helix, which included nucleotides 103 to 177. From this, a reverse primer, OAS64R, was made to truncate
tpeE at nucleotide 102, and the remaining 21 bases were included in the primer itself to add the terminal
residues. To delete the 7 C-terminal codons from tpeE, a reverse primer truncating it to nucleotide 174
was used to amplify the remaining portion of the gene (OAS64R).

The ACDB domain boundaries of TpeL were determined by comparison to the structure of TcdA (51)
and the sequence of Tpel, with the A domain being amino acids 1 to 542 (4, 5, 53), the C domain of
Tpel being amino acids 543 to 805 (4), and the B domain being amino acids 1335 to 1779 (54), leaving
the D domain as amino acids 806 to 1334. Therefore, tpel was amplified to nucleotide 1626 for the A do-
main construct with primers OAS59F and OAS61R, to nucleotide 2415 for the AC construct with OAS65R,
and to nucleotide 4002 for the ACD construct with OAS66R.

SeqBuilder software was used for primer design (SeqBuilder Pro version 10.0; DNAStar, Madison, WI).
PCR products were blunt-end ligated into pCRBIuntlITOPO and electroporated into E. coli DH10B (55).
Constructs were verified by Sanger sequencing (Genomics Sequencing Center, Virginia Tech, Blacksburg,
VA, and Eton Biosciences, Eton, NC) and alignment to JGS1495 sequences (SegMan NGen version 10.0;
DNAStar, Madison, WI). Constructs were then digested from pCRBIuntlITOPO and ligated into pKRAH1
(31) or pBAD30 (56). Due to lethality and other off-target effects, plasmids containing full-length tpeE
and tpel in pKRAH1 were not transformed into E. coli, and instead, ligation mixes were transformed
directly into C. perfringens strain HN13 by electroporation (57). Plasmids comprising mutated tpeE and
full-length tpel-His, were assembled by digesting previously constructed plasmids of each tpeE isoform
in pKRAH1 with Sall and BamHI and ligating this product with tpel-His, in pCRBIuntlITOPO digested
with Sall and BamHI. Similarly, plasmids comprising full-length tpeE and mutated tpel isoforms were
assembled by digesting pAS37 (full-length tpeE in pKRAH1) with Sall and BamHI and ligating it with
each mutated tpel isoform digested with the same restriction enzymes in pCRBluntlITOPO.

E. coli DH10B and LOBSTR (58) strains with tpek, tpeE-His,, tpeE-FLAG, and tpel-His, constructs were
generated by isolating the constructs from previously constructed plasmids and ligating the constructs
into pBAD30 (56).

SDS-PAGE, staining, and immunoblotting. Culture samples (1 to 1.5 ml) were separated into super-
natant and pellet fractions by centrifugation (14,000 x g for 2 min) and stored at —80°C until used. Cell
pellets were suspended in Dulbecco’s phosphate-buffered saline (DPBS) and lysed by agitation with 0.1-
mm zircon beads for 1205, with 60-s intervals on ice to prevent overheating. In TpeE localization studies,
whole-cell lysate samples were prepared, and the lysate was further fractionated into membrane and
cytoplasmic samples by ultracentrifugation at 40,000 rpm for 1 h at 4°C. Following separation, cytoplas-
mic fractions were concentrated with trichloroacetic acid (TCA) precipitation and washed twice in ace-
tone. Supernatant fractions were similarly concentrated after filtration through 0.45-um membranes.
Positive lysis controls were generated by adding the lysate from the empty vector strain back to the
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clarified supernatant and then concentrating the proteins as described above. All fractions were sus-
pended in SDS-PAGE buffer with 100 mM dithiothreitol and heated to 95°C for at least 10 min. Tris base
was added as needed to return the pH to neutral in TCA-concentrated samples.

Proteins were separated by SDS-PAGE and either stained or immunoblotted. Proteins were stained
with Coomassie brilliant blue in 40% methanol and 10% acetic acid. For immunoblots, proteins were
transferred to a polyvinylidene difluoride (PVDF) membrane in chilled buffer containing 10 mM NaHCO,
and 3mM Na,CO, with 20% methanol. Membranes were transferred to the Snap id. 2.0 system
(Millipore Sigma) and blocked with 1% bovine serum albumin (BSA) in Tris-buffered saline (TBS) (pH 7.4)
with 1% Tween 20. Antibodies were diluted into TBS-Tween 20 with 1% BSA and applied to membranes
for 10 min. Primary antibodies used were His-H8 (1:250 dilution) to detect polyhistidine tags and OctA-
probe H-5 (1:250 dilution) for FLAG detection (both from Santa Cruz Biotechnology, Santa Cruz, CA). The
secondary antibody used was StarBright700 anti-mouse (Bio-Rad) (1:10,000 dilution), and conjugated
streptavidin (IRDye 800 CW; Li-Cor, Lincoln, NE) at a dilution of 1:5,000 was added to the secondary anti-
body mixture for the detection of biotinylated, cytoplasmic protein controls (BCP [18kDa] in C. perfrin-
gens and AccB [22.5 kDal] in E. coli). Fluorescent blot images were captured with a ChemiDoc MP imaging
system (Bio-Rad).

RNA isolation and RT-PCR. RNA was extracted from the same cells as the ones used in the immuno-
blot experiments. Amplification by PCR was done with and without reverse transcriptase. Primers OAS67
and OAS68 were designed to amplify cDNA from mRNA of TpeE and the TpeE isoforms generated in this
study from a probable ribosomal binding site 11 nucleotides upstream of the +1 site to 97 nucleotides
after the translation stop sequence. Four-hour-postinduction culture samples from the TpeE mutant
experiments (Fig. 7) were harvested, pelleted by centrifugation, and stored at —80°C. RNA was isolated
from these samples with the Direct-Zol RNA MiniPrep Plus kit (Zymo Research), and in addition to the
on-column kit digestion step, contaminating DNA was further digested with a second DNase | treatment
(New England BioLabs). The RNA concentration was assessed by nanospectrometry, quality was meas-
ured by TapeStation analysis (Genomics Sequencing Center, Virginia Tech, Blacksburg, VA), and only
RNA with integrity values above 7.7 were used. RT-PCR was carried out with the OneTaq one-step RT-
PCR kit (New England BioLabs), with equivalent amounts of RNA added to each reaction mixture and
using the recommended reagent concentrations and thermocycler settings. Equal volumes of each reac-
tion mixture were loaded onto a 2% agarose gel prestained with GelRed nucleic acid stain (Biotium,
Fremont, CA), and images were captured using a Bio-Rad ChemiDoc MP system.

Statistics. Means and standard error were determined and graphed with JMP software (version 11.0,
1989 to 2019; SAS Institute, Inc., Cary, NC) or Prism 6 (GraphPad Software).
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