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Abstract

Toxin B from Clostridium difficile is a monoglucosylating toxin that inactivates small
GTPases Rho, Rac and Cdc42 during intoxication of mammalian cells. Like many
intracellular toxins, TcdB can be roughly divided into enzymatic, translocation and
receptor binding domains. Proceeding from the amino to carboxy terminus, the first
~550 amino acids contain the enzymatic region, which is followed by a putative
translocation region and receptor-binding domain located within the remaining two-thirds
of the toxin. In chapter I, we investigated the impact acidic pH has on cytosolic entry and
structural changes within toxin B. Bafilomycin Al was used to block endosomal
acidification and subsequent toxin B translocation. Cytopathic effects could be
completely blocked by addition of bafilomycin Al up to 20 min following toxin
treatment. Furthermore, providing a low extracellular pH could circumvent the effect of
bafilomycin Al and other lysosomotropic agents. Acid pH induced structural changes
were followed by using the fluorescent probe TNS, inherent tryptophan fluorescence and
relative susceptibility to a specific protease. As the toxin was exposed to lower pH there
was an increase in TNS fluorescence suggesting the exposure of hydrophobic domains by
toxin B. The change in hydrophobicity appears to be reversible since raising the pH back
to neutrality abrogates TNS fluorescence. Furthermore, tryptophan fluorescence was
quenched at the acidic pH indicating domains may be moving into more aqueous
environments. Toxin B also demonstrated variable susceptibility to Staphylococcus
aureus V8 protease at neutral and acidic pH, further suggesting pH induced structural

changes in this protein.



Clostridium sordellii lethal toxin (TcsL) is a large clostridial toxin (LCT) that
glucosylates Ras, Rac and Ral. In chapter II, using a suite of inhibitors, steps in cell entry
by TcsL were dissected and entry appears to be dependent on endosomal acidification,
but in contrast to TcdB, TcsL was substantially slower in its time-course of entry. TcsL
cytopathic effects (CPE) were blocked by bafilomycin Al and neutralized by antiserum
up to 2 h following treatment of cells with the toxin. This slow time course of
intoxication and relatively high cytopathic dose were alleviated by exposing TcsL to acid
pH resulting in a time-couse similar to TcdB. The optimal pH range for activation was
pH 4.0 to pH 5.0, which increased the rate of intoxication over 5 fold, lowered the
minimal intoxicating dose by over 100 fold, and allowed complete substrate modification
within 2 h as shown by differential glucosylation. Fluorescence analysis of TcsL, using 2-
(p-toluidinyl) naphthalene-6-sulfonic acid as a probe, suggested that acid pH stimulated a
hydrophobic transition in the protein. a likely prelude to membrane insertion. Finally,
acid entry by TcsL caused TcdB-like morphological changes on CHO cells, suggesting
acid activation may be impacting substrate recognition profiles for TcsL.

In chapter III, we show that TcdB has the potential to stimulate caspase-
dependent and caspase-independent apoptosis. The apoptotic pathways became evident
when caspase-3-processed-vimentin was detected in TcdB-treated HeLa cells. Caspase-3
activation was subsequently confirmed in TcdB-intoxicated HeLa cells. Interestingly,
caspase inhibitor delayed TcdB-induced cell death, but did not alter the time-course of
cytopathic effects. A similar effect was also observed in MCF-7 cells, which are
deficient in caspase-3 activity. The time course to cell death was almost identical between

cells treated with TcdB plus caspase inhibitor and cells intoxicated with the TcdB



enzymatic domain (TcdB'%). Unlike TcdB treated cells, intoxication with TcdB'5% or
expression of TcdB'**® in a transfected cell line, did not stimulate caspase-3 activation
yet cells exhibited cytopathic effects and cell death. Although TcdB'* treated cells did
not demonstrate caspase-3 activation these cells were apoptotic as determined by
differential annexin-V/propidium iodide staining and nucleosomal DNA fragmentation.
These data indicate TcdB triggers caspase-independent apoptosis as a result of substrate
inactivation and caspase-dependent apoptosis due to a second, yet undefined, activity of
TcdB. This is the first example of a bacterial virulence factor with the potential to
stimulate multiple apoptotic pathways in host cells.

In chapter IV, we show that TcsL has the capacity to activate multiple death
pathways in intoxicated cells. Initially, we generated a fusion protein encoding the TcsL
enzymatic domain (residues 1-556) with a truncated version of anthrax toxin lethal factor
(LFn). When delivered to the cytosol of the cell with anthrax protective antigen (PA),
LFnTcsL'** caused cytopathic effects at a rate faster than wild-type TcsL; however, cell
death in fusion treated cells was delayed compared to TesL. In light of this disparity in
cytotoxicity between LFnTcsL!™% and TcsL, we analyzed a death pathway in treated
cells by quantifying caspase-3 activation. In contrast to TcsL, PA plus LFnTesL!™% did
not stimulate any detectable caspase-3 activation under conditions that caused cell
rounding and cell death. Furthermore, a broad-spectrum caspase inhibitor delayed cell
death in Hela cells intoxicated with TcsL, but the inhibitor did not afford the same
protection to PA, LFnTcsL!?* treated cells. In addition, a caspase-3 deficient cell line
(MCF-7), treated with TcsL, showed delayed cell death, but an almost identical time-

course of cytopathic effects compared to HeLa cells. Interestingly, nucleosomal DNA



fragmentation and annexin-V positive staining was detected in cells treated with TcsL or
PA, LFnTcsL'** suggesting both are capable of triggering apoptosis. These data suggest
that TcsL uses multiple functional domains to activate more than one death pathway in

intoxicated cells.
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pH Induced Conformational Changes in
in C. difficile toxin B



Abstract

Toxin B from Clostridium difficile is a monoglucosylating toxin that targets substrates
within the cytosol of mammalian cells. In this study we investigated the impact acidic
pH has on cytosolic entry and structural changes within toxin B. Bafilomycin Al was
used to block endosomal acidification and subsequent toxin B translocation. Cytopathic
effects could be completely blocked by addition of bafilomycin Al up to 20 min
following toxin treatment. Furthermore, providing a low extracellular pH could
circumvent the effect of bafilomycin Al and other lysosomotropic agents. Acid pH
induced structural changes were followed by using the fluorescent probe TNS, inherent
tryptophan fluorescence and relative susceptibility to a specific protease. As the toxin
was exposed to lower pH there was an increase in TNS fluorescence suggesting the
exposure of hydrophobic domains by toxin B. The change in hydrophobicity appears to
be reversible, since raising the pH back to neutrality abrogatés TNS fluorescence.
Furthermore, tryptophan fluorescence was quenched at the acidic pH indicating domains
may be moving into more aqueous environments. Toxin B also demonstrated variable
susceptibility to Staphylococcus aureus V8 protease at neutral and acidic pH, further

suggesting pH induced structural changes in this protein.



Introduction

The large clostridial toxins are a unique class of virulence factors produced by at least
three pathogenic clostridial species. Clostridium difficile produces toxins A and B,
Clostridium novyi produces alpha-toxin and Clostridium sordellii produces lethal toxin
and haemorrhagic toxin. These toxins are not only unique because of their exceptionally
large size (ranging from 260 kD to 304 kD), but also demonstrate a novel enzymatic
activity(l, 3, 4). Each of these toxins targets members of the Rho family of GTPases by
acting as glycosyltransferases. Toxin A, toxin B, lethal toxin and haemorrhagic toxin all
use UDP-glucose as a cosubstrate, whereas alpha-toxin uses UDP-GIcNAc to modify

targets. Ultimately, each of these toxins disrupts the actin cytoskeleton of target cells.

The mechanism of action for C. difficile toxins A and B is of particular interest since this
organism causes pseudomembranous colitis, a serious human disease usually occurring in
hospitalized patients undergoing antibiotic therapy(2). C. difficile toxin A acts as an
enterotoxin and is considered to be the major contributor to the intestinal damage caused
by C. difficile. Toxin B is an effective cytotoxin that demonstrates less cell tropism than

toxin A and is responsible for systemic intoxication(1).

While there has been significant progress in identifying the enzymatic action of these
toxins, little is known about how these proteins translocate to the cytosol of target cells.
By definition, intracellular bacterial toxins must cross the target cell membrane in order

to enter the interior of the target cell. The most common mechanism for accomplishing

this appears to be via a 3-step process, 1) receptor binding, 2) receptor triggered



endocytosis, and 3) membrane insertion and translocation following endosomal
acidification. In this pathway, the cell is triggered to endocytose the toxin following its
binding to a target cell receptor. Subsequent acidification, proteolysis and reduction may
contribute to stimulating the toxin to insert into and cross the vesicle membrane. Several
bacterial toxins appear to enter the cell using this process, although subsequent steps in
translocation are varied. For example anthrax toxin uses a binary combination of proteins
to provide membrane translocation while diphtheria toxin acts as a single polypeptide that
is reduced, proteolyzed and translocated following endosomal acidification(5, 10). In the
case of both of these toxins, acidification of the endosomal vesicle triggers structural

changes and membrane insertion by the toxin.

Previous reports indicate that toxin B also requires an acidified endosome for toxic
activity(7, 8). These earlier reports involved a protein reported to be 440 kD in size,
much larger than toxin B. Herein. we briefly readdress this issue and clarify these
experiments using a protein clearly shown to be toxin B. Additionally, we report the use
of fluorescent approaches and proteolytic digest to provide the first insight into pH
induced structural changes in toxin B. The results from this study suggest toxin B shows
a significant increase in hydrophobicity and change in structure at acidic pH, all perhaps

as a prelude to membrane insertion and translocation.



Materials and Methods

Cell culture. Chinese Hamster Ovary-K1(CHO) cells were used in these studies. This
line was maintained in Ham’s F-12 medium (Gibco BRL, Rockville, MD) supplemented

with 10% fetal bovine serum. Cultures were grown at 37°C in the presence of 6% CO,

Purification of toxin B. A modified protocol derived from two previously reported
methods was used to isolate toxin B(11, 13). In this protocol Clostridium difficile strain
VPI 10463 (ATCC, Manassas, VA) was grown in 10,000 to 12,000 MW cut off dialysis
tubing suspended in 10 liters of brain heart infusion broth. The culture was grown at
37°C for 72 h, at which point the culture was centrifuged and the supernatant was
collected. Toxin B was subsequently purified by consecutive steps of ammonium sulfate
precipitation, anion exchange (Q-sepharose), gel filtration and high resolution anion
exchange (mono-Q) chromatography. The final product was passed once over a
benzamidine sepharose column (Amersham Pharmacia, Piscataway, NJ) to remove trace
amounts of contaminating proteases. A cocktail of protease inhibitors, TLCK, TPCK and
PMSF (Sigma Chemical, St. Louis, MO), was included during each step of the isolation
protocol. Purification steps were followed by cytotoxicity on CHO cells, Western blot
analysis using toxin B polyclonal antiserum (a generous gift from Dr. Rodney Tweten)
and visualization by SDS-PAGE. Following the final step of purification, the protein
concentration was determined using a Bradford assay (Bio-Rad Laboratories, Hercules,
CA) and the sample was frozen at —80°C in 100 ul aliquots. Prior to assays, samples
were thawed on ice and used immediately. Due to increased degradation, toxin B was

not refrozen after thawing.



Bafilomycin A1 assays. CHO cells were plated at 5x10* cells/well in a 96 well plate and
incubated overnight. The following day, toxin B was added to cells at a final
concentration of 0.5 pg/ml. At the indicated time-points, the cells were washed to
remove unbound toxin, and bafilomycin Al (Sigma Chemical, St. Louis, MO) was added
to the cells at a final concentration of 5x10”7 M. Each sample was followed for 8 and 16

h and cytopathic effects were determined by visualization.

Acid pulse experiments. CHO cells were plated at 5x10° cells/well in a 96 well plate
and incubated overnight. The following day cells were incubated with either 100mM
ammonium chloride or 5x10”" M Bafilomycin Al for 30 min. Toxin B was added to cells
at concentrations ranging from 10 pmol to 1 fmol. Cells were incubated with toxin B for
1 h then washed to remove unbound toxin. A pH pulse was performed by lowering the
pH to 4.0 with buffered medium for 10 min and then raising it again to pH 7.8 using
neutralized medium. The cells were then followed for 8 h and cytopathic effect was

determined by visualization.

TNS fluorescence analysis of Toxin B. 2-(p-toluidinyl) naphthalene-6-sulfonic acid,
sodium salt [TNS] (Molecular Probes, Eugene, OR) solutions were prepared in the
appropriate buffers for each of the pHs to be analyzed. The following buffers were used
for each of the indicated pHs: pH 4.0, 4.5, 5.0, and 5.5, 100 mM NaCl, 100 mM
ammonium acetate, ImM EDTA; pH 6.0 and 6.5, 100 mM NaCl, 100 mM MES, 1 mM

EDTA; pH 7.0 and 7.5 100 mM sodium chloride, 100 mM HEPES, ImM EDTA. TNS



was added to each buffer to a final concentration of 150 uM. Twenty pmol of toxin B
was added to each buffer in a final volume of 2 ml. These were allowed to incubate at
37°C for 20 min. Each sample was analyzed on a SLM 8100 photon counting
fluoremeter (Spectronic Instruments, Rochester, NY) with an excitation of 366 nm and an
emission scan of 380 nm to 500 nm using a slit width of 2.0. For the pH shift
experiments 40 pmol of toxin B was dialyzed into 50 mM ammonium acetate, ImM
EDTA, 100 mM NaCl, pH 4.0 and 20 pmol of this sample was saved. The remaining 20
pmol of toxin B was incubated for 5 min at 37°C. The pH was then adjusted to pH 7.5 by
the gradual addition of 1 N NaOH. The volume for both the pH 4.0 and pH 7.5 samples
was adjusted to 1.5 ml and .5 ml of 20 mM TNS was added (this resulted in a final TNS
concentration approximately 5 fold less than that used in the previous experiment). The
samples were then analyzed as described above. Since the pH 7.5 sample was not within
the buffering range of ammonium acetate, the pH of the sample was checked following

the analysis to confirm that the neutral pH condition was maintained.

Tryptophan analysis. Tryptophan fluorescence was analyzed at pH 7.0 and pH 4.0.
Twenty pmol of toxin B was incubated at pH 7.0 (100 mM HEPES) or pH 4.0 (100 mM
ammonium acetate). Samples were analyzed using an excitation of 270 nm and an

emission scan of 300 nm to 400 nm. Slit widths were set at 4.0.

V8 protease analysis. . Toxin B was dialyzed overnight against 1 L of 50 mM
ammonium acetate pH 4.0 or 50 mM ammonium bicarbonate pH 7.8. Dialysis was

carried out at 4°C in a microdialyzer using 12,000 to 14,000 MW cut-off membranes. V8



protease (Boehringer Mannheim, Indianapolis, IN) was made as a stock at 1 mg/ml in
either 50 mM ammonium acetate buffer pH 4.0 or 50 mM ammonium acetate buffer pH
7.8. Toxin B (50 pmol) at both pHs was incubated with increasing dilutions of V8
protease (100 ng to 100 pg) at 37°C for 90 min. The reactions were stopped by the

addition of SDS-PAGE tracking dye and analyzed immediately by SDS-PAGE.

Results

Bafilomycin A1 inhibition of toxin B cytopathic effects. Bafilomycin Al is a potent
inhibitor of the endosomal vacuolar ATPase pump and blocks the acidification of early
and late endosomes as well as lysosomes (12). In these studies we used bafilomycin Al
to confirm the role of endosomal acidification on toxin B entry. Furthermore, we were
able to gain insight into the time-course of toxin B translocation. As shown in figure 1,
treatment of CHO cells with bafilomycin Al prevents cytopathic effects by toxin B. A
complete protective effect can be achieved by adding bafilomycin A1l up to 20 min
following toxin B treatment. Approximately 20% of the killing can also be prevented by
addition of bafilomycin A1 up to 50 min following treatment. Only after almost 60 min
does addition of the inhibitor have no effect on toxin activity. Samples observed at 18 h
start to show cytopathic effects at the earlier time-points, suggesting about a 20 minute
window of time for entry. These results suggested that toxin B may remain within the

vacuolar compartment for a significant period of time following entry.
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Figure 1. Bafilomycin Al inhibition of Toxin B mediated cytopathic effects.
In a 96-well plate CHO cells were incubated with toxin B (50 ng), and
bafilomycin (5x107 M) was added at 10 minute intervals from 0 to 80 min.
Each sample was performed in triplicate and cytopathic effects were
determined at 8 and 16 h. The error bars mark the standard deviation from the
mean. Similar levels of inhibition were found in 2 subsequent repetitions of

this experiment. B=PBS Buffer Control, TB=toxin B, [=bafilomycin Al.




For this reason we also investigated the effect brefeldin A (disrupts golgi and trans-golgi
network) had on toxin entry. Treatment of cells with brefeldin A had no effect on toxin

B activity (data not shown), indicating that toxic activity is not dependent on trafficking
to the golgi.

Cellular intoxication following an acid pulse. In order to determine if the effects of
bafilomycin Al could be bypassed, cells were incubated with toxin B in the presence of
the inhibitor and a brief acid pulse was provided. Following a 10 min acid pulse at pH
4.0, the cells were washed to remove unbound toxin B and the pH was raised back to
neutrality. Subsequent cytopathic effects were followed for 8 h. As can be seen in figure
2, panel I, the lysosomotropic effects of bafilomycin Al could be overcome by the acid
pulse. This effect could be found in samples that were predialyzed to pH 4.0 or in

samples at neutral pH.

Previous work had indicated toxin B could be delivered following an acid pulse, but only
if the toxin was reduced with dithiothreitol(14). Since this previous work also involved
using ammonium chloride instead of bafilomycin Al as the inhibitor, we carried out this
experiment in the presence of ammonium chloride. As can be seen in figure 2, panel II,
the effects of ammonium chloride could be bypassed by providing an acid pulse.

Furthermore, this bypass could be accomplished in the absence of any reducing agent.
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Figure 2. Acid Pulse Induced Entry of Toxin B. Endosomal acidification
was inhibited with either ammonium chloride or bafilomycin A1. Cells were
then subjected to a brief acid pulse at pH 4.0 followed by a return to neutral
pH. Samples were followed for 8 h and cytopathic effects were determined
by visualization. Panel I; Bafilomycin inhibitor and pH pulse. Panel II;
Ammonium chloride inhibitor and pH pulse. A) Toxin B, pH 7.8, B) Toxin B
pH 7.8, plus inhibitor, plus acid pulse, C) Toxin B predialyzed to pH 4.0, D)
Toxin B pH 4.0, plus inhibitor, plus acid pulse, E) Toxin B pH 7.8, plus

inhibitor, F) Toxin B pH 4.0, plus inhibitor
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TNS fluorescence analysis of pH induced changes in toxin B hydrophobicity. TNS is
a convenient probe for determining the exposure or sequestering of hydrophobic domains
under varying conditions. To identify pH induced changes in toxin B hydrophobicity the
protein was preincubated with 20 mM TNS for 20 min at either pH 7.0, 6.5, 6.0, 5.5, 5.0,
4.5 or 4.0. The samples were then analyzed for changes in TNS fluorescence. As shown
in figure 3, toxin B exhibits a significant increase in hydrophobicity as pH declines.
While there is little difference in the range of pH 5.5 to 7.0, at pH 5.0 there is a
significant increase in fluorescence and the intensity continues to increase at pH 4.0. At
the lowest pH, the fluorescent intensity has increased almost 100 fold over that of the
neutral pH. This pH induced transition in hydrophobicity seems to be reversible since
samples shifted from pH 4.0 to pH 7.0 demonstrate TNS fluorescence at background

levels (figure 4).

Tryptophan fluorescence. Presumably the changes in hydrophobicity involve the
movement of buried or less accessible hydrophobic regions into more aqueous
environments. Since tryptophan fluorescence should be quenched under these conditions

changes in the inherent fluorescence of the protein at neutral and acidic pHs should be
revealed. In these experiments toxin B was incubated at 37°C at either pH 4.0 or pH 7.5.

Environmental changes surrounding tryptophans were then followed by fluorescence
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Figure 3. TNS analysis of pH induced hydrophobic transitions in toxin B.
Twenty pmol of toxin B were incubated with 150 uM TNS for 20 min at 37°C.
Samples were analyzed for changes in TNS fluorescence. The fluorescent spectra
of each pH is shown as labeled. The spectra above represents the experimental
sample with background (TNS and buffer alone) subtracted. TNS fluorescence for
samples above pH 5.0 were not above background levels.  Similar relative

fluorescence was obtained in 2 consecutive repetitions of this experiment.
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Figure 4. TNS analysis of toxin B hydrophobicity following pH shift. TNS
was added to toxin B at pH 4.0, incubated for 20 min at 37°C, and the emission
profile was determined. The pH was then raised to pH 7.0 and the TNS
emission spectra was generated. The spectra above represent TNS-toxin B
fluorescence after subtracting background (TNS plus buffer alone). Similar
relative fluorescence was obtained in 2 consecutive repetitions of this

experiment.

14



using an excitation of 270 nm and an emission scan from 300 nm to 400 nm. As can be
seen in figure 5, there is a subtle shift in the fluorescent profile between pH 4.0 and pH
7.5. Tryptophan fluorescence is decreased at the lower pH, indicating that these residues

are in a more solvent accessible environment.

V8 protease analysis. To further track the pH induced conformational changes in toxin
B, we subjected the protein to protease digestion at pH 4.0 or pH 7.8. The
Staphylococcus aureus derived V8 protease was selected since it maintains the same
activity and specificity (peptide bond hydrolysis on the carboxylic side of glutamines) at
both pHs (6, 9). In this experiment toxin B was incubated with V8 protease and the
resulting digest was resolved by SDS-PAGE. As can be seen in figure 6, there is a
difference in the proteolytic digest profile between the two pHs. We also made direct
comparisons with different ratios of toxin to protease, to confirm that the effect was not

due to varying degrees of activity at pH 4.0 and pH 7.8. Regardless of the ratio, we did

not find a condition where the peptide profile was similar.
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Figure 5. Tryptophan fluorescence of toxin B at acidic and neutral pH. Toxin B
(20 pmol) was dialyzed to pH 4.0 or pH 7.0 and the tryptophan fluorescence was
determined. The fluorescent spectra of each sample is shown and labeled above.
The spectra above represents the experimental sample minus background.
Similar relative fluorescence was obtained in 2 consecutive repetitions of this

experiment.
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Figure 6. Relative susceptibility of toxin B to V8 protease at pH 4.0 and pH 7.8. Toxin
B (75 pmol) was incubated with increasing dilutions of V8 protease at pH 4.0 or pH 7.8
for 1.5 h at 37°C. Controls of toxin B alone were included and incubated at the same pH
and temperature. The samples were resolved by 10% SDS-PAGE and stained with

commassie blue. The pH, amounts of V8 protease and controls are labeled above.
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Discussion

Since intracellular bacterial toxins need to be relatively soluble following release from
their host bacterium, they are not able to expose significant apolar domains. This
presents a conundrum since the toxin must insert into a very hydrophobic environment,
namely the phospholipid bilayer of the target cell membrane. For this reason intracellular
bacterial toxins have had to evolve elegant mechanisms to alter their structure
immediately prior to membrane insertion. By using pH as a signal, these proteins can
exploit the natural processes of endocytosis and vacuolar acidification as a means to
trigger the exposure of membrane insertable regions. Thus the hydrophilic molecule can
remain soluble while outside the target cell and expose its membrane inserting domains
when assured of having an accessible lipid bilayer. The purpose of this work was to

determine if toxin B uses this type of mechanism for altering its structure and exposing

hydrophobic regions.

Earlier work by Florin and Thelestam had addressed the issue of lysosomal involvement
in intoxication by toxin B (7, 8). While this work focused on a cytotoxin from C.
difficile, the reports indicated a protein of significantly different size to our isolated form
of toxin B (440 kD instead of 270 kD). In a later paper these investigators report the
amino terminal sequence and it matched the predicted sequence within toxin B.
Interestingly, their protein seems to migrate as a larger form than ours and requires
treatment with dithiothreitol for optimal toxic activity (14). Our purified form of toxin B
shares some similar characteristics with this larger form. Like the larger form ours has an

amino-terminal region matching predicted sequences, however reducing agents do not
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appear to enhance the activity of our purified toxin B. These differences suggested I
should confirm endosomal involvement in toxin B intoxication with my form before
looking at the impact acidification has on toxin B structure. Using bafilomycin Al, an
inhibitor of endosomal acidification, we found that acidification of the endosome is
important for toxin B entry (figure 1). Additionally, [ analyzed the temporal nature of
entry and found that most of toxin B toxicity could be prevented up to 20 min following
treatment. We were also able to circumvent this block by providing a brief acid pulse
(figure 2). These resuits were in agreement with what was found by Thelestam and
Florin with the larger, reductant dependent, form of toxin B. However, 1 was able to get
pH pulse induced entry of toxin B from the cell surface in the absence of reducing agents.
It remains unclear as to just what the actual differences, structurally, are between these
two forms of the toxin. In spite of this, the data indicates that acid conditions have an

impact on toxin B entry and that low pH alone seems to be sufficient for triggering

translocation.

To identify the impact acidification has on toxin B structure, I followed pH induced
structural changes by TNS fluorescence, tryptophan fluorescence and susceptibility to V8
protease. While toxin hydrophobicity at pHs 5.5 and above is not higher than
background, beginning at pH 5.0 TNS fluorescence increases in the presence of toxin B
(figure 3). TNS fluorescence continues to increase at pH 4.5 and pH 4.0. This increase
in hydrophobicity appears to be reversible since raising the pH back to neutral conditions
results in decreased fluorescence (figure 4). Whether the shift back to neutral pH causes

refolding to the original conformation is currently being investigated. The toxin does
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maintain toxic activity following acidification since toxin dialyzed to pH 4.0 still causes
cell rounding (see figure 2). This toxic activity may be due to direct action of the pH 4.0
form or could be the result of the toxin refolding under the neutral conditions of the
culture medium. Earlier reports suggested toxin B was inactivated by acid pH(15),
which conflicts with our findings. The difference may be due to the fact that we slowly
dialyzed toxin B into pH 4.0 buffer at 4°C, while the earlier work used a rapid dialysis

method and incubation at room temperature.

The decreases in tryptophan fluorescence (figure 5) suggests tryptophan containing
domains are moving into more aqueous environments or that hydrophobic pockets are
moving away from tryptophans. In either case, the results suggest that toxin B is altering
its structure in response to acidification. Finally, results from the V8 protease analysis
further support our hypothesis that toxin B is going through pH induced structural
changes (figure 6). Currently, I am investigating whether these structural changes and

increases in hydrophobicity are in preparation for oligomerization and/or membrane

insertion.
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Chapter 11
pH Enhanced Cytopathic Effects of
Clostridium sordellii Lethal Toxin
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ABSTRACT

Clostridium sordellii lethal toxin (TcsL) is a large clostridial toxin (LCT) that
glucosylates Ras, Rac and Ral. TcsL differs from other LCTs since it modifies Ras,
which does not cycle from cytosol to membrane. Using a suite of inhibitors, steps in cell
entry by TcsL were dissected and entry appears to be dependent on endosomal
acidification, but in contrast to TcdB, TcsL was substantially slower in its time-course of
entry. TcsL cytopathic effects (CPE) were blocked by bafilomycin Al and neutralized
by antiserum up to 2 h following treatment of cells with the toxin. This slow time course
of intoxication and relatively high cytopathic dose were alleviated by exposing TcsL to
acid pH resulting in a time-couse similar to TcdB. The optimal pH range for activation
was pH 4.0 to pH 5.0, which increased the rate of intoxication over 5 fold, lowered the
minimal intoxicating dose by over 100 fold, and allowed complete substrate modification
within 2 h as shown by differential glucosylation. Fluorescence analysis of TcsL, using 2-
(p-toluidinyl) naphthalene-6-sulfonic acid as a probe, suggested the acid pH stimulated a
hydrophobic transition in the protein, a likely prelude to membrane insertion. Finally,
acid entry by TcsL caused TcdB-like morphological changes on CHO cells, suggesting

acid activation may be impacting substrate recognition profiles for TcsL.
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INTRODUCTION

Clostridium sordellii, is an important veterninary pathogen, causing abosomal
bloat, hemorrhage, ulcers, liver disease, myositis and sudden death in sheep(14, 21). C.
sordellii has also been reported in human maternal deaths with a disease presenting as a
toxic shock like syndrome (4, 15). Unfortunately, the etiology of C. sordellii disease
remains poorly understood. Myonecrosis is apparently rather infrequent and death may
be due to septicemia, as well as, the expression of several exotoxins. Like many of
disease-causing clostridia, a single major virulence factor from C. sordellii has not been
proposed and most of the C. sordellii toxins— including phosholipase-C, neuraminidase,
and hemolysin- are largely uncharacterized (20). In contrast, two other C. sordellii
extracellular toxins, hemorrhagic toxin (TcsH) and lethal toxin (TcsL), have gamished
intcrest in recent years (6). Intrigue with TcsH and TesL stems from both their unique

mechanism of action as well as potential use as tools in cell biology (8, 16).

TesH and TcsL are members of the large clostridial toxins (LCTs), which
represent a novel group of exceptionally large (270 kD-304 kD) bacterial virulence
factors with the capacity to inactivate multiple target substrates. Along with TcsH and
TesL, LCTs include Clostridium difficile toxins A and B (TcdA & TcdB), and
Clostridium novyi alpha toxin (Tcna). For recent reviews of LCTs see (1, 5, 6). LCTs
target members of the Ras-superfamily of small GTP-binding proteins and, using UDP-

glucose as a cosubstrate, TcsL, TesH, TcdA and TcdB glucosylate Ras proteins with
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varying substrate specificity. TcsH, TcdA and TcdB glucosylate Ras superfamily
members Rho, Rac and Cdc42 whereas TcsL glucosylates Ras, Rac and Ral. Unlike
other LCTs, Tcna utilizes UDP-n-acetylglucosamine, rather than UDP-glucose, as a
cosubstrate for glycosylation of Rho, Rac and Cdc42. In all cases the LCT glycosylates a
threonine (T37 or T35) residue in loop 1 of the effector-binding region, thus blocking
important downstream signaling events. For Rho, Rac and Cdc42, this inactivation may
prevent effective membrane to cytosol cycling, regulation of actin polymerization,
vesicular trafficking and transcriptional activation that ultimately causes extensive actin
condensation, cell rounding, and cell death. Glucosylation of Ras prevents effective

downstream signaling, such as phosphorylation of ERK1 and ERK2 MAP kinase (17).

As intracellular bacterial toxins, LCTs must enter or contact the cytosol to modify
their target substrates. TcdB's mechanism of cell entry is the best characterized among
LCTs and appears to require endosomal acidification and translocation from endocytic
vesicles(10, 18). TcdB appears to translocate to the cytosol within 30 min following cell
treatment, and at low pH the toxin exposes hydrophobic domains and forms ion-
conducting channels(3, 18). Still, very little is known about the steps in cell entry for
these remarkably large toxins, or if these steps in entry play any part in localization with
particular substrates. The substrate targets of most LCTs cycle from the cytosol, where
they are maintained in the GDP bound form, to the plasma membrane where the process
of nucleotide exchange and activation can occur (11). In contrast, Ras, a target of TcsL,
remains anchored at the cell membrane and does not cycle to the cytosol (2). Whether

cellular localization plays a role in recognition of GTPase substrates by LCTs is not
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known. In addition, it is not clear if the cellular glucosylation of Ras by TcsL is driven
solely by substrate specificity or also involves a mechanism of cell entry different from
other LCTs. In this study we investigated the mechanisms of cell entry by TcsL and
report that TcsL CPE are dramatically enhanced by an extracellular acid pH, and blocked
by lysosomotropic inhibitors. The acid pulsed entry increased the rate of TecsL
intoxication, lowered the cytopathic dose, allowed complete substrate modification, and

caused ultrastructrural effects similar to those of TcdB.

MATERIALS AND METHODS

Cell culture and media. Chinese hamster ovary (CHO)-K1 cells, human epitheloid
carcinoma (HeLa) cells and mouse macrophage RAW cells were all obtained from ATCC
(American Type Culture Collection Manassas, VA). These cell lines were maintained in
RP-10 medium supplemented with 10% fetal bovine serum. Cultures were grown at
37°C in the presence of 6% CO,. Unless otherwise noted all reagents and chemicals were

purchased from Sigma (Sigma Chemical, St. Louis, MO).

Purification of TesL and TedB. C. sordellii strain 9714 (American Type Culture
Collection Manassas, VA) or C. difficile strain 10463 (American Type Culture Collection
Manassas, VA) were grown in cellulose ester dialysis tubing with a 10,000 to 12,000-
molecular-weight-cutoff (Spectrum Medical Industries, Houston, Tex.) suspended in 1 L
of 0.5X brain heart infusion broth (Becton Dickinson, Sparks, Md). Following growth at

37°C for 72 h the culture was centrifuged at 12,000 X g for 30 min, and the supernatant
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was collected. TcsL and TcdB were subsequently purified at 4°C by sequential steps of
high-resolution liquid chromatography as previously described (18). Each step in the
purification was followed by cytotoxicity assays on CHO cells, Western blot analysis
using TcdB polyclonal antiserum (a generous gift from Rodney Tweten), and
visualization by sodium dodecyl sulfate-poly acrylamide gel electrophoresis (SDS-
PAGE). Additionally, the activity of purified TcsL was confirmed based on its substrate
recognition profile (glucosylation of Rac, but not Rho and Cdc42). Following the final
step of purification, the protein concentration was determined by Bradford assay (Bio-
Rad Laboratories, Hercules CA), and the sample was frozen at -80°C in 100 pl aliquots.
Prior to use, samples of each toxin were thawed on ice and used immediately. Since
repeated freeze thawing caused increased degradation, aliquots of TcsL and TcdB were

thawed once, used in the appropriate experiment and discarded.

Inhibitor experiments. For inhibitor assays, CHO, HeLa, or RAW cells from a confluent
monolayer were plated at 5 x 10* cells/well in a 96-well plate and incubated for 18 h.
Cells were then preincubated for 30 min with 1 x 102 M ammonium chloride, 1 x 10°M
monensin, or 1 x 10”7 M bafilomycin Al at 37°C. One pmol of TcsL or TcdB was added
to the inhibitor-treated cells the CPE were followed by visualization. For the time-course
assay, CHO cells from a confluent monolayer were plated at 5 x 10* cells/well in a 96-
well plate and incubated for 18 h, at which point 1 pmol of TcsL was added to the cells.
At the indicated time points bafilomycin A1 was added to the treated cells to a final
concentration of 5 x 107 M. Each sample was monitored for 16 h, and CPE were

determined by visualization.
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Acid pulse experiments. CHO, HeLa or RAW cells from confluent monolayers were
plated at 5 x 10* cells/well in a 96-well plate, incubated for 18 h, then treated with either
5 x 107 M bafilomycin Al or 100 mM ammonium chloride for 30 min. Following
treatment with the lysosomotropic agents, TcsL was added to cells across 10 fold
dilutions in amounts ranging from 10 pmol to 1 fmol in a total volume of 100 ul. One
hour following toxin treatment at 37°C, an acid pulse was performed by exposing the
cells to acidified medium (pH 4.0) for 10 min, and then replacing it with neutralized
medium (pH 7.5). To determine the optimal pH for activation, cells were incubated with
TesL for 1 h 37°C, and then buffered media at was added to cells for 10 min, then
removed and replaced with neutralized medium (pH 7.5). The buffers and pHs are as
follows: 100 mM ammonium acetate for pHs 4.0, 4.5, 5.0, 5.5, 100 mM
morpholineethanesulfonic acid (MES) for pHs 6.0 and 6.5, 100 mM Tris pHs 7.0 and 7.5.
The treated cells were monitored for 11 h at 37°C and CPE was determined by

visualization.

Fluorescent analysis of TesL. Fluorescent analyis of TcsL was performed as previously
described for TcdB (18). Briefly, 2-(p-toluidinyl) naphthalene-6-sulfonic acid, sodium
salt [TNS] (Molecular Probes, Eugene, OR) solutions were prepared in the appropriate
buffers for each of the pHs to be analyzed and used at final concentration of 150 uM.
Twenty pmol of TcsL was added to each buffer in a final volume of 2 ml and incubated at

37°C for 20 min. Each sample was analyzed on a SLM 8100 photon counting
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fluoremeter (Spectronic Instruments, Rochester, NY) with an excitation of 366 nm and an
emission scan of 380 nm to 500 nm using a slit width of 2.0. For the pH shift
experiments 20 pmol of TcsL was incubated with 150uM TNS, 50 mM TRIS, ImM
EDTA, 100 mM NaCl, pH 7.5. for 20 min and fluorescence was determined. The pH
was adjusted to pH 4.0 by the gradual addition of 1 N HCI, and the emission spectrum
was generated. The pH was then adjusted back to pH 7.5 by gradual addition of 1 N

NaOH and the fluorescence spectrum was determined again.

TesL neutralization assays. CHO cells and HelLa cells from a confluent monolayer
were plated at 5 x 10 cells/well in a 96-well plate and incubated for 18 h, at which point
TesL or TedB were added to cells at a final concentration of 2 x 10° M. At the indicated
times, anti-TcdB antibody was added to the TcsL and TcdB treated cells, or cells were
washed 4 times with 100 ul phosphate buffered saline. Cells were then monitored for 11

h and CPE were determined by visualization.

Scanning electron microscopy (SEM). SEM analysis was carried out at the Samuel
Noble electron microscopy facility (The University of Oklahoma). CHO cells from a
confluent monolayer were plated at 1 x 10° cells/well in a 24-well plate and incubated for
18 h, at which point cells were treated with TcsL, acid pulsed TcsL, or TcdB. After 11 h,
cells were incubated with 2.5% gluteraldehyde 0.1 M cacodylate buffer at pH 7.3 for 30
min. Cells were then incubated with 0.1 M cacodylate buffer 1% osmium tetroxide pH
7.3 for 1 h. The cells were then washed 3 times with 1 ml/well cacodylate buffer at pH

7.3. Samples were then dehydrated in a graded series of ethanol ranging from 30% to
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100%. Critical point drying followed using autosamdri-814 (Tousimis Research
Corporation, Rockville, MD), at which point, samples were coated with gold up to 400 A
in a Hammer VI sputter coating unit (Anatech LTD, Alexandria, VA). Observations

were performed in a JEOL JSM-880 Scanning Electron Microscope.

Glucosylation Assay. Extracts from treated CHO cells were used as a source of
substrate for TcsL glucosylation. To prepare these extracts, CHO cells were grown in 75
cm? tissue culture flasks until confluent at a density of ~1x10’ cells/flask. The cells were
treated with 20 pmol TcsL in the presence of bafilomycin A1, with or without an acid-
pulse. Two hours following treatment the cells were then washed three times in ice cold
PBS followed by mechanical removal in the presence of lysis buffer (1 mM MgCl,, 1
mM MnCl;, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 10 pg/ml leupeptin, 25 mM
triethanolamine-HCI (pH 7.5)) similar to a previously described method (13). Cells were
sonicated on ice 5 times for 30 sec intervals and the resulting extract was centrifuged at
40K x g for 8 h. The supernatant was removed and concentrated in a centricon

concentrator with a 10 kD mwco (Millipore, Bedford, MA) until the extract reached a

final volume of 0.5 ml.

For the glucosylation assay, CHO extracts (2 mg/ml) were added to a

glucosylation mix containing 50 mM HEPES, 100 mM KCl, 1 mM MnCl;, 1 mM MgCl,
100 pug/ml BSA, 35 puM["*C]UDP-glucose (308 Ci/mol; ICN Pharmaceuticals Inc.,
Irvine, CA) and 10 pg/ml TcsL in a final reaction volume of 20 ul. The reaction was

incubated for 2 h at 37°C and resolved by SDS-PAGE on a 15% acrylamide gel and
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imaged on a Packard electronic autoradiograph instant imager (Packard Instrument

Company, Meriden, CT) similar to previously described methods (12).

RESULTS

Effects of lysosomotropic agents and time-course of cell entry by TesL. The steps in
cell entry for TcdA and TcdB have been documented by others and our group (9, 10, 18).
While TcsL is genetically similar to TcdA and TcdB, the toxin targets different
substrates, and the extent to which cell entry contributes to this difference in target
recognition is not known. Since TcsL is known to interact with cytosolic targets, the
toxin may exploit vesicular trafficking to gain access to substrates. In the first set of
experiments we directly compared the impact inhibitors of endosomal acidification or
inhibiting conditions had on TcsL and TcdB entry. Using CHO, HelLa and RAW cell
lines, I tested monensin, bafilomycin Al and ammonium chloride for the ability to block
TesL CPE and found, similar to previous reports, (3, 17) that TesL induced CPE were
blocked by the inhibitors of endosomal and lysosomal acidification. Similar to earlier
reports on TcdB, cellular intoxication was blocked by monensin, bafilomycin Al and

ammonium chloride (data not shown).
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Fig. 1. Time course of TcsL cytosolic entry. In a 96-well plate CHO cells

(5 X 10* cells/well) were incubated with TcsL (1 pmol) in a final volume of
100 pl, and bafilomycin Al (1 x 107 M) was added at 10-min intervals from
0-180 min. Each sample was tested in triplicate, and CPE were determined at
16 h. The error bars mark the standard deviation from the mean. Similar levels
of inhibition were found in two subsequent repetitions of the same experiment.

B, PBS control; LT, TesL; I, bafilomycin.
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Using bafilomycin A1, we were also able to estimate the time-course of cytosolic entry
by TcsL and make comparison with the known time-course of entry for TcdB. In this
experiment, target cells (CHO, HeLa and RAW) were treated with bafilomycin Al at
various times prior to and following toxin treatment. If the toxin enters the cytosol,
adding bafilomycin Al should no longer block CPE. As shown in figure 1, unlike
previous work with TcdB where we reported entry was almost complete within 30 min,
we found that adding bafilomycin Al up to 2 h following TcsL treatment blocked more
than 60% of TcsL cytotoxicity. These results suggested TcsL entry into the cytosol was
significantly slower than had been reported for TcdB and might account differences in

the time-course of intoxication between the two toxins.

Lxtracellular phi pulse by passes the bafilomycin Al block. To determine whether the
blocking effects of bafilomycin Al could be bypassed, cells, preteated with bafilomycin
Al, were treated with TesL for 1 h at 37°C and then acid pulsed (pH 4.0) for 10 min.
Interestingly, as shown in figures 2 and 3, the acid pulse entry of TcsL not only relieved
the bafilomycin Al block, but also dramatically increased the rate of intoxication, as well

as significantly reducing the minimal cytopathic dose. Treatment with acid pulsed TcsL
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Fig. 2. pH range of acid pulse induced entry of TcsL. In a 96-well plate, CHO
cells (5x10* cells /well) were incubated with bafilomycin Al (5 x 107 M) in a

final volume of 100 pl for 30 min. The cells were then treated with TcsL (1

pmol) for 1 h at 37°C and subjected to a 10 min pH pulse across a range of pHs
and finally returned to the pH 7.8 by addition of neutralized medium. Samples
were followed for 11 h, and CPE were determined by visualization. Similar
effects were determined for CHO, HeLa and RAW cells. Curves: (A) pH 4.0; (B)

pH 4.5; (C) pH 5.0; (D) TcsL (no pulse); (E) pH 5.5; (F) pH 6.0; (G) pH 6.5; (H)

oH 7.0: (D oH 7.5.
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resulted in toxic effects within less than 1 h and reached 100% within 2 h. In contrast the
first CPE from TcsL treatment at neutral pH are not evident until € h and did not reach
maximum until after 10 h. At neutral pH the amount of TcsL yielding 50% cytopathic
dose was 500 fmol, whereas the acid pulse 50% cytopathic dose was less than 1 fmol.
The CPE was not a reflection of cell necrosis since at 2 h all the cells appeared viable by

trypan blue exclusion assay (data not shown).

I also investigated whether the acid pulsed TcsL effect could be initiated by
preincubating the toxin at pH 4.0 prior to treating cells. When TcsL was preincubated for
30 min at pH 4.0 then added to cells in neutral pH media, there was no enhanced
Cyiupathile ciicci, bowever, wWihen Tesc. pretreated ai actd plic was added o cells witl,

acidified media the CPE were similar to acid pulsed TcsL (data not shown).
The optimal pH for TcsL activation was determined by pH pulsing the toxin in the

presence of cells at pHs ranging from pH 8.0 to pH 4.0. As can be seen in figure 2, pH

5.5 appears to be the highest pH at which the rate of intoxication increases dramatically.
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Acid pH stimulates hydrophobic transitions in TesL. TNS is a convenient probe for
determining the exposure or sequestering of hydrophobic domains under varying
conditions. In an earlier report we had shown that TcdB goes through low pH-induced

structural changes which stimulate an increase in TNS fluorescence (18). To determine
whether acid pH was having a similar impact on TcsL structure, we carried out a set of
TNS fluorescence experiments. As shown in figure 4, and in line with our previous report
on TcdB, we found that as TcsL is exposed to lower pH the protein begins to expose
more hydrophobic regions. Furthermore, and also similar to TcdB, this hydrophobic
transition is reversible since raising the pH back to neutrality results in a decrease in TNS

fluorescence.

Neutralization of extracellular TesL. Whiic TedB and T osi appear 1o be simiiat i
some aspects of cell entry and acid-induced structural changes, the two proteins are set
apart by the long delay in cytosolic entry by TcsL at neutral pH. This slow entry might
be explained by a slow rate of effective cell binding or relatively slow entry under test
conditions. To address these possibilities we used a washing procedure and antibody
neutralization assay to determine at which time-point TcsL has been endocytosed under

neutral pH conditions. In one experiment cells were treated with TcsL and washed 3
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Fig. 3. pH enhanced rate of intoxication by TcsL. . In a 96-well plate CHO
cells (5 X 10 cells/well) were treated with either 1 pmol of TcsL or acid
pulsed TcsL (pH 4.0) in the presence of bafilomycin Al (1 x 107 M) in a final
volume of 100 pland then observed for 11 h. CPE were determined by
visualization. Curves: A, acid pulsed TcsL; b, TcsL. Similar rates were

obtained for HeLa and RAW cells.
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times vigorously at specific time-points to remove accessible toxin, then followed for 18
h to determine CPE. As shown in panel A of figure 5, TcsL CPE could be depleted by
washing the cells up to 3 h after treatment, indicating a majority of TcsL was still
accessible at the cell surface and, apparently not tightly bound. For comparison, TcdB
was subjected to the same wash experiment and, as shown in figure 4, by 20 min the CPE

could not be reduced by washing the cells.

Neutralizing antibody had a similar effect on treated cells. The addition of anti-TcdB
polyclonal serum, which cross neutralizes TcsL, also blocked the CPE of TcsL 3 hours
following the addition of TcsL to target cells (figure 4 panel B). When cells were acid
pulsed with TcsL, the effects of washing and antibody neutralization were similar to
TcdB. The delay in TcsL activity did not appear to be due to extracellular activation,
since preincubating Tesl with culture medic did not increase the rate of intoxication

(data not shown).

SEM analysis of CHO cells treated with acid pulsed TcsL. In addition to adopting a
time-course of intoxication similar to TcdB, acid pulsed TcsL also appeared to confer
morphological changes similar to TcdB. When examined under an inverted light
microscope, cells treated with acid pulsed TcsL demonstrated a different morphology

than cells treated with TcsL at neutral pH (data not shown). Furthermore, the cells
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Fig. 4. (A) TNS fluorescent analysis of TcsL. The analysis of pH-induced
conformational changes in TcsL was carried out using the fluorescent probe,
TNS. Each spectrum represents the experimental sample with background (TNS
and buffer alone) subtracted. For the pH shift condition, the toxin was treated
with TNS at pH 7.5, the solution was then titrated to pH 4.0 by gradual addition
of 1 N HCI and returned to neutrality by addition of 1 N NaOH. TesL
hydrophobicity across a range of pHs. TNS fluorescence for samples above pH
5.0 were not above background levels. Emission from pHs 6.0, 7.0 and 8.0 were

not detectable above background.
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Fig. 4 (B) TNS analysis of TcsL hydrophobicity following pH shift.
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treated with acid pulsed TcsL looked remarkably similar to TcdB treated cells (data not
shown). To better characterize these changes in morphology we analyzed the treated
cells by SEM. Since the time-course of intoxication is different between acid pulsed
TesL and TesL at neutral pH, we attempted to normalize the effect by examining the cells
at time points when rounding was complete but cell death, assayed by trypan-blue
exclusion. had not occurred. In the case of TcdB and acid-pulsed TcsL this time point
was 2 h and for TcsL at neutral pH this time point was 11 h. As shown in figure 5, SEM
analysis of CHO cells treated with acid pulsed TcsL appeared similar to TcdB treated
cells, with rounding and smooth cell surfaces. This morphology was clearly different

from cells treated with TcsL at neutral pH, where rounding and extensive cell surface

biebbing had occurred.
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Differential glucosylation in extracts from cells treated with acid pulsed TcsL.
Recently, Barth et al. (3) reported on the pH induced channel forming activity of TcdB
and TcsL. Therefore it was possible that the CPE of cells treated with acid pulsed TcsL
were due to the formation of channels at the cell surface and not related to cytosolic
entrv. To address this possibility we examined lysates from cells treated with TcsL at
neutral pH or with an acid pulse to determine the relative amount of glucosylated
substrate. CHO cells were treated with TcsL under the two conditions and incubated for
2 h at which point the cells were collected and lysates were prepared. The lysates from
these samples were then used in glucosylation assays to determine whether acid pulsed
entry allowed TcsL access to the substrate targets. As can be seen in figure 7, lysates
from cells treated with acid pulsed TcsL did not have accessible substrate, whereas cells
treated with Tesh at neuuai pH were still able 0 present substrate for glucosyiation.
These results suggest that while channels may be formed during the acid pulse entry, the

observed CPE are more likely a result of substrate modification.
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Fig. 5. Time-course of TcsL extracellular neutralization. In a 96-well plate CHO
cells (5x10% cells'well) were treated with either 1 pmol of TedB. TesL or acid
pulsed TcsL in a final volume of 100 ul. At the indicated time points cells were
then subjected to neutralizing antiserum or wash treatments. (A) Treated cells
were washed vigorously with PBS four times at the indicated time points; (B)
Neutralizing antiserum (10 pl) was added to cells at the indicated time-points. In
both experiments cells were then followed for 11 h, and CPE were determined by

visualization. Curves: TcdB (triangle); TcesL (circles).




Fig. 6. SEM analysis of TcdB, TesL and acid pulsed TcsL treated CHO cells.
CHO cells were grown on cover slips and treated 1 pmol of either TcdB, TcsL, or
acid pulsed TcsL in a final volume of 100 pl.  After detecting changes in
morphology, cells were fixed, dried, and mounted for SEM analysis and
visualization. (A) PBS control (magnification, X 1,600); (B) TcsL (magnification,
X 3,300); (C) TcdB (magnification, X 7,500); (D) acid pulsed TcsL (magnification,

X 7,500).
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Fig 7. TcsL differential glucosylation of extracts from TcsL and acid-pulsed
TcsL treated cells. Extracts from CHO cells which had been treated with 1
pmol of acid-pulsed Tcsl or TcsL were used in glucosylation assay to
determine if pretreatment under these conditions blocks substrate.
Glucosylation assays were carried out using ["*CJUDP-Glucose and TesL
with the extracts as target substrates. Incorporation of the radiolabeled
glucose was determined by autoradiography. (A) Glucosylation of extracts
from PBS-treated CHO cells; (B) Glucosylation of extracts from TcsL-
treated CHO cells: (C) Glucosylation of extracts from TesL (acid pulsed; pH

4.0) treated CHO cells.

46



DISCUSSION

Although TcsL and TcdB are genetically similar (83% identity), these toxins target
different sets of substrates (5). Interestingly, TcsL targets Ras which, unlike other LCT
substrates, remains anchored at the inner plasma membrane and, following farnesylation,
does not cycle from this site to the cytosol. Whether TcsL also differs from TcdB in its
mechanism of entry has not been investigated. Based on the results from our inhibitor
assays, TcsL entry appeared to be similar to TcdB entry. Furthermore, acid pH appears to
have similar effect on TcdB and TcsL structure, stimulating the exposure of hydrophobic
regions. The possibility that these two toxins are temporally different in their entry
pathways became evident to us from the bafilomycin Al time-course studies. In a
previous study we found that treatment with bafilomycin Al was ineffective at blocking
TcdB activity when added to cells 30 min after toxin treatment (18). Results from the
washing and antibody neutralization experiments suggest the lag in cell entry could be
accounted for, at least in part, by a slow initiation of endocytosis or low affinity for the
tested cells at neutral pH. All of these effects-slow entry, low rate of intoxication, and
high cytopathic dose-could be alleviated by providing a brief acid pulse at the cell

surface.

The increase in cytopathic activity for acid pulsed TcsL differs from our previous report
on TcdB (18). In the earlier TcdB experiments the blocking effects of lysosomotropic
agents could be bypassed using an extracellular acid pulse; however, acid pulse entry did

not dramatically reduce the cytopathic dose. While different from TcdB, acid pulsed
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TcsL entry does appear to be similar to the activity reported for diphtheria toxin almost
20 years ago (19). In the case of diphtheria toxin, while presumably not the natural mode
of entry, bypassing time-consuming steps in vesicular trafficking with an acid pulse
increases the rate of inhibition of protein synthesis. As a further comparison,
Helicobacter pylori VacA requires extracellular acid pH for activation and is optimally
active under these conditions (7). For VacA the acid enhanced activity appears to be part
of the natural mode of action for this toxin, since H. pylori may face an acidified
environment. In the case of TcsL, whether the acid pH conditions reflect a natural

mechanism of activation or simulation of the endocytic vesicle is unclear.

Finally, there is only limited information on C. sordellii disease and very little is known
about the tissue or cell type that this organism targets. In this study I selected three cell
lines (CHO. HeLa. RAW) 1o use as targets in our assays and each of these cell lines gave
similar data. Since the receptor for TcsL is not known, I can not dismiss the possibility
that low receptor number might account for the slow entry, as well as account for the
results from the wash and antibody neutralization experiments. Low receptor number
would not account however for the blocking activity of lysosomotropic inhibitors and the
acid pulse effects. Taken together these data certainly suggest endosomal trafficking and

acid pH are important to the entry and cytopathic activity of TcsL.
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Chapter I11
Clostridium difficile toxin B activates dual
caspase-dependent and caspase-independent
apoptosis in intoxicated cells
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Abstract
Clostridium difficile toxin B (TcdB) inactivates small GTPases Rho, Rac and Cdc42
during intoxication of mammalian cells. In the current work, we show that TcdB has the
potential to stimulate caspase-dependent and caspase-independent apoptosis. The
apoptotic pathways became evident when caspase-3-processed-vimentin was detected in
TcdB-treated HeLa cells. Caspase-3 activation was subsequently confirmed in TcdB-
intoxicated HeLa cells. Interestingly, caspase inhibitor delayed TcdB-induced cell death,
but did not alter the time-course of cytopathic effects. A similar effect was also observed
in MCF-7 cells, which are deficient in caspase-3 activity. The time course to cell death
was almost identical between cells treated with TcdB plus caspase inhibitor and cells
intoxicated with the TcdB enzymatic domain (TcdB!®°®). Unlike TcdB treated cells,
intoxication with TedB'™* or expression of TcdB'"** in a transfected cell line. did not
stimulate caspase-3 activation vet cells exhibited cytopathic effects and cell death.
Although TcdB'*** treated cells did not demonstrate caspase-3 activation these cells were
apoptotic as determined by differential annexin-V/propidium iodide staining and
nucleosomal DNA fragmentation. These data indicate TcdB triggers caspase-
independent apoptosis as a result of substrate inactivation and caspase-dependent
apoptosis due to a second, yet undefined, activity of TcdB. This is the first example of a
bacterial virulence factor with the potential to stimulate multiple apoptotic pathways in

host cells.
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Introduction
Clostridium difficile — the leading cause of hospital acquired diarrhea (Mylonakis et. al,
2001) - produces two large clostridial toxins (LCTs), TcdA (~304 kD) and TcdB (~270
kD). As an intracellular bacterial toxins TcdA and TcdB glucosylate Rho, Rac, and
Cdc42. causing changes in cell physiology (Boquet et. al, 1999). Like many intracellular
toxins, LCTs can be roughly divided into enzymatic, translocation and receptor binding
domains. Proceeding from the amino to carboxy terminus, the first ~550 amino acids
contain the enzymatic region, which is followed by a putative translocation region and
receptor-binding domain located within the remaining two-thirds of the toxin. Domains

outside of the enzymatic region remain largely uncharacterized in LCTs.

Cell rounding is an accentuated feature of cells intoxicated by TcdA or TcdB, and may
result from blocking Rho’s ability to regulate actin polymerization. I[n addition to cell
rounding, there are diverse changes in cell physiology during intoxication by TcdA and
TcdB. TcdA has been shown to stimulate substance P release and initiate inflammation
(McVey et. al, 2001), as well as, induce COX-2 expression and increase prostaglandin
levels (Alcantara et. al, 2001). A series of reports indicate TcdB is capable of inhibiting
[L-2 expression, reducing Bcl-2 levels, disrupting tight junctions, activating MMP-2,
inducing NO production and down regulating endocytosis (Hausding et. al, 2000); (Koike

et. Al, 2000); (Lombet et. al, 2001); (Nusrat et. al, 2001); (Garrett et. al, 2000).

Despite the list of morphological and physiological changes in TcdB intoxicated cells,

there are conflicting reports on the ultimate fate of cells targeted by this toxin. Rho
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prevents apoptosis by regulating expression of apoptotic factors such as Bcl-2 (Gomez et.
al, 1997), thus its inactivation by TcdB could trigger apoptosis. To this end, TcdB has
been used to induce apoptosis in a variety of cell types and TcdB has been used to dissect
steps in apoptosis for neuronal cell survival and renal cell function (Anderson et. al,
2000); (Linseman et. al, 2001). In the case of neuronal cell survival studies TcdB was
shown to activate caspase-3 at later time-points, suggesting a process of caspase-
dependent apoptosis occurred in these intoxicated cells. In agreement with this
observation, Gall et al. (Le Gall et. al, 2000) reported PARP cleavage in cells treated with
TcdB, further suggesting caspase activation during TcdB induced apoptosis.
Interestingly, Warny et al. reported finding necrotic cell death in TcdB-treated THP-1
monocytes (Warny et. al, 1999), while Fiorentini et al. reported that TcdB was a potent
inducer of apoptosis in IEC-6 intestinal cells (Fiorentini et. al. 1998). In both of these
experiments it is difficult 1o make a clear distinction between complete apoptosis and
necrosis. In fact the data suggest a mixture of necrotic and apoptotic events. For
example, THP-1 cells appeared necrotic when treated with TcdB, but also were protected
by a broad-spectrum caspase inhibitor. Conversely, in the studies on IEC-6 cells, while
complete rounding occurs, less than half of the cells show markers of apoptosis. In the
case of TcdA, there is evidence to suggest apoptosis, or at least perturbation of the
mitochondria, occurs as a result of activities other than inactivation of Rho, Rac and
Cdc42 and may be initiated prior to substrate glucosylation (He et. al, 2000). Clearly,
there are a variety of events occurring in LCT-intoxicated cells, all of which may not

necessarily be due to inactivation of small GTPases.
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In current experiments, while analyzing the proteome of Hela cells treated with TcdB,
we identified a differentially processed form of the intermediate filament vimentin, which
appeared to be cleaved by caspase-3. Degradation of intermediate filaments may
contribute 10 the gross morphological changes in TcdB intoxicated cells, a process
previously attributed only to actin condensation. The observations of vimentin
processing in TcdB intoxicated cells prompted a detailed analysis of caspase-3 activation,
and its contribution to apoptosis in TcdB intoxicated HeLa cells. Using a combination of
experimental approaches, we delineated the role of Rho, Rac and Cdc42 inactivation as
an initiator of apoptosis in TcdB intoxication. These studies identified dual, caspase-3
dependent and independent, apoptotic events in TcdB intoxicated cells, and indicate
specific inactivation of Rho. Rac and Cdc42 triggers apoptosis in a caspase-independent

manner.

Materials and Methods

Cell culture, reagents, wild type and recombinant toxins.

Unless otherwise noted, all reagents and chemicals were purchased from Sigma. Human
epitheloid carcinoma (HeLa) cells, human adenocarcinoma mammary gland cells (MCF-
7) and Chinese hamster ovary cells (CHO) were obtained from the American Type
Culture Collection. HeLa cells were maintained in RP-10 medium supplemented with
10% fetal bovine serum, while MCF-7 cells were maintained in RP-10 medium
supplemented with 10% fetal bovine serum plus 0.01 mg/ml bovine insulin. Cultures

were grown at 37°C in the presence of 6% CO; and all cells were used between passages
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6 and 10. TcdB, PA and LFnTcdB'™>%® were isolated as previously described (Qa'Dan et.
al, 2000) (Spyres et. al, 2001). Cell viability assays were carried out using WST-8 (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,

monosodium salt) (Dojindo Laboratories) according to manufacturer’s instructions.

Cell extracts and two-dimensional gel analysis.

HeLa cells were grown to confluence in a T-75 flask (~1 X 10’ cells) and treated with
TcdB (50 ng/ml) for 24 h, along with control cells mock treated with PBS in a final
volume of 20 ml. Cell extracts were prepared as previously described (Just et. al, 1994 ).
The extract was concentrated and protein concentration was determined by Bradford

assay (Life Technologies).

For 2-dimensional gel analysis. 200 pg of cell extract was loaded on 7 cm IPG strips, pH
range 3-10 non-linear (Pharmacia). Rehydration solution containing 8M urea, 2%
CHAPS, 1% DTT, and 0.5% IPG buffer was added with the extract to a final volume of
120 pL. Isoelectric focusing (IEF) was carried out on an [PGphor system (Pharmacia)
according to manufacturer’s instructions. Following IEF, proteins were resolved in the
second dimension on strips were then loaded on 15% polyacrylamide SDS-PAGE gel.
After coomassie staining, gels were compared visually and candidate spots were prepared

as described by Devreese er al. (Devreese et. al, 2001).
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Nano-electrospray MS-MS/MS analysis.

Candidate proteins were analyzed by nano-electrospray MS and MS/MS on a Q-TOF
mass spectrometer (Micromass) similar to previously described conditions Devreese et al
(Devreese et. al. 2001). In situ digests were washed using Millipore C18 Ziptips and
prepared extracts were loaded into a coated fused silica capillary (New Objective), and
placed into the nanospray source. Spectra were collected in the 100-1000 mass range
using 2 sec scans with data collected for 2 min. Prominent doubly charged molecular ions
were identified and selected for collision induced dissociation fragmentation. MassLynx
software (Micromass) was used to interpret MS/MS spectra. The MaxEnt3 tool was used
to convert multiply charged ions to singly charged species and the PepSeq tool was used
to determine the amino acid sequence after delineating the fragment ion series. Sequence
comparisons were performed using the BLAST algorithm (Altschul et. al. 1997) against

the Homo sapiens database.

Immunoblot and immunostain analysis of cellular vimentin.

Immunoblot analysis was carried out on extracts from HeLa cells treated with TcdB.
HeLa cells, grown to confluence (3 X 10° cells) in a T-25 flask, were treated with 1 pmol
of TcdB and at the indicated time-points extracts were collected as previously described
(Just et. al, 1994). Extracts were probed with anti-vimentin monoclonal antibody V-9
(Santa Cruz Biotechnology), and developed by ECL luminescence (Amersham
Pharmacia). For immunostaining vimentin, HeLa cells were plated on 12 mm coverslips

at a density of 1 X 10° cells/coverslip and allowed to grow for 24 h, at which point cells
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were treated with 1 pmol of TcdB in a final volume of 0.5 ml. At the indicated time-
points cells were fixed and immunostained with anti-vimentin V-9 antibody and TRITC-
labeled secondary antibody as previously described (Safiejko-Mroczka et. al, 1998).
Cells were viewed using a Zeiss Universal epifluorescence microscope equipped with

Olympus oil immersion in DApo UV objectives.

Caspase-3 activation and caspase inhibitor assays.

To test for caspase-3 activity, HeLa cells were grown in 25-cm? tissue cuiture flasks until
confluent at a density of 3 X 10° cells/flask, at which point 1 pmol of TcdB, or 30 pmol
PA plus 100 pmol LFnTcdB'**¢, was added to the cells in a final volume of 5 ml. At the
indicated time points, cells were scraped and centrifuged at 1000 X g for 5 min at 4°C.

Treated cells were suspended in lysis buffer (50 mM HEPES, 100 mM NaCl, 0.1%

CHAPS, ImM DTT. 0.1 mM EDTA, pH 7.4) and incubated for 10 min on ice, and cell
debris was removed by centrifugation at 10000 X g for 5 min at 4°C. Eighty microliters
of assay buffer (50 mM HEPES, 100 mM NacCl, 0.1% CHAPS, 10 mM DTT, 0.1 mM
EDTA, 10% glycerol, pH 7.4) was then added to 10 pl of Caspase-3-Substrate I
(CPP32/apopain colorimetric substrate, Ac-Asp-Glu-Val-Asp-pNA) (Calbiochem) and 20
ul of cell extract. Readings were then recorded every 5 min using a PowerWavex plate
reader (BIO-TEK) at 405 nm for 24 h at 37°C. Caspase-3 specific-activity, was
calculated per manufacturer’s instructions. Caspase inhibitor assays were performed

according to manufacturer’s instructions using 50 uM caspase inhibitor cocktail III

(Calbiochem).
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Generation of TcdB'**-expressing CHO cells.

A DNA sequence coding for the enzymatic domain of TcdB (TcdB'**®) placed
downstream and in-frame with a Kozak sequence (GNNATGG) was cloned between the
Hindlll and EcoRI sites of plasmid pGene/V5-His version B (Invitrogen) multiple
cloning site. The recombinant plasmid was linearized with Sapl and introduced into
GeneSwitch-CHO cells (Invitrogen) by lipofection according to the protocol supplied
with the LipofectAMINE PLUS Reagent Kit (Gibco Life Technologies). Stably
transfected cells were selected on growth medium consisting of complete F-12 (HAM)
medium plus zeocin (300 pg/ml) and hygromycin (100 pg/ml). Single clone lineages of
the transfected cells were established by limiting dilution. Expression of TcdB was
induced in the different cell lineages of transfected CHO cells by the addition of
mifepristone (lO'sM), to the selective medium. GeneSwitch-CHOpGene/TcdB1-556 a
lineage of transfected cells showing nearly 100 % rounding in 24 h in the presence of

mifepristone was identified and chosen for the experiments reported herein.

Propidium iodide and Annexin-V staining.

For differential propidium and annexin-V staining experiments, HeLa cells were grown
in 25-cm” tissue culture flasks at a density of 3 X 10° cells/flask for 16 h, at which point
10 pmol of TcdB, or PA plus LFnTchl'SS‘S, were added to the cells in a final volume of 5
ml. At the indicated time points, cells were trypsinized and pelleted at 100 X g for 10
min at 4°C. Cells were then resuspended in cold PBS and pelleted at 100 X g for 10 min
at 4°C. Annexin binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl,, pH 7.4)

was used to resuspend cells at a density of 1 X 10° celis/ml. Cells were then labeled with
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5 ul of Annexin-V Alexa Flour 488 dye and propidium iodide (Molecular Probes)
according to the manufacturer’s protocol. Labeled cells were analyzed using a
FACSCalibur system (BD Biosiences). The probe was excited with a laser at 488 nm
(250 mW), and emission was measured at 530 nm and > 575 nm; logarithmic

amplification was used for fluorescence detection.

Analysis of nucleosomal fragmentation.

HeLa cells were grown in 25-cm? tissue culture flasks until confluent at a density of 3 X
10° cells/flask, at which point 10 pmol of TcdB, or PA plus LFnTcdB'*%, were added to
the cells in a final volume of 5 ml. At the indicated time points, cells were mechanically
removed and centrifuged at 1000 X g for 5 min at 4°C. The cells were then resuspended
in PBS at 1-2 X 10° cells/ml. and then pelleted by brief centrifugation. Nucleosomal
DNA was extracted using an ApoptoticLADDER Kit (Geno Technology) according to

manufacturer’s instructions. The DNA sample was then loaded and analyzed on a 1.8 %

agarose gel.

Statistical analysis.
Statistical determinations were made using the statistics component of Microsoft Excel
2001. Significance was determined by students t-test (p<0.01) and error bars in

respective plots represent the standard deviation from the mean.
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Results

Protein profiles of TcdB-treated HeLa cells.

While recent studies have defined mechanisms of cell entry and substrate modification by
TcdB, there remains a dearth of information on the downstream effects of these activities.
To better understand the physiological results of TcdB intoxication, I analyzed the
proteome of TcdB-intoxicated cells for differential protein profiles. Protein extracts from
TcdB-intoxicated HeLa cells were resolved by 2-dimensional gel electrophoresis and
visualized by coomassie blue staining (see Fig. 1). Under these conditions, one protein
was noticeably increased in TcdB-treated samples compared to control. The differential
protein was trypsinized, extracted from the gel, and the tryptic fragments were analyzed
by tandem mass spectroscopy in which candidate ions were subjected to amino-acid
sequencing (see Fig. 2A). Three candidate peptides (QDVDNASLAR, EEAESTLQSFR,
FSLADALNTEFK) were identified (see Fig. 2B) by MS/MS analysis. BLAST
comparisons of these peptides revealed 100% homology with the human intermediate
filament vimentin. Interestingly, the differential protein did not migrate at the size
predicted for human vimentin (~ 57 kD). Instead, the candidate protein migrated at ~ 20
kD, suggesting protein might be a modified or truncated form of vimentin. Thus, to

determine the fate of vimentin in intoxicated cells, samples were examined by
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Fig. 1. Two-dimensional gel analysis of extracts from TcdB-treated HeLa cells.
HeLa cells (1x107) were treated with TcdB or PBS for 24 h, soluble protein was
collected and 200 pg was loaded on pH 3-10 non-linear focusing strips then
separated on a IPGphor [EF apparatus. Following IEF, samples were resolved in
the second dimension by SDS-PAGE and stained with coomassie brilliant blue.
Panel A) Two-dimensional protein profile from PBS treated HeLa cells, Panel B)

Two-dimensional protein profile from TcdB treated HeLa cells.
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Fig. 2. Mass-spectrometry and sequence analysis of differential protein.
Candidate protein was trypsinized and extracted from the 2-dimensional gel,
prepared and analyzed by nano-spray MS/MS on a Q-TOF mass spectrometer.
Spectra were collected across a 100-1000 mass range and the amino-acid
sequence was determined for prominent doubly charged peptides. Sequence
comparisons were made by BLAST analysis against the Homo sapiens database.
Panel A) Mass-spectrum profile of tryptic fragments from candidate protein,
Panel B) Sequence of 3 candidate peptides and sites of homology with the

human intermediate filament vimentin.

immunostaining or immunoblotting vimentin in TcdB treated HeLa cells. As shown in
Fig. 3A, vimentin demonstrates both temporal and spatial changes in TcdB intoxicated
cells. Early in the intoxication. vimentin is concentrated around the perinuclear region
and over time vimentin become less prominent. In line with this observation, as shown in
Fig. 3B, vimentin is cleaved in intoxicated cells and migrates at a size similar to that of
cleaved vimentin from staurosporine (an inducer of vimentin degradation) treated cells.

These results suggested vimentin was reorganized and degraded in TcdB-intoxicated

cells.

Caspase activation in TcdB-intoxicated HeLa cells.

Several candidate peptides from vimentin were analyzed and sequenced via tandem mass

spectrometry. Since the protein is trypsinized prior to MS/MS sequencing all candidate
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Fig. 3. Inmunostain and immunoblot analysis of vimentin in TcdB-treated HeLa cells.

Hel a cells, treated with TcdB, were fixed and stained with anti-vimentin monoclonal
antibody V-9 or extracts were collected from intoxicated cells and subjected to
immunoblot analysis also using the V-9 primary antibody. In the fixed cells
immunoreactivity was detected using TRITC-labeled secondary antibody and viewed
under an epifluorescence microscope. ECL luminescence was used for vimentin
detection during immunoblot analysis. Panel A) Vimentin staining in control and
TcdB-treated HeLa cells at the indicated time-points; Panel B) Immunoblot of extracts

from staurosporine or TcdB treated HeLa cells at the indicated time-points.
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peptides should contain carboxy and amino terminal trypsin sites. Interestingly,
$FSLADALNTEFK revealed only one recognizable trypsin cleavage site at K¥'N%, yet
the amino terminal region of this peptide between D**F®* did not contain a trypsin
recognition site. Further sequence analysis revealed a proteolytic cleavage site (DSVD)
at the amino-terminal side of the sequenced peptide. DSVD matches an established
DXXD recognition motif for caspase-3, and processing at this site suggested caspase-3
may be activated in this system. Furthermore, recent reports have shown that caspase-3,
along with other caspases, is capable of cleaving vimentin during apoptosis (Byun et. al,
2001). To confirm caspase-3 activation in this system, HelLa cells were treated with
TcdB and at various time-points cells were analyzed for caspase-3 activity using the
colorimetric substrate Ac-Asp-Glu-Val-Asp-pNA. As shown in Fig. 4, active caspase-3

is detected as early as 4 h following treatment with TcdB and is maximal between 16 h

and 24 h.

The role of caspases in TcdB intoxication.

To determine the contribution of caspase activation to cell death in TcdB intoxicated
cells, TcdB toxic effects were analyzed in the presence of a broad-spectrum caspase
inhibitor. As shown in Fig. 5A, treatment with caspase inhibitor slowed the killing
effects of TcdB. Comparisons were also made between the full-length toxin and the

enzymatic domain of TcdB (TcdB'™5%). To focus on the enzymatic domain of TcdB we
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Fig. 4. Caspase-3 activation in TcdB-treated HeLa cells. HeLa cells were
treated with TcdB (50 ng/ml) and extracts were collected at the indicated time-
points. Extracts were assayed for caspase-3 activity using the CPP32/apopain
colorimetric substrate. The assay was maintained at 37°C and A4gs was
collected every 5 min for 24 h. The change in absorbance was plotted and the
slope of the line was used to calculate the rate of caspase-3 activity in each

sample. Time-points and samples are labeled on the bar-chart.
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took advantage of a protein-based cell delivery system from an attenuated form of
anthrax toxin. This anthrax toxin derivative consists of anthrax protective antigen (PA),
and a truncated form of anthrax lethal toxin (LFn), to which heterologous fusions are
made. PA then mediates the cell entry of the LFn fusion via anthrax toxin’s normal mode
of cell penetration. We have used the system in the past as a tool to analyze the toxic
effects of TcdB'™* and for a more detailed description Spyres et. al. Interestingly,
TcdB'"**® specific intoxication was remarkably similar to that observed in cells treated
with TcdB plus caspase inhibitor (see Fig. 5B) and addition of the caspase inhibitor did
not change the rate of cytotoxic effects for TcdB'® (see Fig. 5C). Furthermore, in
contrast to differences in viability, the caspase inhibitor did not alter the time-course of
cytopathic effect in TcdB intoxicated cells (data not shown). Taken together these results
suggested early TcdB cytopathic effects are not the result of caspase-3 activation, and are
more likely due to modification of Rho, Rac and Cdc42. Later effects, involving cell
death, may be accelerated by activities that occur in addition to substrate modification.
Furthermore, intoxication by TcdB'***® does not appear to require caspase activation.

We also examined the susceptibility of a caspase-3 deficient cell line (MCF-7) to TcdB
intoxication. As shown in Fig. 6A, MCF-7 cells also demonstrated a slower time-course
of death compared to cells with normal caspase-3. In line with the caspase inhibitor

assay, the rate of MCF-7 intoxication was also very similar to the rate of cell death for
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Fig. 5. Effect of pancaspase inhibitor on TcdB and TcdB'** intoxication. HeLa
cells were treated with TcdB or TcdB'% (via PA,LFn) in the presence of a broad
spectrum caspase inhibitor and cell viability was determined by WST-8 staining.
Panel A) Comparison of TcdB mediated intoxication in the presence and absence of
inhibitor. Open circles, TcdB; Open Squares TcdB plus caspase inhibitor. Panel B)
Comparison between TcdB'~* treated cells and cells treated with TcdB plus caspase
inhibitor. Open circles, TcdB; Open Squares, TcdB plus caspase inhibitor; Open
diamonds, TcdB'%%. Panel C) Impact of caspase inhibitor on TcdB'** intoxication.

Open squares, TcdB'™%; Open circles TcdB' ™% plus caspase inhibitor.

71



120 - A 120 B

% Viability
% Viability

| PR UUE FEUUE DI T FFTEY FITEY FTWOTE FUTUY ITOU |
0 10 20 30 490 S 6 70 80

Time (H)

Fig. 6. Effects of TcdB on a caspase-3 deficient cell line. MCF-7 or HelLa cells
were treated with TcdB and cell viability was determined by WTS-8 cell staining at
the indicated time-points. Comparisons were also made between MCF-7 cells
treated with TcdB, HeLa cells treated with TcdB, and HelLa cells treated with PA,
LFnTcdB'**. Panel A) Rate of cell death in MCF-7 versus HeLa cells. Open
circles, TcdB treated HeLa cells; Open squares, TcdB treated MCF-7 cells. Panel
B) Comparison of the rate of cell death for TcdB!3*® treated HeLa cells versus TcdB
treated MCF-7 cells. Open circles, TcdB treated HeLa cells; Open squares, TcdB

treated MCF-7 cells; Open diamonds, PA, LFnTcdB!"%8 treated HeLa cells.
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HeLa cells intoxicated with TcdB'?* (see Fig. 6B). These results further suggested
caspase-3 activation is a part of the TcdB intoxication process and might be conferred by

an activity of the toxin other than substrate modification.

Caspase-3 Activity in TcdB'** Intoxicated Cells.

Since the results from the caspase inhibitor and MCF-7 experiments suggested caspase-3
might not be involved in substrate specific intoxication, we assayed cells intoxicated with
the TcdB'*** for caspase-3 activation. HeLa cells were treated with TcdB'**® -delivered
via the PA,LFn system- and extracts were assayed for caspase-3 activity at selected time-
points. While TcdB'*%® can confer cytopathic effects and cell death there is no detectable
activated caspase-3 in these cells (see Fig. 7A). This result suggested that, corresponding
to the caspase inhibitor data, inactivation of Rho, Rac and Cdc42 was not sufficient to

evoke caspase-3 activation in TcdB intoxicated cells.

It was also possible that the absence of caspase-3 activation was due to lower activity
from TcdB'5%® compared to TcdB. Futhermore, caspase-independent apoptosis can be
triggered through cell surface death receptors such as TNFR-1 and Fas (Leist et. al,
2001), and it was plausible that TcdB'* was capable of activating these receptors during
PA. LFn mediated cell entry. To contend with these possibilities we generated a CHO

cell line capable of inducible expression of TcdB'**¢. In this case the gene
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Fig. 7. Caspase-3 activity in TcdB'™*® treated cells and in a TcdB'***-expressing
cell line. HeLa cells were treated with PA, LFnTcdB'™*® or CHO cells stably
transfected with the TcdB'*%. encoding DNA fragment was induced with
mifepristone. Samples were collected from these cells and compared with
extracts from TcdB treated cells for caspase-3 activation. Extracts were assayed
for caspase-3 activity as described early. Panel A) Caspase-3 activity in TcdB or
PA.LFnTcdB'**® weated HeLa cells over the course of 72 h. Panel B) Caspase-3
activity in CHO cells treated with TcdB or cells expressing TcdB!*® over the

course of 72 h.
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fragment encoding for TcdB'>%® was cloned into the mifepristone inducible expression
system pGene and transfected into the pSwitch CHO cell line, thus providing a tool for
sustained enzymatic activity. As shown in Fig. 7B, in line with the TcdB'** results, the
mifepristone-induced cells did not contain activated caspase-3. Also similar to the
TcdB!*3%® results these cells showed cell rounding and cell death (data not shown). These
data further suggested inactivation of Rho, Rac and Cdc42 does not stimulate caspase-3

activation in TcdB intoxicated cells.

Apoptosis in TcdB' % Treated Cells.

Although caspase-3 activity was not detected in cells treated with or expressing TcdB'
3% according to cell staining and trypan-blue exclusion assays these cells eventually
died. The mechanism of cell death for these cells was not clear, so we carried out
experiments to determine if cells treated with TcdB'** go through apoptosis. In this
assay, HeLa cells were treated with TcdB or TcdB'** and assayed by dual annexin-V
and propidium iodide (PI) staining. The number of annexin-V and PI positive cells was
determined by FACS analysis. As shown in Fig. 8, cells treated with TcdB show
hallmarks of apoptosis by 12 h and also show significant PI staining at this relatively
early time-point. Conversely. TcdB'**® treated cells are slower to demonstrate annexin-
V staining, but this clearly proceeds any PI staining. In all, by 12 h 39% of the cells were
annexin-V positive (apoptotic) in the TcdB treated samples and 51% were PI positive
(interpreted as necrotic or late-apoptotic). By 24 h, 65% had become PI positive and the

number of annexin-V positive had decreased to 24%.
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Fig. 8. Markers of apoptosis in TcdB and TcdB'~% treated cells. HeLa cells were
treated with TcdB or TcdB'®*® (delivered via PA, LFn) and analyzed for
differential annexin-V /propidium iodide staining or nucleosomal DNA laddering.
For FACS analysis, at the indicated time-points following TcdB treatment, cells
were collected and labeled with annexin V- Alexa Fluor 488 and propidium
iodide. Cells were analyzed at 12 h, 24 h, 36 h, and 48 h following treatment.
Panels A-D, Mock-treated buffer control cells; Panels E-H, TcdB treated Hela
cells; Panels I-L TcdB'***° treated HelLa cells; Panel M, DNA laddering in TcdB
and TcdB'* treated cells. At 24 h and 36 h following TcdB or TcdB'**
treatment, nucleosomal DNA was collected from cells and analyzed on a DNA
agarose gel. Lane 1, TcdB 24 h; Lane 2, TcdB'**® 24 h: Lane 3. TcdB 36 h; Lane

4. TcedB'** 36 h.

By the final time point greater than 90% of the TcdB treated cells were PI positive. In
contrast to this, at 12 h only 10% of TcdB'**® treated cells were PI positive and 28%
were annexin-V positive. The percentage of both PI positive and annexin-V positive
cells increased by the next two time-points in TcdB'® treated cells and by the final time
point a majority of the cells had become PI positive. As a confirmation of apoptosis in
TcdB'*% treated cells, nucleosomal fragmentation was examined in TcdB and TcdB!5%¢
treated cells. As shown in Fig. 8M, both TcdB and TcdB'™¢ treated cells show
fragmentation of nucleosomal DNA, further demonstrating apoptosis induced by TcdB
and TcdB'%¢. These results demonstrate that TcdB' ¢ wreated cells are capable of going

through apoptosis, vet this process is slower than that observed in TcdB treated cells.

77



Discussion

Results from this current work identify important new aspects of TcdB intoxication.
First. TcdB intoxication causes the degradation of intermediate filaments, which
contributes to changes in cell morphology. Second, there are dual caspase-dependent and
caspase-independent apoptotic processes occurring in TcdB-intoxicated cells, and
caspase-independent apoptosis appears to be due to substrate modification. This data
also suggests TcdB may have an activity, encoded outside of the enzymatic domain, that
triggers caspase-3 activation. Alternatively, intact TcdB may traffic to a site within the

cell that is not accessed by TcdB'~*® alone.

Intermediate filaments -such as vimentin- provide strength and structure to cells, thus
reorganization and processing of vimentin may be necessary during some types of cell
rounding. Based on the immunostaining experiments, vimentin appeared to first
reorganize around the nucleus in TcdB intoxicated cells and this was followed by
degradation of vimentin at later time-points. The immunoblot results are completely in-
line with the observations from the cell immunostaining. While immunostaining revealed
changes in vimentin by 4 h after intoxication, processed forms of vimentin was not
detected by immunoblot until almost 24 h after toxin treatment. In the past,
morphological changes in TcdB-intoxicated cells have been attributed to inactivation of

Rho and thus disrupting actin polymerization. Reorganization and modification of
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intermediate filaments also contributes to changes in the cell morphology during TcdB

intoxication.

By blocking caspase-activity I was able to slow the rate of cell death in cells treated with
TcdB. [ became increasingly interested in this event when we found that the rate of cell
death in cells treated with TcdB plus caspase inhibitor is remarkably similar to that
observed in cells treated with TcdB'**®. A similar intoxication effect was also observed
on MCF-7 cells that lack caspase-3. This suggested that caspase activation, or at least
caspase-3 activation, contributed to cytotoxicity and might not be related to substrate
inactivation. This possibility was confirmed by showing that cells intoxicated by TcdB'
3% did not exhibit activated caspase-3. These data also imply early cytopathic effects
result from the substrate specific activity of TcdB, since the rate of cell rounding did not
change in the presence of the inhibitor. It is worth noting that later cytopathic effects
could be attributed to the activation of caspase-3. The evidence for caspase-3 modulation
of the cytoskeleton is compelling. Interestingly, the pathway for caspase-3 regulation of
the cytoskeleton is linked to Rac and Cdc42. Caspase-3 has been shown to degrade Rac
and Cdc42 (Tu et. al, 2001), thus activation of caspase-3 may directly impact Rac and
Cdc42 activity regardless of glucosylation by TcdB. While caspase-3 activation does not
appear to lead to Rho cleavage, caspase-3 has been shown to cleave Rho-GDIs
suggesting Rho may be modulated by caspase-3 during apoptosis (Essmann et. al, 2000).
Indeed, activities other than glucosylation of Rho, Rac and Cdc42 may contribute to

TedB intoxication.
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TcdB'"*%¢ apoptosis and cell death occur in the absence of caspase-3 activation but at a
slower rate. At the concentration tested, apoptosis is detected as early as 12 h in TcdB
treated cells. PI staining also occurs at early time-points and suggests some cells from
this population could be going through necrotic cell death or late apoptosis. These results
may explain earlier conflicting reports regarding cell necrosis versus apoptosis in TcdB
intoxicated cells (Warny et. al, 1999); (Fiorentini et. al, 1998). The time-course of
TcdB'%¢ induced apoptosis was different from that of TcdB. Treatment with TcdB'3%¢
caused a different dual annexin-V, PI staining pattern, with a majority of cells staining
early with annexin-V, then at later time points more cells became PI positive. These
results suggested substrate-specific, and thus caspase-3 independent, apoptosis occurs
slower than TcdB-induced, caspase-3 dependent apoptosis.  Also, TcdB!"%¢ apoptosis
profiles did not show early signs of necrosis like that observed in TcdB intoxication. The
mechanism of substrate specific apoptosis is not entirely clear and we are currently
dissecting the role of other factors, such as Bcl-2 family members that may be involved in
the caspase independent apoptosis. In addition, the region of TcdB that contributes to
caspase dependent apoptosis is not defined and identification of this domain will

significantly add to our understanding of this LCT.

Results from the Tch"556-speciﬁc studies presented here, as well as, studies from other
groups, clearly show that the enzymatic domain is capable of causing cell death.
However, there is a growing body of data, including this report, that suggest LCTs have
activities other than glucosylation that contribute to cell death. To my knowledge there

are two reports that most directly implicate Rho inactivation as the sole cause of cell
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death. First, work by Giry et al. (Giry et. al, 1995) showed that overexpression of Rho
isoforms protected CHO cells from TcdB’s toxic effects. Secondly, work by Chaves-
Olarte (Chaves-Olarte et. al, 1996) showed that a cell line deficient in UDP-glucose was
resistant to TcdB. It is interesting that Rho has been shown to regulate the expression of
Bcl-2 and overexpression of Rho could prevent cells from going through apoptosis. In
the case of the UDP-glucose deficient cell lines, while these cells were protected against
TcdB’s toxic effects, the cells did succumb to the toxin after extended incubation or
exposure to increased doses of the toxin, and this could be a result of TcdB’s

nonsubstrate related activities.

Numerous studies have been carried out using TcdB as an inhibitor of Rho, Rac and
Cdc42. We contend that data from such studies must be considered in the light of other
possible intracellular activities of TcdB. TecdB (~270 kD) is a remarkably large
intracellular bacterial toxin, and may have maintained this size to carry multiple functions
within the cell. Finally, while TcdB is not unique as a virulence factor capable of
stimulating apoptosis, TcdB does appear to be unusual since to our knowledge this is the

first report of a single virulence factor capable of activating dual apoptotic pathways.
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Chapter IV
Multiple Death Pathways Are Triggered By
Clostridium sordellii Lethal Toxin
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ABSTRACT

Clostridium sordellii lethal toxin (TcsL) glucosylates Ras, Rap, Ral, and Rac during
intoxication of mammalian cells. In this study we show that TcsL has the capacity to
activate multiple death pathways in intoxicated cells. Initially, we generated a fusion
protein encoding the TcsL enzymatic domain (residues 1-556) with a truncated version of
anthrax toxin lethal factor (LFn). When delivered to the cytosol of the cell with anthrax

protective antigen (PA), LFnTcsL!?%®

caused cytopathic effects at a rate faster than wild-
type TcsL; however, cell death in fusion treated cells was delayed compared to TcsL. In
light of this disparity in cytotoxicity between LFnTcsL'®* and TesL, we analyzed a
death pathway in treated cells by quantifying caspase-3 activation. In contrast to TcsL,
PA plus LFnTcsL'?*® did not stimulate any detectable caspase-3 activation under
conditions that caused cell rounding and cell death. Furthermore, a broad-spectrum
caspase inhibitor delayed cell death in HeLa cells intoxicated with TcsL, but the inhibitor
did not afford the same protection to PA. LFnTcsL'% treated cells. In addition, a
caspase-3 deficient cell line (MCF-7), treated with TcsL, showed delayed cell death, but
an almost identical time-course of cytopathic effects compared to Hela cells.
Interestingly, nucleosomal DNA fragmentation and annexin-V positive staining was
detected in cells treated with TesL or PA, LFnTesL!™ % suggesting both are capable of
triggering apoptosis. These data suggest TcsL uses multiple functional domains to

activate more than one death pathway in intoxicated cells
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INTRODUCTION

Clostridium sordellii is an important veterinary pathogen, and causes liver disease,
myositis, and sudden death in sheep (17, 22). In humans, C. sordellii has been implicated
in post-partum deaths and, recently, as the causative agent of death in patients undergoing
knee surgery (3, 14). C. sordellii has also been involved in a shock-like disease among
intravenous drug users (2). C. sordellii disease appears to be on the rise in humans, and
unfortunately we have a poor understanding of the mechanisms of pathogenesis for this
organism. Two C. sordellii virulence factors, lethal toxin (TcsL) and hemorrahgic toxin
(TcsH), have been analyzed in some detail, and toxoids of these proteins are effective
vaccines against C. sordellii (1). Thus, TesL and TcsH are important to the disease

process and may be major C. sordellii virulence factors.

TcsL and TesH are members ot the family of large clostridial toxins (LCTs), which is
composed of at least 5 sizable (250 kDa-308 kDa) glycosyltransferase toxins from the
clostridia (4). In addition to TcsL and TcsH, LCTs include toxin A (TcdA) and toxin B
(TcdB) from Clostridium difficile, and a-toxin (Tcna) from Clostridium novyi. Each of
these toxins causes pronounced cytopathic effects (CPE) in cultured mammalian cells,
and these effects are apparently a prelude to cell death. To cause CPE, LCTs enter cells
via receptor mediated endocytosis and require acidified endosomes for translocation to
the cytosol where target substrates are modified. TcsL causes delayed CPE compared to
TcdB and TcdA, and this appears to be due to TcsL'’s relatively slow time-course of cell
entry (6, 20). The differences in cytotoxicity might also be due to TcsL’s substrate

targets, which differ from those of TcdA and TcdB.
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LCTs glycosylate members of the Ras family of small GTPases. In particular, TcdA,
TcdB, TcsH, and Tcna preferentially target Rho, Rac and Cdc42, while TcsL inactivates
Ras, Ral, Rap, and Rac. Since Rho, Rac, and Cdc42 are responsible for cytoskeleton
organization and cell signaling, their inactivation leads to the inhibition of actin
polymerization. vesicular trafficking, and transcriptional activation (8, 13, 16). Ras, a
target of TcsL, plays a key role in a mitogen activated protein kinase pathway (MAPK),
and its inactivation leads to the inhibition of signal transduction to key downstream
effectors like extracellular-signal regulated kinases 1 and 2 (10, 12, 19). Despite this list
of targets and physiological impacts on cell biology, little is known about how or why
these cells ultimately succumb to the intoxication. There are two primary modes of cell
death. necrosis and programmed cell death. TcsL appears to involve the latter to cause

cell death. and reportedly triggers caspase-3 activation and apoptosis (18).

Recently, work by He et al. indicated TcdA is capable of initiating processes within the
cell prior to substrate modification, suggesting LCTs may have other activities unrelated
to glucosylation and these contribute to changes in cell physiology (9). In light of this,
and in order to better define TcsL intoxication, we analyzed the impact of the TcsL
enzymatic domain, in the absence of other regions of the toxin, on cell physiology. In
particular, I examined the ability of the TcsL enzymatic domain to cause cytotoxic effects
and trigger apoptosis during intoxication. Herein, I report that unlike full-length toxin,
which causes caspase-dependent cell death, the TcsL enzymatic domain triggers

apoptotic cell death in a caspase-independent fashion.
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MATERIALS AND METHODS

Cell culture, reagents, wild type and recombinant toxins. Unless otherwise noted, all
reagents and chemicals were purchased from Sigma Chemical Co., St. Louis, Mo.
Human epitheloid carcinoma (HeLa) cells, human adenocarcinoma mammary gland cells
(MCF-7) and Chinese hamster ovary cells (CHO) were obtained from the American Type
Culture Collection (Manassas, Va). Hela cells were maintained in RP-10 medium
supplemented with 10% fetal bovine serum, while MCF-7 cells were maintained in RP-
10 medium supplemented with 10% fetal bovine serum plus 0.01 mg/ml bovine insulin.
Cultures were grown at 37°C in the presence of 6% CO, and all cells were used between

passages 6 and 10. TcsL. PA and LFnTcdB,.ss¢ were isolated as previously described

(20, 21).

Glucosylation, Cell Viability and Quantification of Cytopathic Effects. Differential
glucosylation assays were similar to those previously described (20), except PA (300

pmol) plus LFnTcsL'**

(300 pmol) was substituted for acid pulsed TcsL. Cell viability
assays were carried out using WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) (Dojindo Laboratories,
Gaithersburg, MD) according to manufacturer’s instructions. The following formula
was used to determine % viability {(Atest-Abackground)/(Acontrol-Abackground)* 100}, wherein

A=absorbance at ODj¢s, background=SDS treated sample, and control=cells treated with

media alone. Percent cytopathic effects (%o CPE) were calculated by counting a
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minimum of 100 cells in 3 fields from each sample. Fully rounded cells were scored
positive for CPE and the final % CPE was calculated as % rounded cells, - % rounded
cellScongol, Wherein control sample= cells treated with media alone. In a standard assay,
cells were treated with 100 fmol of TcdB or TcsL in a volume of 100 ul. For assays with

the fusion proteins cells were treated with 30 pmol of PA and 1 pmol of either LFnTcsL,.

556 OT LFnTcdB 1-556-

Construction, expression, and isolation of LFnTcsL.ss¢. The region encoding for
TesL enzymatic domain was amplified from Clostridium sordellii strain 9714 genomic
DNA by PCR using the forward primer
5'-GCGCGCGGATCCATGAACTTAGTTAACAAAGCCCAA-3’ and the reverse
primer

5'-GCGCGCGGATCCTTATTATAATATTTITITTAGAAACATAATC-3" 1o generate
tesLy.668 With 5° and 3’ BamHI site. tcsL; 1668 Was then restricted with BamHI, and Ifn
was genetically fused to tcsLi.je6s by ligation overnight at 16°C with BamHI restricted
pABII, a derivative of pET15b containing /fn. This construct generated an in-frame
fusion of /fn and tcsL.1663 and the resulting plasmid, pMQ101. The correct genetic fusion
resulted in joining the 3’ end of /fn at the codon TCC encoding S254, followed by
sequences within the multiple cloning site that encoded the linker region and a string of
residues (PGGGGGS), with the 5’ end of tcsLi.ie6s at the ATG codon encoding M1.
pMQI101 was then transformed into Escherichia coli DH5a. (CLONTECH, Palo Alto,
Calif.), and candidate clones were screened by mini-prep analysis. In-frame, correctly

oriented, clones were identified by restriction analysis and DNA sequencing, and then
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transformed into E. coli BL-21(DE3) (Stratagene, La Jollla, Calif.). For expression, cells
were grown at 37°C until 0.8 ODggo density was reached, and induced with 0.1 mM IPTG
(Isopropyl-B-D-Thiolgalactopyranoside) (Denville Scientific Inc., Metuchen, NJ) at 16°C
for 12-16 h. LFnTesL'™% was purified by Ni** affinity chromatography according to
manufacturer’s instructions (Novagen, Madison, Wis.). The purified protein migrated
within the predicted size range (~94 kDa) by sodium dodecyl sulfate-poly-acrylamide gel
electrophoresis (SDS-PAGE) analysis and was reactive to both anti-LF and TcsL

polyclonal antisera.

Caspase-3 activation and caspase inhibitor assays. To test for caspase-3 activity,
HeLa cells were grown in 25-cm? tissue culture flasks until confluent at a density of 3 X
10° cells/flask, at which point 1 pmol of TcsL, or 30 pmol PA plus 100 pmol LFnTecsL,.
ss6. was added to the cells in a final volume of 5 ml. At the indicated time points, cells
were scraped and centrifuged at 1000 X g for 5 min at 4°C. Treated cells were suspended
in lysis buffer (50 mM HEPES, 100 mM NaCl, 0.1% CHAPS, ImM DTT, 0.1 mM
EDTA, pH 7.4) and incubated for 10 min on ice, and cell debris was removed by
centrifugation at 10000 X g for 5 min at 4°C. Eighty microliters of assay buffer (50 mM
HEPES, 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 0.1 mM EDTA, 10% glycerol, pH
7.4) was then added to 10 ul of Caspase-3-Substrate I (CPP32/apopain colorimetric
substrate, Ac-Asp-Glu-Val-Asp-pNA) (Calbiochem, La Jolla, Calif.) and 20 pl of cell
extract. Readings were then recorded every 5 min using a PowerWavex plate reader
(BIO-TEK,Winooski,VT) at 405 nm for 24 h at 37°C. Caspase-3 specific-activity, was

calculated per manufacturer’s instructions. Caspase inhibitor assays were performed
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according to manufacturer’s instructions using SO puM caspase inhibitor cocktail III

(Calbiochem, La Jolla, Calif.).

Analysis of nucleosomal fragmentation. HeLa cells were grown in 25-cm? tissue
culture flasks until confluent at a density of 3 X 10° cells/flask, at which point 10 pmol of
TesL, or PA plus LFnTcsL'3%, were added to the cells in a final volume of 5 ml. At the
indicated time points, cells were mechanically removed and centrifuged at 1000 X g for 5
min at 4°C. The cells were then resuspended in PBS at 1-2 X 10° cells/ml, and then
pelleted by brief centrifugation. Nucleosomal DNA was extracted using an Apoptotic
LADDER Kit (Geno Technology, St. Louis, MO) according to manufacturer’s

instructions. The DNA sample was then loaded and analyzed on a 1.8 % agarose gel.

Propidium iodide and Annexin-V staining. For differential propidium and annexin-V
staining experiments, HeLa cells were grown in 25-cm” tissue culture flasks at a density
of 3 X 10° cells/flask for 16 h, at which point 10 pmol of TcsL, or PA plus LFnTesL'%,
were added to the cells in a final volume of 5 ml. At the indicated time points, cells were
trypsinized and pelleted at 100 X g for 10 min at 4°C. Cells were then resuspended in
cold PBS and pelleted at 100 X g for 10 min at 4°C. Annexin binding buffer (10 mM
HEPES, 140 mM NaCl, 2.5 mM CaCl,, pH 7.4) was used to resuspend cells at a density
of 1 X 10° cells/ml. Cells were then labeled with 5 pul of Annexin-V Alexa Fluor 488 dye
and propidium iodide (Molecular Probes, Eugene, Oreg.) according to the manufacturer’s
protocol. Labeled cells were analyzed using a FACSCalibur system (BD Biosiences, San

Diego, Calif.) at the University of Oklahoma Health Sciences Center FACS core facility.
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The probe was excited with a laser at 488 nm (250 mW), and emission was measured at

530 nm and > 575 nm; logarithmic amplification was used for fluorescence detection.

Statistical analysis. Statistical determinations were made using the statistics component

of Microsoft Excel 2001.

RESULTS

Comparison of LFnTcsL'** plus PA and TesL cytotoxic effects. Under normal cell
culture conditions TcsL causes cell death at a rate substantially slower than TcdB. In
earlier work. we reported that providing an extracellular acid pH pulse quickened TcsL's

otherwise slow time-course of intoxication (20). Acid pulsed entry of TcsL also caused
CPE similar to that of TcdB. This suggested the limitation to intoxication by TcsL,
relative to TcdB, could be at the stage of cell entry and not due to differing substrate
targets. Chaves-Olarte et al. have also suggested this possibility (6). It is also possible
that domains outside of the enzymatic region, which could function within the cytosol,
contribute to differences in toxicity between TcsL and TcdB. Thus an approach to
normalize entry for the enzymatic domains of TcsL and TcdB was investigated. In past
studies on TcdB, we have utilized an anthrax toxin derived delivery system to facilitate

entry of the TcdB enzymatic domain into target cells (21). I have now generated a
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FIG. 1. Time course of CPE in TcsL and LFnTcsL'™® treated cells. HeLa cells were
grown to confluence in a 96-well plate to approximately 5 x 10* cells/well. Cells
were treated with either TcdB (100 fmol), TesL (100 fmol), LFnTesL'** (1 pmol) or
LFnTcdBi.ss¢ (1 pmol) in a volume of 100 pl. PA (30 pmol) was included with the
fusion proteins. Control cells were treated with media, heat-inactivated toxin or PA-
LFn alone. Following treatment, the cells were followed for 10 h and % CPE was
calculated by visualizing the number of rounded cells from a field of at least 100 cells.
The final % CPE was then calculated by subtracting the % CPE in test samples from

% CPE in the appropriate controls. The corresponding lines for each sample are
pp p

labeled within the figure.
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FIG. 2. Cell viability after treatment with TcsL or LFnTesL!'*®. HeLa cells were
grown to confluence in a 96-well plate to approximately 5 x 10* cells/well. Cells
were treated with TesL (100 fmol) or LFnTesL!™% (1 pmol) plus PA (30 pmol) in a
final volume of 100 ul. Following toxin treatment, cells were treated with the
viability stain WST-8 at the indicated time points. Percent viability was determined
by subtraction of background and comparison with untreated samples as described in
the materials and methods. The corresponding lines for each sample are labeled
within the figure. Samples were analyzed in triplicate and the error bars represent the

standard deviation from the mean.

95



100 -
)
E
£ 80r
E L
/4]
= I
(=)
S 60
5 -
= i
3 .
S 40t
° -
h -
<Z: 20 -§§
& L EET
| ) el B
0

4 8 12 16 24 48 72
Time (H)

FIG. 3. Caspase-3 activation in TcsL treated cells. HeLa cells were grown in 25-
cm” tissue culture flasks until confluent at a density of 3 X 10° cells/flask. Cells
were then treated with TcsL (100 pmol), or LFnTcsL'3% (100 pmol) plus PA
(300 pmol) in a final volume of 5 ml. At the indicated time-points cells were
lysed and extracts were collected. Extracts from the various samples were
assayed for hydrolysis of the caspase-3 substrate, Ac-Asp-Glu-Val-Asp-pNA.
The corresponding bars for each sample are labeled within the figure. Each assay

was performed in triplicate and the error bars represent the standard deviation

from the mean.
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similar construct with the TcsL enzymatic domain. This anthrax toxin delivery system
consists of anthrax protective antigen (PA), and a truncated form of anthrax lethal factor
(LFn), to which heterologous fusions are made. PA then mediates the cell entry of the
LFn fusion via anthrax toxin’s normal mode of cell penetration. Like the LFnTcdB!*%
fusion. LFnTcsL'%® is expressed in recombinant form with a Hise tag and can be isolated
in a single step of Ni*~ affinity chromatography. Similar to our report on acid pulsed
entry of TcsL(20), glucosylation profiles from extracts of cells treated with LFnTesL'>%
plus PA showed that all TcsL substrates were modified by the fusion (data not shown).
Thus the fusion appeared suitable for making comparisons between the enzymatic
domains of TcsL and TedB.

N As shown in Fig. 1. LFnTcdB'** and LFnTesL'™*® delivered with PA demonstrate a
similar time-course of cytopathic effects (CPE) on HeLa cells. Wild-type TcdB causes
CPE more rapidly than the fusions or TesL. In comparison to TcsL, LFnTesL'* plus
PA caused CPE more quickly than wild-type toxin. Interestingly, there was not a
connection between the rates of CPE and cell death in the fusion treated cells. As shown
in Fig. 2, ~ 55% of TcsL treated cells lose viability after 24 h compared to 12% of cells
treated with LFnTcsL'** plus PA. After 48 h, almost 90% of TcsL treated cells are
nonviable compared to about 75% of LFnTcsL'-*% plus PA treated cells. By 72 h
complete cell death had occurred in each of the conditions. These results suggested the
enzymatic domain is capable of evoking early cytopathic effects, but activities dependent

on regions outside of this part of the toxin contribute to a more rapid cell death.

97



Ll L L] l

60

% Viability

40

20

L4 T T ' L] T T ' L] T T l L] L L l L L] L

0 PN ST I

e Jdo g g |

0 10 20 30 40 50 60

FIG. 4. Effect of TcsL on Caspase-3 deficient cells. A caspase-3 deficient cell line
(MCEF-7), or HeLa cells, was grown to confluence in a 96-well plate at final density of
5 x 10* cells/well. Both cell lines were then treated with TcsL (100 fmo) in a final
volume of 100 pl. Cell viability was determined using WST-8 staining at the
indicated time points. The lines corresponding to the appropriate sample are labeled
within the figure. Each sample was analyzed in triplicate and the error bars represent

the standard deviation from the mean.
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FIG. 5. Effect of pancaspase inhibitor on TesL and LFnTesL'* intoxication.
HeLa cells were grown to confluence in a 96-well plate to approximately 5 x 10*
cells/well. Cells were then treated with TesL (100 fmol) or with LFnTesL'% (1
pmol) plus PA (30 pmol) in a final volume of 100 ul. Samples were assayed at the
indicated time-points and cell viability was determined by WST-8 staining. The
lines corresponding to the appropriate samples are labeled within the figure. Each
sample was analyzed in triplicate and the error bars represent the standard deviation

from the mean.
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Caspase activation in toxin and LFnTcsL'>% plus PA treated cells. In an effort to
define the differing mechanisms of cell death between cells treated with TcsL and
LFnTesL'>% plus PA, we first analyzed the impact these proteins have on caspase
activation in intoxicated cells. Work by Linseman et al. suggested caspase-3 was
activated during toxin-induced apoptosis (18), consequently we analyzed the enzymatic
domain for the ability to activate this protein. HeLa cells were treated with TcsL or the
fusion protein plus PA, and extracts from various time-points in intoxication were

analyzed for caspase-3 activation. Using a colorimetric substrate, Ac-Asp-Glu-Val-Asp-
pNA, the specific activity for caspase-3 was determined. As shown in Fig. 3, although
caspase-3 was clearly activated in TcsL treated cells, there was no detectable caspase-3

activation in cells treated with LFnTcsL'?3%

plus PA. In line with this observation we
also found that a caspase-3 deficient cell line (MCF-7), demonstrated a slower time-
course to cell death in comparison tc HelLa cells when treated with TcsL (see Fig. 4).
Although, MCF-7 cells show a delay in cell death compared to HeLa cells when treated
with TcsL, the cells demonstrate almost identical time-courses for CPE (data not shown).
This further suggested that factors other than those inducing CPE contribute to death of
the cell.

The role of caspase activity in TcsL cytotoxicity was investigated further by determining
the impact of a broad-spectrum caspase inhibitor on intoxication. As shown in Fig. §,
inhibition of caspase activity slowed the killing effect of TcsL. Addition of the caspsase
inhibitor did not change the rate of CPE in TcsL treated cells (data not shown).

Furthermore, also shown in Fig.5, the caspase inhibitor was unable to alter the time-

course for CPE or death in cells treated with LEnTesL'?*® plus PA. Addition of the

100



caspase inhibitor caused cell death in TcsL treated cells to occur at rate very similar to
that of LFnTcsL'* plus PA. This result further suggested that caspase activation
contributes to cell death, but is instigated by a region of the toxin outside of the
enzymatic domain.

Analysis of apoptosis in TcsL and LFnTcsL' % plus PA treated cells. The caspase
analysis indicated activation of these proteases contributes to the death of TcsL
intoxicated cells. Clearly, in the absence of caspase activity, the cells eventually die. It
was not evident if cells died from necrosis or an alternative, caspase-independent form of
apoptosis. Hence, cells treated with TesL or LFnTcesL!™%® plus PA were analyzed for
hallmarks of apoptotic cell death. Initially, cells were analyzed for nucleosomal
fragmentation as a result of intoxication. As shown in Fig. 6, cells treated with TesL or
LFnTesL'*® plus PA caused nucleosomal fragmentation, suggesting both forms of the
toxin caused apoptosis.

The nucleosomal fragmentation assay does not exclude the possibility that a mixed
population of necrotic and apoptotic cells could be present in the treated cells. Therefore,
to analyze the characteristic of cell death within individual cells, a FACS analysis was
carried out using differential annexin-V/propidium iodine (PI) staining. Apoptotic cells
stain positive for annexin-V, and PI staining can occur in necrotic cells or late course

apoptotic cells. As shown in the panels of Fig. 7, HeLa cells treated with TcsL or
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FIG. 6. Nucleosomal DNA fragmentation following treatment with TcsL or
LFnTcsL'®%. HeLa cells were grown in 25-cm? tissue culture flasks until
confluent at a density of 3 X 10° cells/flask. Cells were then treated with
TesL (100 fmol), or LFnTesL'*% (100 fmol) plus PA (300 pmol) in a final
volume of 5§ ml. Nucleosomal DNA was then extracted and analyzed on a
1.8% agarose gel. lane 1, Control; lane 2, PA, LFnTesL!*% 12 h; lane 3,
TesL 12 h; lane 4, PA, LFnTesL'™ 24 h; lane S, TcsL 24 h, lane 6, PA,
LFnTcsL'** 36 h; lane 7, TesL 36 h, lane 8, PA, LFnTcsL!™% 48 h; lane 9,

TcsL 48 h.
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FIG. 7. Differential annexin-V/propidium iodide staining of cells treated with TcsL or
LFnTesL'?* plus PA. HeLa cells were grown in 25-cm® tissue culture flasks until
confluent at a density of 3 X 10° cells/flask. Cells were then treated with TcsL (100
pmol) or LFnTesL'™*® (100 pmol) plus PA (300 pmol) in final volume of 5 ml.
Control samples were treated with media alone. Cells were collected at the indicated
time points and labeled with annexin-V Alexa flour 488 and propidium iodide. Panel
A, TcesL 12 h; panel B, LFnTesL!'"%¢ 12 h; panel C, TcsL 24 h; panel D, LFnTcsL'5%®

24 h, panel E, TcsL 36 h; panel F, LFnTcsL!?* 36 h; panel G, control.

LFnTesL'"* plus PA stained annexin-V positive as early as 12 h, with a low number of
cells staining positive with PI. By 24 h, close to 40% of cells treated with TcsL or
LFnTesL'™® plus PA were annexin-V positive (apoptotic), and about 40% stained
annexin-V/PI positive. By 36 h, ~ 85% of the cells stained positive for annexin-V/PI.
These results strongly suggest, LFnTcsL!"% plus PA treated cells, while incapable of

activating caspases, go through a process of apoptotic cell death.

DISCUSSION

In this work, I report on two previously undefined aspects of TcsL intoxication. First,
TesL’s capacity to intoxicate cells is limited at the stage of cell entry. Second, TcsL
activates caspase-dependent and caspase-independent cell death, and distinct regions of

the protein initiate these pathways.
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In earlier studies I found that by providing an extracellular acid pH pulse TcsL cytotoxic
activity could be enhanced (20). I also found that acid pulse entry of TcsL causes CPE
similar to that of TcdB. In line with that report, I have now shown that normalized entry
of the enzymatic domains of TcdB and TcsL results in an intoxication profile that is
almost identical between the enzymatic domains. Although the substrate recognition
profile is different between the toxins, this does not dramatically impact the rate of CPE.
It is possible that TcsL is slower at entering cells than TcdB and that acid pulse or PA,
LFn delivery is not a fair reflection of CPE for this toxin. There are two other plausible
explanations for TcsL’s slow entry at neutral pH. First, the enhanced activity at acid pH
may suggest the toxin is optimally active within an acidified environment, such as that
found in many clostridial infections. Second, the appropriate target cell has not yet been
identified. Clearly, a more detailed analysis of TcsL’s role in pathogenesis and preferred

cell targets is needed to better understand how this toxin functions during the disease

process.

The size of LCTs suggests these toxins may carry out multiple activities within the cell.
Until recently, this possibility was a biological curiosity, without support from any
experimental evidence. In a series of reports Lamont et al. has shown that TcdA can
perturb mitochondria, trigger IL-8 release, cause IkappaB degradation and generate
reactive oxygen intermediates prior to detectable modification of substrate (9, 23).
Arguably, other targets for LCTs exist within cells and these targets/activities account for

the differential death pathways in TcsL intoxicated cells. There are several observations
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that must be explained if this is true. Giry et al. reported that transient expression of Rho
protects cells from TcdB intoxication (7). Since this is a multiple substrate targeting
enzyme it is possible that the over expressed Rho titrates the toxin away from relevant
targets. Also Rho promotes cell survival, and over expression of Rho may counter the
apoptotic effects of the toxin. In other work, Chaves-Olarte et al. found that a UDP-Glc
deficient cell line is resistant 1o LCTs dependent on this cosubstrate (5). The UDP-Glc
deficient cells eventually die when treated with the toxins but at a considerably slower
rate compared cells with normal cosubstrate levels. It is possible that the delayed cell

death is due to the second, nonsubstrate related toxicity of the toxins.

The difference in the results between the wild-type toxin and the fusion protein might
also be explained by varying substrate affinities between these two proteins. In our hands
the enzymatic domain is comparable to wild-type toxin in in virro assays and other
groups have reported similar observations (11). It is also possible that the fusion protein
cannot localize to substrate at cellular locations, which can be accessed by TcsL. The
results using caspase inhibitor to block TcsL cell death argue against this possibility.
Treatment of cells with TcsL in the presence of the pancaspase inhibitor results in an
intoxication profile almost identical to PA, LFnTcsL'?*%. With the exception of one time
point the lines are statistically identical. This result suggests that inhibition of caspase-

dependent cell death reveals a death pathway completely dependent on the enzymatic

domain.
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Caspase-dependent apoptosis can be triggered by interaction with cell surface receptors,
such as Fas or TNFa receptor, or by perturbation of the mitochondria and cytochrome ¢
release(15). Cytochrome ¢ activates caspase-9, which subsequently triggers caspase-3
activation. In this study, caspase-dependent apopotosis may occur by TcsL interacting
with Fas or TNFa receptor. However, perturbation of the mitochondria is the more likely
explanation, since inhibitors of endocytosis protect cells from TcsL (20). Such inhibitors
would not prevent TcsL binding to Fas or TNFa, but are capable of preventing TcsL
from gaining access to the cytosol. Studies are currently underway to define the impact
TesL has on mitochondria integrity. Caspase-independent apopotosis appears to be
directly linked to inactivation of TcsL's target substrates. The mechanisms by which
inactivation of Ras, Ral. Rap or Rac could lead to annexin-V staining and nucleosomal

fragmentation are not clear, and are the subject of continued investigations.

The isolation of a second toxicity domain outside of the enzymatic region, has not been
forthcoming. Since LCT associated genes and gene fragments are notoriously difficult to
express in E. coli, it is possible that we have not found the appropriate contiguous region
or preserved a confirmation needed for activity. It is also feasible that the second domain
is ineffective in the absence of the enzymatic region. Thus, Ras signaling pathways may
need to be decreased for successful intoxication by the second, yet undefined toxicity

domain.
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I was very intrigued with LCTs because of their exceptionally large size, and due to the
fact that they are intracellular toxins. In the first two chapters I focused on the
mechanism of entry of TcdB and TesL, while in the last two chapters I studied the role

these toxins play in inducing cell death.

In chapter I, bafilomycin was able to protect target cells from the effect of TcdB, which
indicated that endosomal acidification is important for toxin entry. An acid pulse allowed
the toxin molecules on the cell surface to enter the cell and show CPE. This indicated
that TcdB could bypass lipid biological membranes when exposed to low pH.
Bafilomycin was also used to estimate the time required by TcdB for cytosol entry. After
40 min, TcdB was capable of intoxicating its target cells which suggests that the actual
cytosol entry took less than 40 min. I also studied whether or not the acidic pH induced a
conformational change in the toxin molecule. TNS, a molecule that when exposed to
hydrophobic domains and upon excitation at certain wavelengths fluoresces, was used to
determine the conformational changes. My findings show that TcdB exposes its
hydrophobic domains when exposed to low pH, a signal to the toxin to escape before
being degraded by lysosomal enzymes, which allows it to insert in the lipid bi-layer to
escape the vesicle. My studies with TNS also show that once exposed to neutral pH
again in the cytosol, TcdB buries its hydrophobic domains again. Using V8,a proteases
that has the same specificity at neutral and acidic pH, the previous results were
confirmed, and furthermore, the different profile of proteolytic activity at neutral and

acidic pH indicated that there is a considerable conformational change in TcdB.
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In chapter I, I showed that bafilomycin also protects cells from the effect of TesL. This
again indicated the importance of acidic pH for TcsL cytosolic entry. It was very clear to
me though that TcsL is slower in cell entry as shown in the bafilomycin experiments ,
and due to the fact that I was able to neutralize TcsL by simple washing or using a
specific antibody up to hours after the addition of toxin. An acid pulse again showed that
bafilomycin effect can be bypassed, but was more important to me is the fact the minimal
intoxicating dose lowered by more than a thousand fold, and the rate was higher and
comparable to TcdB. That seemed very logical because C. sordellii causes gas
gangerene, which is accompanied by acidification of the site of infection. The
acidification clearly activates TcsL and allows it to work under conditions that indicate
an onset of infection. TNS was used in the same manner to show that a dramatic
conformational change occurs and allows the toxin to escape the vesicle or even insert
from the cell surface in an infected site. [t became clear to us that the reason behind the
delay of intoxication by TcsL was due to the mechanism of entry. To confirm these
finding I cloned the enzymatic domain of TcsL in a modified version of anthrax toxin
that allows protein delivery to the cytosol, and compared that to a fusion of the same
delivery system with the enzymatic domain of TcdB, cloned by another graduate student
in my lab. My data shows that if mechanism of entry is normalized for both enzymatic

domains, the rate of intoxication is similar.
In chapter III, I studied what happens after the toxin enters the cytosol. Previous reports

indicated that LCTs cause cell death due to target inactivation. The targets are members

of the Ras superfamily, also called small GTPases, that function as molecular switches
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that control various functions in the cell. Idid not disagree with these findings, but I
believed that there are other pathways involved in the cell death. The proteomic analysis
of cell treated with TcdB showed the presence of a cleaved form of a structural protein
called vimentin. The mass spectrometry analysis also indicated that vimentin was
cleaved by caspase-3. Clearly cells were dying due to the activation of apoptotic
pathways. Using a pan caspase inhibitor, I showed that cells were dying slower, but they
were still dying eventually. The enzymatic domain of TcdB delivered by the PA/LFn
system also caused cell death, but it was slower than the full length toxin, and at a rate
equal to cells dying in the presence of the caspase inhibitor after intoxication with TcdB.
A cell line that does not express caspase-3 died at the same rate of cells intoxicated with
enzymatic domain. I tested for the activation of caspase-3, and found that only the full
length toxin activates caspase-3. To address the issue of whether or not the PA/LFn
delivery system interfered with caspase-3 activation. [ used a cell line transfected with the
enzymatic domain of TcdB. Transfected cells died at the same rate of cells intoxicated
by the enzymatic domain of TcdB delivered by PA/LFn, and were not capable of
activating caspase-3. The enzymatic domain of TcdB, although showed complete target
inactivation and caused cell death eventually, was not capable of activating caspase-3.
All the previous data lead us to believe that TcdB activates at least two pathways that
lead to cell death. After confirming that cell death occurred through apoptosis by the full
length toxin or by the enzymatic domain alone, we came to the conclusion that TcdB
activates at least two apoptotic pathways, a caspase-3 dependent pathway most probably
activated after the membrane translocation domain inserts into the mitochondria, and a

caspase-3 independent pathway after target inactivation.
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In chapter IV, my data indicated that TcsL also activates a caspase-3 dependent, and a
caspase-3 independent pathway. Why does TcdB or TcsL need to activate at least two
pathways to cause cell death although one of them is enough?

The theory that seems acceptable to me at this point is that TedB or TcesL induce
apoptosis in the target cells, while inactivating the targets that prevent the cells from
going through apoptosis. However it did not seem logical that C. difficile is inducing
apoptosis, when necrosis is an easier alternative to cause cell death. Although, if C.
difficile wanted to co-exist with the host, necrosis could not be the choice. Necrosis
causes cells to secrete inflammatory substances that will recruit the immune system and
make it a harder task on C. difficile to co-exist with the host. If cells are induced to go
through apoptosis instead, macrophages will engulf the apoptotic body, and secrete IL-
10. a cvtokine that works as an immunosuppressent (anti-inflammatory in this case to be
more specific). By producing TcdB,. C. difficile guarantees a safer environment with

fewer encounters with the immune system.
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