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ABSTRACT: Clostridium perfringens causes gas gangrene and gastrointestinal disease in humans. These pathologies
are mediated by potent extracellular protein toxins, particularly o-toxin and perfringolysin O (PFO). While
a-toxin hydrolyzes phosphatidylcholine and sphingomyelin, PFO forms large transmembrane pores on cholesterol-
containing membranes. It has been suggested that the ability of PFO to perforate the membrane of target cells
is dictated by how much free cholesterol molecules are present. Given that C. perfringens a-toxin cleaves the
phosphocholine headgroup of phosphatidylcholine, we reasoned that a-toxin may increase the number of free
cholesterol molecules in the membrane. Our present studies reveal that o-toxin action on membrane bilayers
facilitates the PFO—cholesterol interaction as evidenced by a reduction in the amount of cholesterol required in the
membrane for PFO binding and pore formation. These studies suggest a mechanism for the concerted action of

a-toxin and PFO during C. perfringens pathogenesis.

Clostridial myonecrosis or gas gangrene, a fulminant human
infection inflicted by several Gram-positive Clostridium species,
promotes a painful and fast destruction of healthy tissue if not
properly treated with antibiotics. Clostridium perfringens type A
is the most common bacterium isolated from patients presenting
trauma-induced gas gangrene. Analysis of infected tissues shows
edema, thrombosis, and restriction of leukocyte infiltration to the
perivascular regions in the infected site. This complex pathology
is mediated by potent extracellular protein toxins, especially
o-toxin (a phospholipase C) and 6-toxin (perfringolysin O or
PFO)' (). While a-toxin hydrolyzes phosphatidylcholine (PC)
and sphingomyelin (SM), PFO forms large transmembrane pores
on cholesterol-containing membranes. Of the several exotoxins
produced by C. perfringens, only a-toxin and PFO have been
implicated in pathogenesis (2).

o-Toxin is essential for growth and spread of infection in the
host (3), and it helps C. perfringens avoid the host defense mech-
anism by altering the normal traffic of the host phagocytes (4, 5).
The role played by o-toxin in pathogenesis is dictated by its
ability to interact with membranes, whether from outside the cell
or while inside the phagosomes (6).

PFO is the prototypic member of the cholesterol-dependent
cytolysin (CDC) family that includes listeriolysin O (LLO), strep-
tolysin O (SLO), pneumolysin, and others (7—9). The CDC are
p-barrel pore-forming toxins that are secreted by the bacterium as
monomeric water-soluble proteins (/0). Upon encountering a
cholesterol-containing membrane (//—14), PFO monomers
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bind (15, 16), oligomerize, and form ring-like structures (17, 18),
that ultimately insert a large S-barrel into the membrane (19—22).
Despite the progress made in understanding the molecular
mechanism of PFO cytolysis (14, 15, 23, 24), the importance of
PFO in the development and progression of C. perfringens gas
gangrene is less well understood. Interestingly, it has been shown
that PFO and o-toxin exhibit a synergic effect in the establish-
ment of the infection and development of gangrene (/, 3, 25).

We have shown that PFO binding to model membranes
requires a relatively high concentration of cholesterol (16, 26),
and the ability of PFO to puncture the membrane seems to be
dictated by how much free cholesterol is present in the lipid
bilayer (11, 27—30). Similar effects were observed for the activity
of cholesterol oxidase (3/—33), the rate of sterol transfer by
p-methylcyclodextrin (34—37), and the activation of SREBP-2 on
the endoplasmic reticulum (38).

The enzymatic activity of C. perfringens o-toxin generates
diacylglycerol by releasing the phosphocholine headgroup of PC.
Therefore, we reasoned that a-toxin activity may increase the
amount of free cholesterol in the membrane and assist the inter-
action of PFO with the cell membranes (see Figure 4 below) (31).
This is noteworthy because certain CDCs have been reported to
act on intracellular membranes which may not ordinarily contain
enough cholesterol to trigger toxin binding (39—42).

Our present studies revealed that o-toxin action on membrane
bilayers triggers PFO binding even in membranes containing low
cholesterol levels. These studies suggest a mechanism for the con-
certed action of a-toxin and PFO during C. perfringens patho-
genesis: the a-toxin activity facilitates the exposure of free
cholesterol molecules, sensitizing the cell membrane for PFO
binding and cytolysis.

EXPERIMENTAL PROCEDURES

Preparation of PFO Derivatives. The expression and
purification of the PFO derivatives were done as described
previously (17, 15, 20, 29). The PFO derivative containing the
native sequence (amino acids 29—>500) plus the polyhistidine tag

©2010 American Chemical Society



Article

that came from the pRSETB vector (Invitrogen) is named nPFO.
The Cys-less derivative of nPFO (where Cys459 was replaced by
Ala) is named rPFO. Since no significant functional or structural
differences were found between PFO derivatives bearing or
lacking the polyhistidine tag, the nPFO and rPFO derivatives
were used in this study directly as purified (7).

Preparation of Lipids and Liposomes. Nonsterol lipids
were obtained from Avanti Polar Lipids (Alabaster, AL), and
cholesterol was from Steraloids (Newport, RI). Large unilamellar
vesicles were prepared with mixtures of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-
sn-glycerol (DAG), or cholesterol (5-cholesten-34-ol) and were
generated as described previously (43). Briefly, chloroform solu-
tions of the lipids were combined, shell-dried under nitrogen,
rehydrated at ~21—-23 °C in buffer A (50 mM HEPES, 100 mM
NaCl, pH 7.5) to 5—30 mM final concentration of total lipids
(final volume 0.5 mL), and extruded through 0.1 um polycarbo-
nate filters (Avanti Polar Lipids) (44). Reduced L-glutathione
(GSH) was labeled with 5-iodoacetamidofluorescein (F1; Molec-
ular Probes, Invitrogen) by incubating a 1:1 molar ratio mixture
in buffer A for 18 h and stored at —20 °C until use. 5-Amylase
was labeled with the succinimidyl ester of Oregon Green-488X,
6-isomer (OG; Molecular Probes, Invitrogen) by incubatinga 1:1
molar ratio mixture in 100 mM sodium bicarbonate, pH 8.3.
Liposomes encapsulating terbium dipicolinic acid [Th(DPA);* ],
GSH-FI, or f-amylase OG were prepared as described pre-
viously (43).

Assay for PFO Binding. For the spectroscopic analysis
of PFO—membrane interactions, 288 uL aliquots of 200 nM
purified PFO in buffer A were distributed into quartz microcells.
After measuring the initial net (after blank subtraction) fluores-
cence intensity (Fy,) of each sample, each cuvette received 12 uL
of 5 mM liposomes (total lipid) to a final concentration of
200 uM. The PFO—liposome samples were mixed and incubated
at 37 °C for 30 min. After equilibration to 25 °C, the net (after
blank subtraction and dilution correction) emission intensity
(Frmemp) of each sample was measured. The change in the Trp
emission intensity produced by the binding of PFO to cholesterol-
containing membranes was expressed as Fipemn/Fsol (11, 16, 29, 43).

Assay for Pore Formation. Pore formation was determined
using liposomes loaded with GSH-FI, or f-amylase-OG, and an
anti-fluorescein antibody added to the external buffer solution as
a quencher (43). Liposomes (50 M total lipids) were suspended
in buffer A containing S mM CaCl, and 10 uL of a 1:10 diluted
(in buffer A) solution of anti-fluorescein antibody (0.5 uL of this
rabbit polyclonal IgG fraction quenches ~95% of the emission
intensity of 0.8 fmol of GSH-FI in buffer A; lot 84B1, Molecular
Probes, Invitrogen). After thermal equilibration of the liposomes
at 37 °C, a background signal was recorded for 5 min, and
C. perfringens o-toxin (type XIV; Sigma, St. Louis, MO) was
added to a final concentration of 0.5 unit/mL (1.4 mg/mL, final
volume 1.6 mL). The signal was continuously recorded, and after
15 min of incubation, PFO and ethylenedinitrilotetraacetic
acid (EDTA) in buffer A were added to a final concentration
of 300 nM and 10 mM, respectively. The PFO-dependent release
of the encapsulated GSH-FI was recorded for an additional
10 min. An identical sample was analyzed, but an equivalent
volume of buffer A was added instead of a-toxin (control).
Emission intensities were integrated for 5 s at intervals of 30 s and
recorded. The net emission intensity (F) of the sample at each
time point was determined after dilution correction. The GSH-F1

Biochemistry, Vol. 49, No. 44, 2010 9499

quenched by the antibody was plotted as (F/F,), where F is the
intensity at any time ¢, and F; is the initial intensity of the lipo-
somes. The maximal quenching (F/F,) for GSH-FI under these
experimental conditions is typically 0.12 (43). Blank measure-
ments were made using an otherwise identical sample that lacked
a-toxin and PFO.

Steady-State Fluorescence Spectroscopy. Intensity mea-
surements were performed using a SLM-8100 spectrofluorometer
as described earlier (20) or a Fluorolog 3-21 spectrofluorometer
equipped with a 450 W xenon arc lamp, a double excitation mono-
chromator, a single emission monochromator, and a cooled
PMT. Unless otherwise indicated, samples were equilibrated to
25 °C before fluorescence determinations. The excitation wave-
length and band-pass and the emission wavelength and band-
pass, respectively, were 295, 2, 348, and 4 nm for Trp; 495, 2, 520,
and 2 nm for fluorescein; and 492, 2, 518, and 4 for OG. End-
point measurements were done in 4 X 4 mm quartz microcells (43).
When additions were made to microcells, the contents were mixed
thoroughly with a 2 X 2 mm magnetic stirring bar as described
previously (45). Kinetics measurements were done using 1 x 1 cm
quartz cells, and the samples were continuously stirred using a
magnetic stirring bar (1.5 x 8 mm) (43).

For emission spectra determination, aliquots of 2 mL of each
PFO derivative were dialyzed simultaneously against 4 L of buf-
fer A supplemented with 1 mM (28,3S)-1,4-bissulfanylbutane-
2,3-diol (DTT) and 0.5 mM EDTA at 4 °C for 10 h and clarified
by centrifugation at 21000g for 10 min at 4 °C. After dialysis
samples were diluted in quartz microcells with dialysis buffer to a
final concentration of 0.5 M (final volume 300 uL). Spectra for
each of these samples were recorded at 25 °C with the excitation
wavelength fixed at 270 nm and a band-pass of 2 nm. The emitted
light was collected through a vertically oriented Glan-Thompson
polarizer (to account for polarization effects in the emission
monochromator) (46) and wavelengths were scanned from 280
to 450 nm using a band-pass of 4 nm. The signal was integrated
for 1 s at intervals of 1 nm. Three independent spectra were
recorded for the sample containing the toxin and for the control
sample (dialysis buffer). The emission spectrum of the control
sample was subtracted from the spectrum of the equivalent
sample containing the toxin, and the blank corrected spectrum
was smoothed using a Savitzky-Golay smoothing filter (of degree
2) using a window of 11 points (OriginLab software). Fluores-
cence emission spectra for Trp residues were recorded similarly,
except that the excitation wavelength was set at 297 nm and the
emission wavelength was scanned from 305 to 450 nm. Total
intensity for each sample was calculated as the sum of the
intensities obtained at each wavelength of the scanned spectrum.

Urea Unfolding— Refolding Equilibrium Studies. Unfold-
ing was done by mixing the concentrated protein solutions (9—
23 uL) into the urea solution (final volume 300 uL, protein
concentration 0.5 uM). Urea concentration was determined by
measuring the refractive index of the urea stock solution as
described by Pace and Scholtz (47). Both solutions contained
buffer A supplemented with | mM DTT and 0.5mM EDTA. The
proteins were incubated for 12 h at 23—25 °C to reach equilib-
rium. nPFO refolding was done similarly using a stock solution
of the protein in 6 M urea. Trp fluorescence emission spectra were
measured at 25 °C in the wavelength range 310—450 nm with an
excitation wavelength of 297 nm and excitation and emission
band-pass widths of 4 and 8 nm, respectively. Total intrinsic
fluorescence emission spectra were measured at 25 °C in the
wavelength range 287—450 nm with an excitation wavelength of
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Table 1: Fluorescence Emission Maxima and Relative Total Fluorescence
Intensity for Commonly Used PFO Derivatives”

Aex = 270 nm Aex = 297 nm
relative relative
derivative Aem Max total intensity Aem Max total intensity
nPFO 321.5+0.5 1.00 330.5+0.5 1.0
rPFO 328.54+0.5 1.62£0.04 333.5+0.5 2.040.1
pAH2IHis 328.54+0.5 1.62+0.02 333.0+0.5 2.140.1
pRT20 332.54+0.5 1.87+0.03 336.0 £0.5 24402

“The emission fluorescence maxima and relative total intensity are
indicated for total aromatic amino acids (Aex = 270 nm) or selectively for
the Trp residues (lex = 297 nm). Emission scans were performed and
corrected as described in Experimental Procedures. Total intensities were
obtained from the area under the curve for the corrected spectra. The
average and range for two independent determinations are shown.

274 nm and excitation and emission band-pass widths of 2 and
8 nm, respectively. The signal was integrated for 1 s at intervals of
1 nm. Two independent spectra were averaged to reduce background
noise. The magic angle configuration was used (Glan-Thompson
prism polarizers in both the excitation, 54.7°, and emission, 0°,
beams) to ensure that the intensity was proportional to the total
light intensity of the sample and to correct for spectral distortions
caused by the monochromators (46). All spectra were corrected
by subtraction of a spectrum of an equivalent buffer solution at
the given urea concentration. The observed average energy of
emission (or spectral center of mass (v,,)) was calculated accord-
ing to (v,) = Y v;Fy/> F, where F; stands for the fluorescence
emitted at wavenumber v; (48). The corresponding wavelength
values in nm (1/{v,)) were used to estimate the conformational
stability of the proteins (AGy_g"*'"), assuming a two-state
unfolding model for the PFO monomers (49, 50).

RESULTS

Assessing PFO Wild-Type Binding to Membranes
Using Intrinsic Fluorescence. When PFO is secreted from
C. perfringens, the first 28 amino acids required for protein
secretion are cleaved (57). Recombinant PFO proteins typically
carry a modified N-terminus that contains additional amino
acids including a polyhistidine tag and antibody epitope, which
extends the native mature sequence by ~30 amino acids. To
analyze how the spectroscopic properties of PFO are affected by
amino acid modifications, we characterized four commonly used
PFO derivatives (Table 1; see Supporting Information): (i) the
Cys-less original variant of PFO (named pRT20) (20, 52) which
contains 36 additional amino acids at the N-terminus, two of
which are aromatic and contribute to the spectroscopic signals of
the protein (one Trp and one Tyr) (see ref /1 for sequence details);
(i1) the PFO construct without the non-native Trp residue in the
N-terminus (named rPFO or pAH21) (11, 15); (ii1) the His tag
minus derivative generated by enterokinase cleavage of the first
32 amino acids of rPFO, generating a protein that contains
aromatic residues identical to the wild-type protein, and only 6
extra amino acids on its N-terminus (pAH21His) (//); and (iv)
the native-like PFO derivative originated by reintroduction of
the Cys459 residue into the rPFO construct (named nPFO or
pAHI1) (11, 15).

The emission spectrum for the Cys-less rPFO revealed a small
red shift of the emission maximum and an increase in the total
fluorescence intensity when compared with nPFO (Table 1).

Moe and Heuck

Examination of the three-dimensional structure of the PFO
monomer (53) showed that the thiol group of Cys459 lies close
to the aromatic ring of Trp467. This suggests that the red shift in
the emission spectrum and higher fluorescence emission intensity
observed for rPFO result mainly from the absence of Cys459 and
its thiol group which quenches Trp467. The pRT20 derivative
showed an additional red shift in the maximum of the emission
spectrum, suggesting that the extra Trp in the N-terminus of this
derivative is located in a polar environment, presumably exposed
to an aqueous environment as expected for a nonstructured
segment (53).

We have shown previously that the Trp fluorescence change
that follows PFO/membrane incubations can be used to quantify
toxin binding (/7). Since the water-soluble forms of PFO em-
ployed in our studies differ slightly in their intrinsic fluorescence
properties, it is expected that the relative emission intensity change
observed upon membrane binding, (Femp/Fso), Will differ for
different PFO derivatives. Therefore, fluorescence intensities were
normalized to directly compare the binding isotherms for differ-
ent PFO derivatives (see below).

PFO Binding and Pore Formation Have Similar Choles-
terol Dependence. Studies using intermedilysin, a CDC that
requires cholesterol for pore formation but not for binding,
revealed that cholesterol plays multiple roles in the CDC mechan-
ism (/4). In addition to modulating the binding of PFO, cholester-
ol also seems to be required for the insertion of the amphipathic
p-hairpins. Does PFO pore formation have a different cholesterol
threshold than the binding to membranes? Liposomes formed
with different mixtures of POPC and cholesterol were used to
follow nPFO binding and pore formation as a function of
cholesterol content. Binding was followed using the intrinsic Trp
fluorescence increment that results from the interaction of PFO
domain 4 (D4) with the membrane (Figure 1A, filled symbols) (/7).
For nPFO, membrane binding increases sharply above 35 mol %
cholesterol with apparent saturation near 45 mol %. PFO pore
formation was detected by the decrease in the fluorescence signal
(fraction of GSH-FI quenched) caused by the specific binding of
the antibody to the fluorescein dye (43). In good agreement with
the binding data, pore formation was minimal at cholesterol levels
below 35 mol %. The mid transition to maximal pore formation
occurs at 42 mol % cholesterol, just 2 mol % above the mid
transition for the binding process. This small effect could be
explained by the nonhomogeneous distribution of PFO molecules
on liposomes containing slightly different amounts of cholesterol.
While some vesicles are punctured by more than one pore, others
may not bind enough monomers to trigger the insertion of the
p-hairpins (21). As observed for the binding measurements, max-
imal pore formation was reached as cholesterol approaches 50 mol
%. We conclude from these data that if there is enough cholesterol
to trigger PFO binding, under conditions that do not preclude pore
formation (like, for example, low temperature or when using
nonlytic PFO variants (16, 18)), pore formation will occur.
Thus, the PFO cytolytic mechanism is modulated by cholester-
ol at the initial binding step.

Enhancing Free Cholesterol Molecules Promotes PFO
Binding: Effect of POPE. The appearance of free cholesterol
in the membrane is affected by both the total amount of
cholesterol present in the membrane and the overall phospholipid
composition of the lipid bilayer (54). Hence, PFO binding can be
modulated by changes in the phospholipid composition, like the
length of the phospholipid acyl chains and the degree of acyl
chain saturation (11, 30, 55).
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FiGURE 1: Cholesterol dependence of nPFO binding to membranes
composed of cholesterol and glycerolipids with different headgroups.
nPFO binding to liposomal membranes was followed by the increase
in the net Trp emission intensity (Fmemn/Fsor) calculated as
described in Experimental Procedures. (A) Binding of nPFO to
POPC/cholesterol liposomes (filled circles). The mol % of cholesterol
was increased from 25% to 55%. (B) Binding of nPFO to membranes
containing a constant 35 mol % cholesterol and different ratios of
POPE/POPC, ranging from 0 (no POPE) to 1.9 (open circles). (C)
Binding of nPFO to membranes containing 35 mol % cholesterol
and different ratios of DAG/POPC ranging from 0 (no DAG) to
1 (open circles). In all panels, pore formation was evaluated using
liposomes prepared with selected lipid compositions, and the fraction
of fluorophore quenched is indicated using bars. Each data point
shows the average of at least two independent measurements and their
range.

Appearance of free cholesterol molecules in the membrane is
also affected by the headgroup of the phospholipids (56). We
therefore quantified how much the change of a choline group, for
a smaller ethanolamine group, affected PFO binding at a fixed
cholesterol concentration. We prepared membranes containing
increasing amounts of POPE (by replacing an equal amount of
POPC) at a cholesterol concentration fixed at 35 mol % of the
total lipids and determined the binding of nPFO. When only
POPC is present in membranes containing 35 mol % cholesterol,
nPFO does not bind (Figure 1). However, nPFO started to bind
when 30% of POPC was replaced by POPE (Figure 1B, POPE,
19.5 mol % of the total lipids). Maximal binding was obtained
with an equimolar mixture of POPE/POPC. On the basis of these
observations, one would predict that the smaller the headgroup
of the phospholipid, the less cholesterol will be required in the
membrane to trigger PFO binding. Does the addition of POPE
have any effect on pore formation? As observed for just POPC,
binding of PFO to POPC/POPE membranes dictates how much
pore formation occurs, as determined by the quenching of the
encapsulated marker (Figure 1B, bars). No pore formation was
detected on membranes containing 5% POPE in the nonsterol
lipid fraction, but pore formation paralleled PFO binding to
membranes above 30% POPE.
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Enhanced Free Cholesterol Exposure Promotes PFO
Binding: Effect of DAG. Elimination of the phosphocholine
group in POPC, which leaves the glycerol backbone plus both
acyl chains, should have a maximal affect on the exposure of free
cholesterol molecules and consequent PFO binding. Using a
similar approach to that outlined in the previous section, we
analyzed the binding of nPFO to liposomes prepared with differ-
ent amounts of POPC and DAG (Figure 1C, open circles).

Surprisingly, the threshold for PFO binding was abruptly
achieved as the membrane population of DAG composes only
5mol % of the total lipids, with saturation levels reached at approx-
imately 13 mol % DAG. The replacement of small amounts of
POPC by DAG was enough to enhance the exposure of free
cholesterol molecules and trigger PFO binding. As observed for
the analysis of POPE, pore formation paralleled the binding of
nPFO at different DAG concentrations (Figure 1C, bars).

The above results confirmed that, at a fixed cholesterol concen-
tration, the smaller the phospholipid head of the added glycer-
olipid, the lower the threshold for PFO binding. Binding of PFO
to membrane bilayers can, therefore, be modulated by the overall
lipid composition rather than solely by the total cholesterol
content.

Cholesterol Dependence of the Cys-less PFO Mutant r PFO.
Most of the structural and mechanistic studies of PFO have been
done with a Cys-less derivative rPFO, where the unique and con-
served Cys459 was replaced by Ala (11, 15—17, 19—22, 29, 43).
Both nPFO and rPFO have similar hemolytic activity and
efficiently bind to liposomes containing high cholesterol (more
than 50 mol % cholesterol) (20). Based on these observations, it
has been commonly assumed that the binding properties of the
Cys-less derivatives for some CDCs were the same. However,
we noticed that the cholesterol-dependent binding of these
two PFO derivatives has different sterol concentration thresh-
old (Figure 2A and Figure 3). The C459A mutant rPFO required
~5mol % more cholesterol to trigger binding to POPC/cholesterol
liposomes as compared with nPFO.

We therefore asked if the C459A mutation affected the con-
formational stability of the toxin. It was found that, despite
causing a small but significant change in the cholesterol-dependent
binding properties of PFO, the C459A mutation did not alter the
stability of the toxin, as determined by the equilibrium urea dena-
turation of the monomeric protein (Figure 2C) (49, 50, 57). nPFO
unfolding by urea was reversible, with a AGy_g"*"*" = 11 +
3 kcal mol™! (Figure 2B). The data were fitted assuming
a two-state model, and similar results were obtained whether
we measured the changes in the average energy of emission
(Figure 2B,C) or the total fluorescence intensity under the spec-
trum (data not shown) (49). The whole PFO molecule unfolded
cooperatively as indicated by the similar concentration of urea
required for 50% unfolding when only Trps were excited at
297 nm (Figure 2B) or when all aromatic amino acids were
excited at 274 nm (data not shown). While Trp fluorescence
reports mostly the unfolding of D4 (six of the seven Trp
residues are located in this domain), excitation at 274 nm
reports the unfolding of the overall molecule (23 Tyr residues
are distributed all over the molecule; Table S1, Supporting
Information).

The change of the conserved Cys459 to Ala affected neither the
stability of the PFO molecule nor the activity of PFO at high
cholesterol concentration. However, it is clear that this residue
contributes to the ability of PFO to interact with cholesterol when
the membrane contains lower cholesterol levels.
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nPFO in 6 M urea in buffer A were added and equilibrated at the
indicated urea concentration as described in Experimental Proce-
dures. (C) Urea denaturation for rPFO and nPFO. The average
energy of emission for each fluorescence emission spectrum was
obtained for nPFO or rPFO at given urea concentrations. The data
in (B) and (C) were fitted assuming that the average energy of
emission of the folded and unfolded states varies linearly with urea
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C. perfringens o-Toxin Facilitates PFO Membrane
Interaction. a-Toxin alters the properties of the target cell
membrane by removing the phosphocholine moieties from PC
and SM. As a consequence of the headgroup removal, more
free cholesterol molecules appear in the membrane. Does the
a-toxin modification of the membrane facilitate PFO binding
and pore formation as a result of the increase in the number of
free cholesterol?

PFO binding changes abruptly from no binding to complete
binding in a very narrow range of cholesterol concentrations (only
a 10 mol % cholesterol increment). To evaluate how a-toxin
activity affects the number of free cholesterol molecules present in
the membrane, we measured the affect of a-toxin on PFO activity
using membranes containing cholesterol concentrations just
below the binding threshold. We measured the kinetics of pore
formation for both nPFO and rPFO derivatives, on membranes
treated, or nontreated, with a-toxin. The extent of PFO pore

Moe and Heuck

formation on untreated liposomes (Figure 3, filled symbols)
correlated well with the extent of binding observed for these
PFO derivatives (Figure 2A).

A baseline signal was measured during 5 min before the addi-
tion of a-toxin (Figure 3, open circles) or the addition of an equi-
valent amount of buffer A (control, Figure 3, filled circles). Some
quenching of GSH-FI was observed during a-toxin incubations.
The origin for the GSH-FI leakage is not known, but it may be
caused by the fusion of some vesicles (58, 59) or by nonspecific
GSH-Flleakage through transient disruptions caused by o-toxin.
The amount and rate of leakage of GSH-F1 were independent
of the cholesterol concentration (Figure 3, open circles, between
5 and 20 min) but dependent on the concentration of a-toxin
(Figure 28, Supporting Information). Similar leakage was ob-
served when a larger reporter, f-amylase-OG (ca. 100 A vs ca.
10 A for GSH-FI), was encapsulated in the liposomes, indicating
that both small and large molecules were released and quenched
by the anti-F1/OG-antibody (ca. ~120 A) (43) as a consequence
of the a-toxin activity (data not shown).

After 15 min of incubation with a-toxin, PFO and EDTA were
simultaneously added (the latter to chelate Ca*" ions and thus
inhibit o-toxin) (60), and pore formation was followed for an
additional 10 min. An increase in the extent of pore formation
was observed for both PFO derivatives when membranes con-
taining more than 30 mol % cholesterol were previously exposed
to a-toxin (compare open vs filled circles in Figure 3). When only
EDTA was added (control with no PFO), no significant change
was observed in GSH-FI quenching (Figure 3E, solid line). The
closer the cholesterol concentration approached the threshold
required to trigger PFO binding, the more prominent was the
effect of a-toxin. In particular for rPFO, note that the extent of
pore formation increased more than 3-fold when liposomes con-
taining 40 mol % cholesterol were preincubated with a-toxin
(Figure 3F).

In agreement with the data obtained with liposomes prepared
with POPE or DAG (Figure 1B,C), hydrolysis of the phospho-
choline group from POPC by a-toxin increased the amount of
free cholesterol molecules in the membrane and as a consequence
facilitated PFO binding and pore formation.

DISCUSSION

Our examination of the cholesterol dependence of PFO bind-
ing and pore formation has provided four primary insights into
the mechanism of PFO interaction with cholesterol in membrane
bilayers. First, cholesterol-dependent PFO pore formation is
regulated at the initial binding step of the cytolytic mechanism.
Second, the amount of cholesterol required to trigger PFO bind-
ing to membranes is reduced when phospholipids with smaller
headgroups are present (e.g., DAG or POPE, compared to
POPC). Third, the conserved Cys459 is important for cholesterol
recognition in membranes containing low cholesterol levels.
Fourth, a-toxin activity (i.e., hydrolysis and release of phospho-
lipid headgroups) facilitates PFO cytolytic activity in membranes
containing low cholesterol content. In addition, we have deter-
mined that the chemical denaturation and refolding of the PFO
monomer by urea are reversible processes, with a AGy_ """ =
11 + 3 keal mol ™.

Cholesterol is essential for PFO cytolysis; however, the exact
mechanism for this specific protein—lipid interaction remains
elusive (9,61, 62). It has become clear that the organization of the
cholesterol molecules in the membrane bilayer (11, 30, 56, 63) and
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FIGURE 3: C. perfiingens a-toxin action facilitates PFO—membrane binding and pore formation. Kinetic profiles for the pore formation activity
of nPFO (panels A, C, E, G) or rPFO (panels B, D, F) on POPC liposomes containing the indicated amount of cholesterol (mol % of total lipids).
Pore formation was determined by the quenching of a liposome-encapsulated GSH-FI1 by the externally added anti-F1 antibody as detailed in
Experimental Procedures. Liposomes were incubated at 37 °C either with 0.5 unit/mL a-toxin (open circles) or without (control, filled circles) for
15 min whereupon PFO protein was added to a final concentration of 300 nM. Typical error ranges obtained for two independent measurements
are shown in panel C. A typical profile for GSH-F1 quenching on liposomes incubated with a-toxin but without addition of PFO is shown in panel
E (control). The time of addition of a-toxin and PFO (or equivalent buffer solutions) at 0 and 15 min, respectively, is indicated by the arrows at the

top of the panels.

the conformation of the loops located in the tip of PFO D4 play
an important role on this interaction (12, 13, 23).

PFO binds directly to pure cholesterol aggregates in aqueous
solutions, but not when cholesterol is complexed with phospholipids
or shielded from the membrane surface (Figure 4A) (16, 29, 56).
The minimal amount of cholesterol required to trigger PFO mem-
brane binding is determined by the interactions between the
sterol molecules and the phospholipids (11, 30). Less choles-
terol is required in the membrane when the liposomes contain

unsaturated phospholipids rather than phospholipids with satu-
rated acyl chains. The kinks introduced by the double bonds
reduce the area of interaction between the acyl chains and the
sterol. Consequently, free cholesterol molecules become more
readily available to interact with PFO. In accordance with these
observations, molecules that intercalate with the phospholipids
but do not interact with PFO move the cholesterol binding
threshold to lower cholesterol concentrations (17, 64). A typical
binding isotherm for nPFO to POPC membranes prepared with
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FiGurE 4: A schematic model for the C. perfiingens o-toxin effect on PFO binding. (A) PFO does not bind to membranes containing low
cholesterol content, presumably because no free cholesterol molecules are present in the membrane. (B) C. perfringens o-toxin hydrolyzes PC
releasing the phosphocholine headgroup and generating DAG. The appearance of free cholesterol molecules triggers D4-mediated PFO binding.
PFO and o-toxin cartoon representations were generated using PyMol (Delano Scientific). The phosphocholine headgroup of POPC is
represented as a large black oval. The glycerol moiety of DAG is shown as a small black circle.

increasing amounts of cholesterol is shown in Figure 1A. Under
these conditions, PFO requires at least 35 mol % cholesterol in
the membrane before any binding is detectable (/6). Once the
binding threshold is achieved, there is a relatively narrow range
required to reach saturation. This cooperative binding behavior
is characteristic of several CDCs like tetanolysin (65), SLO (66),
and LLO (67).

Binding of individual PFO monomers to the membrane sur-
face is followed by oligomerization and the formation of the
prepore complex (18, 43). The final step of the cytolytic mechan-
ism is the cooperative insertion of two amphipathic f-hairpins
per monomer to form a transmembrane S-barrel (19, 68). A
comparative analysis between PFO and intermedilysin (a CDC
secreted by Streptococcus intermedius) showed that the initial and
final steps of the cytolytic mechanism are sensitive to the total
cholesterol content in the bilayer (/4). To investigate how
cholesterol affects each of these steps, both binding and pore
formation were measured using membranes with identical lipid
composition. As shown in Figure 1, no significant differences
were observed for the binding and the pore formation activity of
PFO. The small difference observed between binding and pore
formation can be explained by a nonheterogeneous distribution
of PFO among the vesicles or, alternatively, by the presence of
a small number of noninserted incomplete oligomers. Hence, we
concluded that the initial step of the cytolytic mechanism (i.e.,
cholesterol-dependent binding) determines the ability of PFO to
form pores in membranes. What membrane factors affect the
PFO—membrane interaction?

Both acyl chain length and saturation have been argued to vary
the amount of free cholesterol molecules in the membrane (37),
thus affecting PFO binding. As suggested for SLO (56), we rea-
soned that structural changes in the phospholipid headgroups
could likewise affect cholesterol distribution and therefore toxin
binding (69). We therefore quantified the effect of the headgroups
on PFO binding using membranes containing low cholesterol
levels. Maintaining the cholesterol concentration constant at 35
mol % of the total lipids, we gradually replaced some of the POPC

content by POPE, and PFO binding was observed only when the
POPE/POPC ratio was higher than 1/3, with apparent saturation
achieved at equimolar concentrations (Figure 1B). The acyl
chains of POPE are identical to those of POPC; thus any effect
on the PFO—cholesterol interaction would be a result of the
different headgroup. A parsimonious explanation for these data is
that the comparatively diminutive ethanolamine headgroup pro-
vides less shielding bulk for the cholesterol molecule (28, 56).
Alternatively, this observation can also be explained if POPE does
not associate as effectively with cholesterol as POPC does, and
therefore the amount of free cholesterol molecules increases, as
reflected by the boost in the binding of the PFO molecules to the
bilayer (35). At this point we cannot rule out the possibility that
microheterogeneities may exist in the lipid mixtures at high
cholesterol concentrations that may also explain the observed
binding behavior, like the presence of undetectable nanodomains
or cholesterol crystals (70, 71).

Are there any processes that may affect the phospholipid
headgroup distribution during C. perfringens pathogenesis?
C. perfringens a-toxin is a phospholipase C which cleaves the
headgroup from POPC leaving a DAG moiety in the membrane,
certainly the sparest form of a diacyl lipid (Figure 4B). Since the
removal of the phospholipid headgroup will increase the amount
of free cholesterol in the membrane, we quantified the effect of
replacing POPC for DAG on PFO binding. POPC liposomes
with 35 mol % cholesterol were used as for the analysis of POPE.
POPC was substituted by DAG in a stepwise fashion. Interest-
ingly, the binding threshold was reached when DAG constituted
just S mol % of the total lipids. Binding saturation was reached
when DAG concentration was ~13 mol % of the total lipids (i.e.,
DAG/POPC ratio of 1/5). When the above experiments were
repeated but with liposomes containing 25 mol % cholesterol, a
concentration far below the binding threshold level, PFO binding
was nevertheless educed when DAG/POPC ratio was higher than
1/3 (data not shown). This effect clearly echoes observations with
POPE with the attendant rationale: free cholesterol molecules
become available for PFO binding. Is the availability of free
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cholesterol the only requisite to trigger PFO binding? Does the
conserved Cys play any role in cholesterol recognition?

The tip of PFO D4 contains regions of conservation that
suggest a vital role for this domain. A conserved undecapeptide
was found to be very important for PFO activity and binding (72),
and it has long been suggested that this segment may constitute
the binding site for a cholesterol molecule (73). However, it has
been recently implied that the PFO undecapeptide is uncoupled
from toxin membrane binding (/2). Instead, the Thr490 and
Leu491 residues located in D4/loop 1 of PFO appear to mediate
PFO binding to membranes containing high cholesterol (23).
Interestingly, we report here that the cholesterol binding proper-
ties of the undecapeptide C459A mutant differ from that
observed for the native form of PFO. While the mutation affected
neither the conformational stability of PFO (Figure 2C) nor the
PFO binding at high cholesterol concentration (20, 74—77),
elimination of the thiol group at residue 459 elevated the binding
threshold for cholesterol by 5 mol % (Figure 2A). This observa-
tion suggests that binding of PFO to cholesterol-containing
membranes may not be completely independent of the conserved
undecapeptide. This segment may be important not only for the
insertion of the S-hairpins (12) but also to modulate how much
cholesterol is required on the membrane to trigger binding. The
role of the Cys may be critical when the CDCs act on membranes
containing low cholesterol levels, as has been suggested for
LLO (78).

The concentration of cholesterol in human red blood cells is
approximately 45 mol % of the total lipid (79), and these cells are
frequently used to evaluate the activity of different PFO deriva-
tives (20, 76, 80). It is worth to notice that the cholesterol content
of red blood cells is 7—10 mol % higher than the cholesterol
content of macrophages (81), cells that are a physiological target
for PFO. While the C459A mutation may not significantly affect
the binding to red blood cells, it may affect the binding to other
cells (or to intracellular membranes) that contain lower choles-
terol levels.

PFO is secreted by C. perfringens to the extracellular medium
as an unfolded polypeptide (57, §2). Outside the cell, the toxin
spontaneously folds into a rod-shaped molecule with three
discontinuous domains (domains 1—3) and a compact C-term-
inal p-sandwich (or D4, residues 391—500; see Figure 4A) (53).
Our urea denaturation studies showed that the protein refolds in
vitro after dilution of the denaturing agent (Figure 2B), accord-
ingly with the spontaneous tendency of the polypeptide to adopt
its three-dimensional structure. The free energy of unfolding in
water was 11 % 3 kcal mol ™!, assuming a two-state transition for
the unfolding equilibrium of the toxin. No significant differences
were found in the conformational stability of the rPFO deriva-
tive, where the conserved Cys459 was mutated to Ala, when
compared with the native-like nPFO derivative. The similarity
among the thermodynamic parameters of the two PFO deriva-
tives suggests that no major conformational changes are intro-
duced by this mutation.

Pathogenesis by C. perfringens is mediated by two potent exo-
toxins: a-toxin and PFO. While active individually, it has been
shown that they exert a synergic effect during C. perfringens
infections (25, 40, 83). Could a-toxin hydrolysis of phospholipids
facilitate the cholesterol-dependent interaction of PFO with
the membrane? To determine whether the a-toxin activity will
increase the amount of free cholesterol in the membrane, and a
concomitant increase in PFO binding, membranes containing
different amounts of cholesterol were treated with o-toxin and
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subsequently exposed to PFO. We found that even at cholesterol
levels below the usual binding threshold o-toxin preincubation
appears to poise membranes for PFO lysis (Figure 3).

Our results revealed that the effect of a-toxin was more pro-
nounced at cholesterol concentrations just below the binding
threshold (Figure 3D—F). No significant effect was observed on
membranes containing 25 mol % cholesterol (Figure 3A). The
lack of synergism at low cholesterol concentrations could be
explained by the rapid flip-flop movement of the cholesterol
molecules across the membrane bilayer. Free cholesterol mole-
cules generated on the outer leaflet of the bilayer will rapidly
equilibrate and form complexes with the excess of phospholipids
still present in the inner leaflet of the bilayer (36). This is in
contrast to the DAG titration experiments (Figure 1C), where the
DAG molecules were equally distributed in both leaflets of the
bilayer. Thus, observations from the DAG titration experiments
appear to have a biological parallel with the lipolytic degradation
of POPC by a-toxin with subsequent sensitization to PFO bind-
ing and pore formation. These results suggest that the basis of
a-toxin and PFO synergy lies in the augment of free cholesterol
molecules present in the membrane (Figure 4).

In summary, the data presented here reveal that a-toxin activ-
ity facilitates PFO cytolysis on membranes that contain low choles-
terol levels. In addition, we showed that the binding threshold
for cholesterol can be modulated by modifications in the unde-
capeptide. These polypeptides are highly conserved among the
CDCs (9), and their interaction with the membrane may be
modulated by changes in the pH of the medium (30, 67). We
speculate that these effects are responsible for the activity of
CDCs on intracellular membranes, which contain much less
cholesterol than the plasma membrane (84). Interestingly,
both PFO and a-toxin have been reported to be important
for the C. perfringens escape from the phagosome (39, 40), and
both toxins have optimal activity at a mildly acidic pH (30, 85).

It is also important to note that LLO, a CDC secreted by
Listeria monocytogenes, is essential for the phagosomal escape of
this pathogen (41, 42). Interestingly, LLO and two phospholi-
pases (PI-PLC and PC-PLC) are required to effectively dissolve
the double-membrane spreading vacuole and evade host-cell
defense mechanisms (86—89). The action of these phospholipases
may increase the amount of free cholesterol in the membrane and
trigger LLO binding and pore formation in cellular vacuoles,
even at a suboptimal pH (67). Hence, the results reported here are
not limited to C. perfringens pathogenesis, and they may be gen-
erally applicable to the pathogenic mechanisms of other bacteria,
as well as other cellular processes where the action of phos-
pholipases may be coupled to cholesterol-dependent protein—
membrane interactions (90).

SUPPORTING INFORMATION AVAILABLE

Effect of the time of preincubation with a-toxin on the PFO
pore formation activity; effect of the concentration of o-toxin on
the sensitization of liposomes to PFO pore formation; list of
aromatic residues present in each PFO derivative, molar absorp-
tivity values for each PFO derivative, and the absorption A,,,, for
each PFO derivative. This material is available free of charge via
the Internet at http://pubs.acs.org.
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