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ABSTRACT: Perfringolysin O (PFO) is the prototype for the cholesterol-dependent cytolysins, a family
of bacterial pore-forming toxins that act on eukaryotic membranes. The pore-forming mechanism of
PFO exhibits an absolute requirement for membrane cholesterol, but the complex interplay between
the structural arrangement of the PFO C-terminal domain and the distribution of cholesterol in the
targetmembrane is poorly understood.Herein we show that PFObinding to the bilayer and the initia-
tion of the sequence of events that culminate in the formation of a transmembrane pore depend on the
availability of free cholesterol at the membrane surface, while changes in the acyl chain packing of the
phospholipids and cholesterol in themembrane core, or the presence or absence of detergent-resistant
domains do not correlate with PFO binding. Moreover, PFO association with the membrane was
inhibited by the addition of sphingomyelin, a typical component ofmembrane rafts in cellmembranes.
Finally, addition of molecules that do not interact with PFO, but intercalate into the membrane and
displace cholesterol from its association with phospholipids (e.g., epicholesterol), reduced the amount
of cholesterol required to trigger PFObinding. Taken together, our studies reveal that PFObinding to
membranes is triggered when the concentration of cholesterol exceeds the association capacity of the
phospholipids, and this cholesterol excess is then free to associate with the toxin.

The cholesterol-dependent cytolysins (CDCs)1 are a
family of bacterial pore-forming toxins that act on
cholesterol-containing eukaryotic membranes. There are
more than 20 known proteins of this toxin family that have
been identified from different genera of Gram-positive
bacteria such as Streptococcus, Listeria, Clostridium, Ba-
cillus, and Arcanobacterium (1). This is a growing family
of toxins as new members are being discovered (2-4).
Since the CDCs share a high degree of primary sequence
homology, it is believed that the toxins adopt similar three-

dimensional structures and have similar cytolytic modes of
action (5, 6). Moreover, the recently reported crystal
structures for the membrane attack complex/perforin
showed that the structural and functional features of the
CDCs are related to pore-forming proteins employed by
eukaryotic immune systems (7, 8).
CDCs are secreted aswater-solublemonomers of 50-70

kDa that form large ring- and arc-shaped homo-
oligomeric pores (∼35-50 monomers per oligomer; ap-
proximately 250 Å in diameter) in cholesterol-containing
membranes (9-13). Disruption of the host cell membrane
by these pore-forming toxins is an important step in
bacterial pathogenesis (1).
As do many other bacterial and viral proteins, the CDCs

take advantage of a distinguishing feature of mammalian
membranes, in this case the presence of cholesterol (14, 15).
Since cholesterol is essential for CDC cytolytic activity, and
preincubation of the CDCs with cholesterol inhibited cyto-
lysis, it was long thought that cholesterol functioned as a
receptor for this family of toxins. However, recent findings
have challenged this long-standing paradigm because
not all CDCs require cholesterol to bind to the mem-
brane.For example, intermedilysin recognizes andbinds the
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human CD59 protein (16). However, cholesterol is still
required for the cytolytic activity of intermedilysin (17).
PerfringolysinO (PFO) is aprototype of theCDCfamily

(6, 18). Cytolysis starts when the C-terminal domain 4 of
PFO (residues 391-500) first contacts the target mem-
brane (19). Domain 4 has a beta-sandwich structure that
interacts with the membrane surface only at one end via
the loops that connect the two beta sheets in the domain
(20-22). One of these loops, an 11 amino acid-residue
sequence known as the Trp-rich loop, is highly conserved
among most of the CDCs (1). Modifications in this con-
served undecapeptide typically inhibit the hemolytic activ-
ity of the toxin by blocking the conformational changes
that are required to allosterically trigger the insertionof the
transmembrane beta-barrel (5, 23, 24). The correlation
between this highly conserved amino acid sequence and
the absolute cholesterol dependence led researchers to
hypothesize that this undecapeptide represented the cho-
lesterol binding site for the CDCs (25). However, it has
recently been shown that cholesterol recognition and toxin
binding are mediated by the other three loops, while the
insertion of the undecapeptide may be coupled to the
insertion of the transmembrane beta-barrel (24). Despite
these important observations, the exact mechanism by
which PFO interacts with cholesterol remains unclear.
We have recently shown that the binding of PFO solely to

cholesterol is sufficient to trigger the conformational
changes that effect oligomerization and initiate pore for-
mation (26). However, substantial cholesterol (>30mol%)
is required to trigger the PFO membrane-interaction
in bilayers comprised of cholesterol and phospholipids
(19, 27). It was therefore suggested that PFO binds to
cholesterol rich-domains or membrane “rafts” (28). Yet,
recent studies showed no correlation between the sterol
structures that promote formation of liquid ordered (lo)
phases in liposomal membranes (or membrane “rafts”
in cell membranes) and their ability to promote PFO-
membrane interactions (29). In contrast, PFO binding to
membranes was enhanced when the interaction between
the sterol and the phospholipid acyl chains was weak
(29, 30). Taken together, these studies support the concept
that there is a complex interplay between the structural
arrangement of the domain 4 loops and the distribution of
cholesterol in the target membrane (27).
To better understand the nature of this complex

PFO-cholesterol interaction in the context of membrane
phospholipids, we have systematically examined the phos-
pholipid dependence of PFO binding. Our studies reveal
that (i) the interactions between phospholipids and cho-
lesterol in the bilayer dictate the cholesterol threshold for
PFO binding; (ii) PFO binding to the target membrane is
not detectably dependent on the packing of the lipids in the
membrane core; (iii) PFO binding does not correlate with
the presence of a detergent-resistant fraction in the mem-
brane; (iv) PFO association with the membrane was
inhibited by the increase in the sphingomyelin (SM) con-
tent that is important for the establishment of membrane
“rafts” in cellmembranes; and (v) the cholesterol threshold
required for PFO binding was reduced by the addition
of sterols that do not interact with PFO, but do inter-
calate between the cholesterol molecules and interact with
phospholipids. Taken together, our studies reveal that

PFO membrane-binding is triggered when the concentra-
tion of cholesterol exceeds the association capacity of the
phospholipids. Packing of lipid molecules in the bilayer
will dictatewhether or not cholesterol is accessible to PFO.
The excess of cholesterol is then free to associate with the
toxin and trigger the conformational changes required for
toxin oligomerization and pore formation.

EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis of the PFO Gene. The gene
encoding PFOC459A, derived from PCR amplification of
PFO from pRT20 (31), was cloned into the BglII and

EcoRI sites of the expression vector pRSETB (Invitrogen)

in order to remove an extra Trp residue that was intro-
duced into the protein by the original expression vector

(pAH21, see Supporting Information). The expressedPFO
derivative contained a polyhistidine tag and enterokinase

cleavage site at its N-terminus. When the polyhistidine tag

is removed, the expressed protein consists of the mature
PFO (beginning with amino acid K29) fused to six amino

acids (DPSSRS) carried over from the expression vector at

itsN-terminus. Sinceno significant functional or structural
differences were found between PFO derivatives contain-

ing or lacking the polyhistidine tag, the pAH21 derivative
of PFO was used (data not shown).
Expression, Purification, and Labeling of PFO Deri-

vatives.The expression, purification, and labeling withN,
N0-dimethyl-N-(iodoacetyl)-N0-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)ethylene diamine (IANBD, Invitrogen) of
recombinant PFO derivatives were done with some mod-
ifications of previous procedures (31), as detailed in the
Supporting Information.
Liposome Preparation. 1-Palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC), 1-stearoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (SOPC), 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC), 1,2-distearoyl-sn-glycero-3-phosphocho-
line (DSPC), bovine brain sphingomyelin (SM), and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(5-dimeth-
ylamino-1-napthalenesulfonyl (dansyl-PE) were obtained
from Avanti Polar Lipids. Cholesterol (5-cholesten-3β-ol)
and3-epicholesterol (5-cholesten-3R-ol)wereobtained from
Steraloids. To quantify the percent recovery of both phos-
pholipid and cholesterol during liposome preparations,
trace amounts of [14C]phospholipid and [3H]cholesterol
were added to each batch of liposomes. For POPC-,
DOPC-, and SOPC- cholesterol liposomes, L-3-phosphati-
dylcholine-1,2-di[14C]oleoyl (114 mCi/mmol; GE Health-
care) and [1,2-3H(N)]cholesterol (48.3 Ci/mmol; NEN,
Boston, MA) were added. For DMPC-cholesterol,
DPPC-cholesterol, and DSPC-cholesterol liposomes, L-3-
phosphatidylcholine-1-palmitoyl-2[1-14C]palmitoyl (110mCi/
mmol; PerkinElmer) and [1,2-3H(N)]cholesterol were
added.Mixtures of phospholipid and cholesterol were dried
under a stream of nitrogen at a temperature approximately
10 �C above the Tm of the phospholipid. The dried lipid
mixture was then dried further under a vacuum for 3 h. The
dried phospholipid/cholesterol mixture was resuspended
in 0.55 mL of buffer A [50 mMHEPES (N-2-hydroxyethly
piperazine-N-2-ethanesulfonic acid) (pH 7.5), 100 mM
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NaCl] and vortexed until the dried lipid was fully hydrated
(100 micromolar total lipid). LUVs comprised of POPC-
sterol or DOPC-sterol were generated using an Avestin
Liposofast extruder as described previously (31, 32). For
preparation of DMPC-sterol, DPPC-sterol, DSPC-sterol,
and DOPC-SM-sterol liposomes, an Avanti mini extruder
and heat block were used to ensure the liposomes were
maintained at least 10 �C above the Tm of the major
phospholipid during generation of the vesicles. The percen-
tage recovery of phospholipid and cholesterol ranged from
88 to 100% for all liposomes prepared. For 1,6-diphenyl-
1,3,5-hexatriene (DPH) incorporation into liposomes, 1 μL
of a 280 μM DPH (dissolved in dimethylformamide) solu-
tion was added to 550 μL of liposomes in buffer A. These
conditions created amolar ratio ofDPH/lipid of 1:200while
also keeping the amount of organic solvent added to the
liposomes at a minimum (,1% of final volume). The
liposome-DPH mixture was incubated for 1 h at 20-23
�C in the dark to prevent any photodegradation of the
fluorescent probe.
Steady-State Fluorescence Spectroscopy. Fluorescence

equipment and measurements procedures were done as
detailed previously with some modifications described in
Supporting Information. For Trp intensity measure-
ments, the excitation and emission wavelengths were
295 and 348 nm, respectively, with a 4 nm band-pass.
For DPH anisotropy measurements, the excitation and
emission wavelengths were 350 and 452 nm, respectively,
with a 4 nm band-pass.
Trp Fluorescence. For the spectroscopic analysis of

PFO-membrane interactions, 250 μL aliquots of 50 nM
purified PFOC459A in buffer A were distributed into phos-
phatidylcholine (PC)-coated quartz microcuvettes. After
the initial net (after blank subtraction) fluorescence inten-
sity (F0) of each sample was measured, each cuvette
received 13.5 μL of 1 mM liposomes (total lipid). The
PFO-liposome samples weremixed and incubated at 37 �C
for 30 min. After re-equilibration back to 25 �C, the net
(after blank subtraction and dilution correction) emission
intensity (F) of each sample was measured. The change in
the Trp emission intensity was expressed as F/F0.
Anisotropy. The steady-state anisotropy of DPH in

liposomes was measured in the L-format using Glan-
Thompson prism polarizers in both the excitation and
emission beams. The emission intensity measured when a
250-μL sample was excited by vertically polarized light
and the signal was detected through a horizontal polarizer
was designated as IVH. IHH, IHV, and IVV were defined
analogously. The component intensities of a DPH-free
liposome sample were subtracted from the corresponding
component intensities of a DPH-containing liposome
sample to obtain the net DPH emission intensities of a
given sample. The fluorescence anisotropy was then
calculated from

r ¼ ½netIVV -GðnetIHVÞ�=½netIVV þ 2GðnetIVHÞ�

where the grating factor G = netIVH/ netIHH.
SDS-AGE Analysis of PFO Oligomers. Denaturing

sodium dodecyl sulfate agarose gel electrophoresis (SDS-
AGE) was carried out as previously described (33). Briefly,
a 20 μL sample containing 0.5 μM NBD-labeled PFO

and 0.5 mM liposomes (total lipid) was incubated for
30 min at 37 �C. After the incubation, one-third volume
of sample buffer [0.1% (w/v) bromophenol blue, 45% (v/v)
glycerol, 6% (w/v) SDS, 150 mM Tris-HCl (pH 6.8),
300 mM β-mercaptoethanol] was added. The reaction
mixture was then loaded onto a 1.5% (w/v in buffer A)
agarose gel (10 cm � 6 cm x 0.5 cm) and run at 100 V for
40 min. After electrophoresis, the gel was scanned using a
BioRadMolecular Imager FXwith the external laser set to
488 nm to excite the NBD-labeled PFO.
Triton X-100 Solubility. For detergent-insolubility as-

says, 30 μL of 5 mM liposomes (total lipid) was added to
170 μL of chilled 0.6% (v/v) TX-100 in buffer A. The
detergent-liposome reactions were incubated on ice for 30
min, and then the entire reaction (200 μL)was centrifuged
in a TLA 100.2 rotor (Beckman) at 217000g for 1 h at
4 �C. The supernatant was carefully removed and the
amount of [14C]phosphatidylcholine and/or [3H]choles-
terol in both the supernatant and the pellet (if any) was
determined after detergent extraction and ultracentrifu-
gation.

RESULTS

Phospholipid Dependence of Cholesterol Requirement
for PFO binding to Liposomes. It was shown previously
that the interaction of PFO with cholesterol-containing
liposomes requires a considerable amount of cholesterol

to be present in target bilayers (19, 34). We found this

observation striking since PFO can form holes in mam-
malian endoplasmic reticulum membranes where the

cholesterol content is known to be quite low (35-39).

These apparently conflicting observations led us to ex-
amine more closely the relationship between PFO’s cyto-

lytic mechanism and the cholesterol content in model
membrane systems.
Fluorescence spectroscopy was used to quantify the

cholesterol dependence of PFO binding to large unila-
mellar vesicles (LUVs) composed of a simple binary
mixture of cholesterol and PC. These LUVs consisted of
increasing amounts of cholesterol with different PC spe-
cies that varied both in the length and degree of saturation
of their acyl chains (Table 1). The extent of PFO binding
to different liposome preparations was monitored by the
increase in PFOTrp emission intensity when Trp residues
in domain 4 were exposed to the hydrophobic core of the
membrane bilayer (19, 21).
PFO showed a remarkable range of ability to bind

membranes composed of different PC species. PFO bound
to liposomes containing diunsaturatedDOPCat∼5mol%
lower cholesterol concentrations than to liposomes con-
taining monounsaturated SOPC (Figure 1A) or saturated
DSPC (Figure 1B). Thus, the extent of PC acyl chain
unsaturation is an important variable in determining the
cholesterol content required for PFO binding.
The phospholipid acyl chain length also affects

PFO binding, though less dramatically than acyl chain
unsaturation. Increasing the length of the saturated acyl
chain at the sn-1 position by two carbons (SOPC, 18
carbons vs POPC, 16 carbons; Table 1) lowered the
cholesterol content required for PFO binding for mono-
unsaturated PCs (Figure 1A), albeit only modestly. To
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further examine how the phospholipid acyl chain length
influences PFO’s ability to recognize cholesterol in mem-
branes, binding was measured using cholesterol-contain-
ing liposomes and PCs with completely saturated acyl
chains that were 14, 16, or 18 carbons in length (Table 1).
As in the above experiments, the change in Trp emission
intensity was used to monitor PFO binding to the LUVs
containing saturated PCs and cholesterol. In contrast to
PFObinding to liposomes having at least one unsaturated
acyl chain, a greater concentration of cholesterol was
required for PFO to interact with saturated PC/choles-
terol liposomes (Figure 1B). Only minimal PFO binding
to DMPC/cholesterol liposomes is observed, unless the
cholesterol concentration is higher than 50 mol%. But as
the acyl chains were lengthened by two or four carbons
(DPPC orDSPC, respectively), the amount of cholesterol
needed for PFO binding was lowered, and the cholesterol
dependence profiles were shifted toward the one for
POPC/cholesterol.

Cholesterol Requirement for PFO Oligomerization on
PC-Liposomes. The above fluorescence experiments ex-
amined the binding of PFO to cholesterol-containing
membranes. However, the experiments did not address
whether the subsequent steps of the PFO cytolytic
mechanism, oligomerization, and transmembrane beta-
hairpin (TMH) insertion (19, 32, 33, 40) had the same
cholesterol dependence. Since oligomerization and TMH
insertion occur after PFO binds to the membrane, it is
conceivable that the cholesterol requirement would not
be the same for these steps.
To test whether or not oligomerization occurred on the

different PC-liposomes, we employed a technique known
as SDS-AGE to monitor PFO oligomerization because
PFO oligomers exhibit significant or complete resistance
to dissociation by SDS. This technique has already been
used to show that PFO forms large, oligomeric prepore
complexes prior to insertion of its membrane-spanning
TMHs (33). Therefore, the extent (if any) of PFO oligo-
merization on the various cholesterol-containing mem-
branes can be determined by the presence of an SDS-
resistant oligomeric band.
The degree of PFO oligomerization was determined by

incubating cholesterol-containing liposomes with NBD-
labeled PFOD397C, C459A (a PFO derivative labeled with a
fluorescent NBD dye at position 397, hereafter termed
NBD-PFO) and resolving the PFO samples on a 1.5%

agarose gel. The Asp397 residue is water-exposed in the
PFO monomer, and after oligomerization remains ex-
posed to the aqueous solvent. Substitution of Asp397 for
Cys and labeling with NBD did not modify the pore-

forming properties of the toxin (21). For these experi-
ments, we focused on POPC- and DOPC-cholesterol
liposomes since these liposome compositions showed a
large disparity in their cholesterol dependence curves of
PFO binding (Figure 1A). NBD-PFO oligomerization on

POPC- andDOPC-cholesterol liposomes (Figure 2, lanes
A-F and G-L, respectively) showed the same depen-
dence on cholesterol concentration as Trp-detected PFO
binding to liposomes (Figure 1A).
In addition to examining the cholesterol concentration

dependence of PFO binding to and oligomerization on
various PC liposomes, we observed that the same choles-
terol dependence held true for both TMH insertion (19)
and pore formation (data not shown). Therefore, the
above results, taken in total, indicate that the length
and degree of saturation of the phospholipid acyl chains
comprising the bilayer, along with the amount of choles-
terol, dictate when cytolysis occurs. If PFO cannot bind
to the membrane, then the subsequent steps (oligomer-
ization, TMH insertion, and pore formation) in the

Table 1: Names and Acyl-Chain Properties of PCs Used to Prepare Liposomes

abbreviation 1-acyl carbons: double bonds 2-acyl carbons: double bonds

POPC palmitoyl 16:0 oleoyl 18:1 (Δ9)
DOPC oleoyl 18:1 (Δ9) oleoyl 18:1 (Δ9)
SOPC stearoyl 18:0 oleoyl 18:1 (Δ9)
DMPC myristoyl 14:0 myristoyl 14:0

DPPC palmitoyl 16:0 palmitoyl 16:0

DSPC stearoyl 18:0 stearoyl 18:0

FIGURE 1: Cholesterol dependence of PFO binding to liposomes
composed of cholesterol and various phospholipids. Changes in the
PFOTrp emission intensity are shown as a function of the cholesterol
content of the different liposomes. The net F/F0 was calculated as
described in Experimental Procedures. (A) DOPC, (; SOPC, 9;
POPC, b. (B) DSPC, 2; DPPC, 9; DMPC, O. The cholesterol
dependence curve for POPC (b) is shown for reference. Error bars
indicate the standard deviation observed for three independent
measurements per data point.
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cytolytic mechanism will not occur. Since the primary
effect of changing phospholipids is to alter the amount of
cholesterol required, it suggests that the ability of PFO to
recognize and/or interact with cholesterol at the mem-
brane surface is influenced by changing the physicochem-
ical and/or steric properties of the phospholipid acyl
chains and membranes.
The Relative Ordering of the Phospholipid Acyl Chains

does not Influence PFO Binding toMembranes.One of the
major concerns when changing the phospholipid and
sterol compositions of a membrane is the effect the
change may have on the dynamics of the lipid bilayer.
Generally, membrane fluidity reflects the motion and
order (i.e., packing) of the various lipids within a mem-
brane bilayer. To assess membrane fluidity, small fluor-
escent probes are often incorporated into bilayers to
measure the acyl chain packing of the phospholipids.
A large body of work on model membrane systems
demonstrates that the molecular order and dynamics of
the lipid chains are drastically affected by the introduc-
tion of double bonds into the fatty acid chains of the lipid.
In addition, the presence of cholesterol in the membrane
has an impact on the physical state and order of the
surrounding lipids (refs 41 and 42 and references cited
therein).
To measure the relative acyl chain packing of the

various PC/cholesterol liposomes used in this study, we
incorporated the fluorescent probe DPH into our choles-
terol-containing liposomes andmeasured the steady-state
anisotropy of the probe. Figure 3 summarizes these
results for DPH incorporated at 0.5 mol% into the
liposomes. For DPPC- and DSPC-cholesterol liposomes
at 25 �C, the steady-state anisotropy is high (0.33-0.34)
and nearly constant from 30 to 52 mol% cholesterol.
These results are consistent with a high degree of acyl
chain order that is independent of the high amount of
cholesterol present in the membrane.
We also compared the steady-state anisotropy of DPH

in monounsaturated POPC and diunsaturated DOPC as
a function of cholesterol concentration. For these choles-
terol-containing membranes at 25 �C, DPH steady-state
anisotropies were lower throughout the entire cholesterol
range when compared to the disaturated PCs, consistent
with more freedom of motion of the DPH probe in the
unsaturated acyl chain environment of POPC or DOPC.
Increasing the cholesterol concentration results in an
approximately linear increase in DPH anisotropy, indi-
cating that cholesterol restricts the molecular motion of

the acyl chains, though to a lesser extent than in the
presence of disaturated phospholipids.
When comparing anisotropy values obtained at the

same cholesterol concentration for the various phospho-
lipids/cholesterol mixtures, the difference in DPH aniso-
tropy values can be attributed to the presence of the
double bonds in the unsaturated acyl chains that tend
not to pack together as tightly as the saturated acyl
chains. These results clearly show that the relative acyl
chain packing in the hydrophobic core of the membrane
is sensitive both to the phospholipid/cholesterol ratio
and to the degree of unsaturation of the phospholipid
acyl chains. However, it is also clear that when comparing
the liposome compositions that support PFO binding
(Figure 1A,B) to the DPH anisotropy values of those
liposomes (Figure 3), there is no correlation between the
DPH-detected lipid packing and the ability of PFO to
recognize the cholesterol molecules in the liposomes.
The above DPH anisotropies were measured at 25 �C,

yet PFO was incubated with liposomes at 37 �C in the
above Trp binding experiments. Since changes in tem-
peraturemay affect the properties of amembrane, we also
measured the DPH anisotropy of the liposomes at 37 �C
and found no significant change in the anisotropy profiles
obtained at these temperatures (data not shown) (43).
Therefore, we conclude that the packing of the phospho-
lipids acyl chains and cholesterol into the membrane core
does not dictate whether or not PFO binds to the bilayer
surface.
PFO Binds to Membranes Containing High Cholesterol

Content Independently of Their Detergent Solubilization
Properties. The above DPH anisotropy experiments pro-
vided some information regarding the overall behavior of
the lipids in the liposomes (i.e., degree of lipid order). To
determine if PFO binding to membranes correlated with
the presence of detergent-resistant membranes in PC/
cholesterol liposomes, we determined the extent of deter-
gent-insoluble lipid material in various liposomes and
compared the results to the PFO binding data. The PC/
cholesterol liposomes were made with trace amounts of
[3H] cholesterol and [14C] phosphatidylcholine so that we
could determine the amount of insoluble membrane ma-
terial by performing solubilization experiments with cold
TX-100. The PC/cholesterol liposomes were then sub-
jected to extraction with 0.6% (v/v) TX-100 at 0 �C,

FIGURE 3: Effect of cholesterol concentration and phospholipid
unsaturation on lipid order in liposomes as measured by DPH
anisotropy. DPH was incorporated into the PC/cholesterol mem-
branes as described inExperimental Procedures.DPPC,2;DSPC,O;
POPC, b; DOPC, 9.

FIGURE 2: Cholesterol dependence of PFO oligomerization on
POPC- or DOPC-cholesterol liposomes. The amount of cholesterol
present in the PC-liposomes is shown below each lane. Lanes A-F
show PFO oligomerization with POPC/cholesterol liposomes, while
lanes G-L contain DOPC/cholesterol liposomes. The NBD-PFO
monomer and oligomer bands were visualized with a BioRad Mole-
cular Imager FX as described in the Experimental Procedures.
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followedbyultracentrifugation to pellet any insoluble lipid
material (44). The data revealed that the percentage of
insoluble PC and cholesterol (amount of pelletedmaterial)
varied depending on the degree of saturation of the PC.
At concentrations of ∼30 mol% and above the satu-
rated PC lipids, DPPC (Figure 4) or DMPC (data not
shown) had the highest percentage of cholesterol and PC
(92-100%) in the pellet regardless of the amount of cho-
lesterol in the liposomes. The large amount of insoluble
lipid in DPPC- and DMPC-cholesterol liposomes corre-
lates with the lipids being in the lo phase, as suggested by
their respective lipid/cholesterol phase diagrams (45, 46).
These lo phases have been shown to be more resistant to
solubilization by detergents than ld ones (47).
In contrast to the saturated PC/cholesterol liposomes,

DOPC/cholesterol liposomes were completely solubilized
in cold TX-100, as shown by the lack of insoluble PC
or cholesterol (Figure 4). The poor interaction between
DOPC and cholesterol prevented the packing of the acyl
chains, making the lipids more susceptible to detergent
solubilization. Interestingly, the detergent insolubility data
with POPC/cholesterol liposomes revealed insolubility
properties that were intermediate between those of the
saturated- and diunsaturated-cholesterol liposomes. In
POPC liposomes, the percentage of insoluble cholesterol
and PC in the pellet increased with increasing cholesterol
concentrations (Figure 4). Since POPC contains both
a saturated acyl chain and an unsaturated acyl chain,
membranes containing POPC can form the lo phase when
mixed with sufficient amounts of cholesterol (44, 48).
Therefore, increasing the cholesterol concentration in
POPC liposomes appears to contribute to the packing of
the acyl chains making the lipids more resistant to deter-
gent solubilization. Since the ratio of [14C]phospholipid/
[3H]cholesterol in the pellet was constant, cold TX-100 did
not preferentially solubilize either cholesterol or phospho-
lipid from the liposomes.
If PFO binding to membranes was based solely on

whether the membranes are either detergent-resistant,
detergent-soluble, or a combination of both properties,
then there should be a correlation between the presence
of these solubilization properties and PFO binding.
However, PFO was able to bind to membranes being
detergent-resistant (DMPC, DPPC, POPC) or detergent-
soluble (DOPC), albeit at different cholesterol concentra-
tions. For example, DOPC/cholesterol liposomes are
detergent-soluble at either 30- or 50-mol% cholesterol
(Figure 4), yet PFO binds only to the liposomes contain-
ing 50 mol% cholesterol (Figure 1A). Similarly, DPPC/
cholesterol liposomes are mostly detergent-insoluble at
all cholesterol concentrations (Figure 4), yet PFO binds
only to the liposomes containing at least 50 mol%
cholesterol (Figure 1B). Thus, the detergent solubility
properties of membranes do not appear to be associated
with PFO recognition of and binding to cholesterol-
containing membranes.
Sphingolipid-Cholesterol Interaction Reduces the Abil-

ity of PFO to Recognize Cholesterol on the Membrane
Surface. All of the above experiments were performed
on liposomes composed of a binary mixture of lipids
(i.e., cholesterol and PC), yet biological membranes con-
tain a variety of lipid species possessing different lengths

of acyl chains, head groups, and number of double bonds.
Since one of the objectives of this work is to elucidate the
role of phospholipids in PFO binding to cholesterol-
containing membranes, we decided to examine PFO
binding to liposomes composed of a more complex lipid
mixture. In doing so, we prepared a series of liposomes
containing a mixture of DOPC, cholesterol, and SM to
see if the presence of sphingolipids influenced PFO bind-
ing and oligomerization. Since liposomes containing 60
mol% DOPC and 40 mol% cholesterol supported PFO
binding (Figure 1A), liposomes were prepared with at
least 40 mol% cholesterol and varying proportions of
DOPC and SM in the nonsterol lipid.
As the amount of SM was increased in the nonsterol

fraction from 17% to 50% SM, the change in PFO Trp
emission intensity decreased, thereby suggesting that
PFO does not recognize or bind cholesterol in mem-
branes that contain a high percentage of sphingolipids
(Figure 5A). However, since the presence of SM in the
membrane modifies the spectral properties of the mem-
brane-bound Trp residues (data not shown), a direct
correlation between PFO binding and the total SM con-
tent cannot be ascertained from this data. The extent of
PFO binding as the concentration of SM increase in the
membrane was also determined by measuring formation
of oligomers by NBD-PFO on DOPC/SM/cholesterol.
Oligomerization is a good reporter for the cholesterol-
dependent PFO-membrane interaction because PFO
does not oligomerize in solution (49) or in the absence
of cholesterol (26). The amount of PFO oligomerization

FIGURE 4: Detergent insolubility of various PC/cholesterol lipo-
somes. Liposomes with trace amounts of [3H]cholesterol and [14C]
PC were extracted with TX-100 at 0 �C. Radioactivity in the pellet
fractions was measured after ultracentrifugation, and the percent of
radioactivity in the pellet was plotted as a function of cholesterol
concentration. (A) Fraction of [3H]cholesterol found in pellet.
(B) Fraction of [14C]PC found in pellet. In both (A) and (B), the
PC species are the following: DOPC, O; POPC, b; and DPPC, 9.
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decreased as the percentage of SM in the nonsterol
fraction increased (Figure 5B). Thus, replacing DOPC
molecules in the bilayer with SM caused a reduction in
PFO binding to and oligomerization on the membrane.
Although the mol% of membrane cholesterol rem-

ained constant, replacing the unsaturated DOPC with
the saturated sphingolipid species clearly affected
PFO’s ability to recognize and bind to cholesterol in the

membranes. Since it has been shown previously that
sphingolipids preferentially interact with sterols in both
biological and model membranes and form detergent-
resistant membranes (50), we measured the amount of
insoluble material present in the DOPC/SM/cholesterol
membranes by performing TX-100 insolubility assays.
TheDOPC/SM/cholesterol membranes contained a trace
amount of [3H]cholesterol in order to determine the
amount of cholesterol present in the detergent-resistant
fraction.After incubationwith cold nonionic TX-100, the
samples were pelleted, and the amount of radioactive
cholesterol recovered in the pellet was plotted as a func-
tion of the initial percentage of SM in the nonsterol
fraction.When the membranes contained no or very little
SM, most of the [3H]cholesterol was found in the super-
natant and no lipid pellet was observed after incubation
with TX-100 (Figure 5C). However, as the amount of SM
increased in the cholesterol-containing membranes, a
detergent-resistant pellet started to appear, and the per-
centage of [3H]cholesterol found in the pellet increased
(Figure 5C). When the nonsterol fraction of the mem-
branes contained an equimolar amount ofDOPCandSM
(30 mol% apiece), approximately 40% of the [3H]choles-
terol could be found in the detergent-resistant pellet. The
amount of [3H]cholesterol found in the detergent-resis-
tant pellet increased to roughly 80% when the nonsterol
fraction was entirely SM. Since the formation of a
detergent-resistant sphingolipid-cholesterol phase coin-
cided with a decrease in PFO binding to the DOPC/SM/
cholesterol membranes, it appears that PFO does not
recognize or bind to cholesterol that is sequestered into
sphingolipid-cholesterol rich domains.
Only a Limited Number of the Cholesterol Molecules in

the Membrane Are Accessible to Interact with PFO. Early
experiments demonstrated that some sterols that are
structurally related to cholesterol had an inhibitory effect
on the hemolytic properties of the CDC bacterial toxins
(51, 52). From those inhibition studies, the structural and
stereospecific requirements for the sterol molecule were
identified. One such requirement was the presence of a
hydroxyl group in the β-configuration on carbon-3 of
ring A of the cyclopentanoperhydrophenanthrene ring
of cholesterol. However, if the hydroxyl group was in the
R-configuration, as in epicholesterol, then the sterol did
not inhibit toxin activity because the toxin presumably
could not recognize the sterol derivative (26, 53).
To examine how cholesterol packing in the bilayer

affects PFO interactions with the membrane, we took
advantage of the inability of PFO to recognize epicholes-
terol and performed competition experiments with these
two sterols. Since the stereochemistry of the polar -OH
group is the only difference between cholesterol and
epicholesterol, it has been suggested that the flat four-
ring portions of the two sterols pack similarly with
phospholipid acyl chains (54). Since PFO bound to and
oligomerized on POPC membranes containing 48 mol%
or more cholesterol (Figures 1A and 3), the total sterol
concentration was fixed at 48 mol% of total lipids and
POPC was used as the phospholipid in the following
experiments. NBD-PFO was incubated with the various
liposome preparations, and the extent of PFO binding
and oligomerization was detected by visualization of

FIGURE 5: PFO binding to DOPC/SM/cholesterol membranes.
(A) Changes in the Trp emission intensity of PFO are shown as a
function of the percentage of SM in the nonsterol fraction of the
membranes. The net F/F0 was calculated as described in Experimen-
tal Procedures. Error bars indicate the standard deviation observed
for three independent measurements per data point. (B) NBD-PFO
oligomerization on DOPC/SM/cholesterol membranes. After incu-
bation of PFO with the membranes, samples were solubilized with
sample buffer and separated by 1.5% SDS-AGE. The NBD-PFO
monomer and oligomer bands were visualized with a BioRad Mole-
cular Imager FX as described in the Experimental Procedures. In
both (A) and (B), the membranes were composed of 50 mol%
cholesterol and various proportions of DOPC and SM comprising
the remaining 50 mol% lipid in the nonsterol fraction. For example,
when SM is at 50% in the nonsterol fraction, there is an equimolar
amount of SM and DOPC (25 mol% each). (C). Formation of
detergent-resistant domains in DOPC/SM/cholesterol membranes.
The liposomes were composed of 40 mol% cholesterol and various
proportions of DOPC and SM comprising the remaining 60 mol%
lipid in the nonsterol fraction. Liposomes with trace amounts of [3H]
cholesterol were extracted with TX-100 at 0 �C. Radioactivity in the
pellet fractions was measured after ultracentrifugation, and the
percent of radioactivity in the pellet was plotted as a function of the
percentage of SM in the nonsterol fraction of the membrane.
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SDS-resistant oligomeric bands. When the membrane
was composed of only POPC and epicholesterol, no
PFO oligomerization was detected (Figure 6, lane A).
This result confirms previous data regarding PFO’s in-
ability to interact with a sterol having the OH group in
the R-configuration (1, 26). As the ratio of cholesterol/
epicholesterol increased (Figure 6, lanes B-F), PFO
oligomers began to form until the majority of PFO was
present as an oligomeric species. Interestingly, when only
19 mol% cholesterol was present in the membrane, SDS-
resistant PFOoligomers appeared (Figure 6, laneC). This
result appears to conflict with our earlier findings that
PFO required a minimum of 45 mol% cholesterol in
POPC membranes to bind and form detectable oligo-
mers. However, the membranes used in this sterol sup-
plementation experiment contained a substantial amount
of epicholesterol to maintain the total sterol concentra-
tion at 48 mol% in the membranes. Thus, while at least
45 mol% cholesterol was required for PFO binding when
POPC/cholesterol liposomes were examined (Figure 1A),
more than half of those sterol molecules were not directly
involved in PFO-membrane interactions. The simplest
explanation for this observation is that most of the sterol
molecules in the bilayer are tightly packed with the
phospholipids and hence not available to interact with
PFO.

DISCUSSION

Our examination of the cholesterol dependence of PFO
binding to and interaction with membranes has provided
insights into the mechanisms by which PFO accomplishes
the initial cholesterol recognition step during pore forma-
tion. By applying a number of different experimental
approaches, we were able to assess several different possi-
bilities for the nature of the PFO-cholesterol interaction
and ultimately identify the most important factor in de-
termining whether PFO binds to the membrane surface.
This factor, the presence of free cholesterol in the mem-
brane, is critical for triggering the PFO-membrane inter-
action, while the packing of the acyl chains of the
phospholipids and the nature of the phospholipids in the
bilayer are only important to the extent that they influence
cholesterol chemical activity or the exposure of cholesterol
to the surface (55, 56).

This conclusion is based primarily on the epicholesterol
data that revealed that the efficacy of PFO binding to the
membrane surface was dictated by both the presence of
cholesterol and the total sterol content in the bilayer
(Figure 6). PFO binds directly to pure cholesterol (26),
but PFO-membrane recognition and binding requires
PFO to access cholesterol that is membrane-embedded,
yet surface-exposed. Cholesterol interacts more favorally
with saturated acyl chain lipids than with unsaturated acyl
chains lipids (ref 41 and references cited therein), and
recent studies with monolayers and bilayers have demon-
strated the existence of cholesterol-enriched regions in
membranes whose formation is heavily dependent on the
degree of phospholipid acyl chain unsaturation, head-
group structure, and acyl chain length (56-59). Since
epicholesterol has similar membrane packing characteris-
tics as cholesterol (60), but is not functional in PFO pore
formation [Figure 6, lane A; (26)], the ability to partially
replace cholesterol with epicholesterol without blocking
PFO binding and oligomerization shows that some sterols
in themembrane associatewith phospholipidswhile others
are free to interact directly with PFO. Hence, PFO bind-
ing was observed to membranes containing as little as
19 mol% cholesterol because the added epicholesterol
(Figure 6, lane C) associates and interacts with phospho-
lipids in the membrane allowing some of the cholesterol
molecules to be free to interact with PFO. Epicholesterol
apparently intercalates in the bilayer and competes with
cholesterol for association with phospholipids, as reported
for other membrane intercalating agents (61). These data
therefore reveal that there are at least two distinctive states
of cholesterol in a typical membrane bilayer: one in which
cholesterol is readily accessible for binding to proteins such
as PFO (free cholesterol), and one in which the sterol is
associated with surrounding membrane components that
reduce its exposure to the surface (e.g., phospholipid head-
groups may obscure access to sterols associated with
phospholipid acyl chains).
Consistentwithour view, recentworkdone on twoother

cytolysins that bind cholesterol (streptolysin O and Vibrio
cholerae toxin) indicated that reducing the size of the
phospholipid headgroup caused an increase in cholesterol
exposure and consequently an increase in the binding of
the cytolysins (62). We have confirmed these observations
by replacing some of the choline-containing POPC with
ethanolamine-bearing POPE, a phospholipid with the
same acyl chains but a smaller headgroup. The addition
of POPE reduced the amount of cholesterol required for
PFObinding (data not shown). In contrast, the presence of
10 mol% POPS in a POPC/POPS/cholesterol mixture did
not affect the binding profile of PFO when cholesterol is
varied from 34 to 55 mol%, either in the presence or
absence of 2 mM Ca2+ (data not shown).
Similarly, PFO binding requires less cholesterol when

the liposomal phospholipids contain unsaturated rather
than saturated acyl chains [Figure 1; (29, 30)], presumably
because acyl chain kinks introduced by the double bonds
occupied more space within the bilayer and therefore
pushed adjacent sterols out from under the headgroup
where they were less accessible to PFO. We also observed
that less cholesterol was required for PFO binding when
the phospholipid acyl chain length increased up to 18

FIGURE 6: NBD-PFO oligomerization on membranes containing
cholesterol and epicholesterol. The liposomes contained 52 mol%
POPC and 48 mol% sterol. The mol% of the individual sterols
comprising the sterol fraction of the liposome is indicated below each
lane in the above figure. After incubation of PFO with the mem-
branes, samples were solubilizedwith sample buffer and separated by
1.5% SDS-AGE. The NBD-PFO monomer and oligomer bands
were visualized with a BioRadMolecular Imager FX as described in
the Experimental Procedures.
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carbons (Figure 1). It have been shown that sterol/phos-
pholipid interactions are affected by the hydrophobic
mismatch between these two lipids because the hydropho-
bic “length” of cholesterol is equivalent to the length of a
PCwith 17carbon saturated acyl chains (41). Phospholipid
acyl chains with more than 17 carbons must bend to
accommodate the shorter cholesterol molecule, and as a
consequence the cholesterolmolecules are pushedout from
under the headgroup and become more exposed to PFO.
Thus, the steric demands and interactions of lipid mole-
cules in the bilayerwill influencewhether or not cholesterol
is accessible to PFO. These findings agreed with those
reported previously (34), though no clear conclusions
evolved from their more limited investigation.
We also examined other membrane properties that did

not correlate with the cholesterol dependence of PFO
binding to the membrane. The relative acyl chain packing
was one such property, as PFO was just as capable of
binding to membranes displaying a low amount of lipid
order (i.e., DOPC/cholesterol) as to membranes having a
more restricted lipid motion (i.e., DPPC/cholesterol) (Fig-
ure 3). In addition,we also investigatedwhetherPFOhad a
preference for binding to detergent-resistant or detergent-
soluble membranes. Using cold TX-100 as an assay for
membrane resistant to solubilization, we found the PFO
bound both to DOPC/cholesterol liposomes that were
completely soluble in TX-100 and to DPPC/cholesterol
liposomes that were insoluble in TX-100 (Figure 4). These
data indicate that the detergent solubility properties of a
liposome comprised of cholesterol and a single phospho-
lipid does not correlate with the binding of PFO to the
membrane.
However, when we examined more complex lipid mix-

tures containing DOPC, SM, and a constant amount of
cholesterol, we discovered that the ratio of DOPC/SM in
the membranes affected PFO binding and oligomerization
(Figure 5). Increasing the SM content of the membranes
enhanced their resistant to cold TX-100 solubilization and
reduced the ability of PFO to recognize and/or bind to
cholesterol. PFO binding to membranes therefore ap-
peared to be negatively influenced by the presence of SM.
More importantly, this result suggests that PFO does not
recognize or bind to cholesterol that is sequestered in SM-
rich microdomains, structures that are commonly asso-
ciated with the presence of “rafts” in cell membranes (63).
Our data therefore conflict with an earlier report that

PFO interacts preferentially with cholesterol located in
lipid “rafts” in natural membranes (64, 65). Their conclu-
sions were based on the colocalization of a protease-
treated PFO fragment with lipid raft-associated proteins
duringTX-100detergent-insolubility assays. In our experi-
ence, such an experimental approach is susceptible to
multiple interpretations and thismay explain the difference
between their conclusions and ours. Using the detergent
and pelleting conditions reported in their work to examine
PFO localization in “rafts”, we found that the majority of
the PFOwas located in the pellet after treatment with TX-
100 when either DOPC- or DPPC-liposomes containing
50 mol% cholesterol were used (data not shown). Since
DOPC/cholesterol membranes were soluble in TX-100
(Figure 4), the PFO in the pellet was not bound to any
detergent-resistant membranes. This result demonstrated

that themembrane-inserted PFOoligomer was resistant to
dissociation by either SDS or TX-100 since oligomeric
PFO was found in the pellet. The resistance of the PFO
oligomer to TX-100 solubilization may therefore compli-
cate the interpretation of the sedimentation data because
PFO oligomers may sediment in the presence of TX-100
even if they were formed on nonraft membrane surfaces.
Since our data were obtained with full-length PFO and
uniform chemically defined liposomes, we believe that
PFO does not necessarily bind to lipid “rafts” in mem-
branes. But we also recognize that the conflicting conclu-
sionsmay reflect limitations in theTX-100 assay as applied
to natural and/or synthetic membranes (47, 50).
It is clear from the data presented in this work that the

total amount of cholesterol required to trigger PFObinding
to a particularmembrane is influenced by the lipid composi-
tion of the bilayer. Moreover, the total amount of choles-
terol required to initiatePFObindingwill alsobe affectedby
the presence of membrane proteins due to specific lipid
binding to, association with, or intercalation into the trans-
membrane segments of these proteins.We speculate that the
latter effect may be the reason that PFO binds to and forms
pores in ER membranes (37-39) even though their total
cholesterol content is very low, because the nonsterol lipid
components are more likely to pack within the membrane
proteins than are the relatively rigid cholesterol molecules.
One effect of this selective partitioning is that the mole
fraction of cholesterol in the bulk lipid in the exposed
membrane surface area will increase (35). Whatever the
explanation for the sensitivity of ER membranes to PFO,
one should be cautious when using PFO or any PFO
derivatives to track the total cholesterol content in cellular
membranes. PFO binding may depend on the “free choles-
terol” or cholesterol chemical activity, rather than on the
total amount of cholesterol present in the membrane, and
the chemical activitywill be influenced by the lipid composi-
tion and the presence of other membrane components.
In summary, exposure of free cholesterol at the mem-

brane surface is essential for PFO binding to the bilayer
and the initiation of the sequence of events that culminate
with the spontaneous formation of a transmembrane pore.
Bending of the phospholipids acyl chains by introducing
double bonds or reducing the size of the phospholipid head
groups decreased the threshold of cholesterol required to
trigger binding. In contrast, changes in the relative packing
of lipids in themembrane coreor the presenceor absence of
detergent-resistant membranes did not correlate with PFO
binding. Finally, addition ofmolecules that do not interact
with PFO, but intercalate into the membrane and displace
cholesterol from its association with phospholipids (e.g.,
epicholesterol), reduced the amount of cholesterol re-
quired to trigger PFO binding. Since exposure of free
cholesterol at the surface of membranes is necessary for
the binding of CDCs and other bacterial and viral proteins
(15, 66-70), the results reported here may be generally
applicable to other protein-membrane interactions in-
volved in human pathogenesis.
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SUPPORTING INFORMATION AVAILABLE

Detailed protocols for the expression, labeling, and
purification of PFO derivatives, F

::
orster resonance energy

transfer (FRET) measurements, and steady-state fluores-
cence spectroscopy procedures. FRETanalysis of the PFO
binding to LUVs containing different amount of choles-
terol. A figure describing the primary sequence for com-
monly used PFOderivatives. Thismaterial is available free
of charge via the Internet at http://pubs.acs.org.
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