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ABSTRACT: Changes in the cholesterol content of cell mem-
branes affect many physiological and pathological events, including
the formation of arterial plaques, the entry of virus into cells, and
receptor organization. Measuring the trafficking and distribution of
cholesterol is essential to understanding how cells regulate sterol
levels in membranes. Perfringolysin O (PFO) is a cytolysin secreted
by Clostridium perf ringens that requires cholesterol in the target
membrane for binding. The specificity of PFO for high levels of
cholesterol makes the toxin an attractive tool for studying the
distribution and trafficking of cholesterol in cells. However, the use
of the native toxin is limited given that binding is triggered only
above a determined cholesterol concentration. To this end, we have
identified mutations in PFO that altered the threshold for how much cholesterol is required to trigger binding. The cholesterol
threshold among different PFO derivatives varied up to 10 mol % sterol, and these variations were not dependent on the lipid
composition of the membrane. We characterized the binding of these PFO derivatives on murine macrophage-like cells whose
cholesterol content was reduced or augmented. Our findings revealed that engineered PFO derivatives differentially associated
with these cells in response to changes in cholesterol levels in the plasma membrane.

Cholesterol is an essential component of mammalian cell
membranes, and its distribution on cell membranes is

tightly regulated.1,2 In mammalian cells, this sterol is derived
either from low-density lipoprotein (LDL) receptor-mediated
endocytosis and subsequent hydrolysis in lysosomes or via de
novo biosynthesis in the endoplasmic reticulum.3 The
mechanism of intracellular cholesterol transport and distribu-
tion is an unresolved issue of fundamental importance to cell
biology and medicine.4 Defects in these transport pathways can
alter the cellular cholesterol metabolism, resulting in patho-
logical states.5 Abnormal cholesterol levels have been
implicated in several diseases, including atherosclerosis,6,7

Niemman-Pick type C disease,8,9 and Alzheimer’s disease,10

among others. Understanding the pathways of intracellular
cholesterol transport constitutes a critical step toward the
adjustment of abnormal cholesterol levels in mammalian cells
and many other cellular cholesterol lipidoses.11,12

Among the most powerful tools for assessing the localization
and fluctuations of molecules, in the physiological context of
intact living cells, are fluorescence microscopy and related
techniques. Given the remarkable improvements in fluores-
cence imaging technology,13,14 visualization of cholesterol
molecules in membranes is limited only by the molecular
probes available to directly determine cholesterol levels.15,16

Cholesterol-binding reagents like filipin, a fluorescent polyene

antibiotic, have been widely used to stain cholesterol in cell
membranes.17,18 However, given the ubiquitous distribution of
cholesterol in mammalian cells, membrane permeable filipin
and other cholesterol fluorescent analogues commonly
employed as imaging probes12,16 stain all membranes (i.e.,
plasma and inner membranes).9 Clearly, better molecular
probes could facilitate the detection of cholesterol levels in cell
membranes and their fluctuation in response to metabolic
signals and drug therapies.
Nonlytic derivatives of the cholesterol-dependent cytolysin

(CDC) perfringolysin O (PFO) have been used to detect
cholesterol rich microdomains in cell membranes.19 PFO is
secreted as a water-soluble protein that upon binding to a
cholesterol-containing membrane, oligomerizes and sponta-
neously inserts into the bilayer to form a large β-barrel pore
(diameter of ∼300 Å).20 In contrast to filipin, which binds
indiscriminately to cholesterol in membranes,18,21 it has been
shown that PFO binds to membranes only when the
cholesterol concentration exceeds a certain threshold.22,23

The sharp transition observed for binding of PFO to model
membranes containing increasing amounts of cholesterol
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suggests that the toxin could be used as a molecular probe to
detect cholesterol levels on cell membranes. Unfortunately, the
promise of PFO as a cholesterol imaging probe is limited by the
narrow spectra of cholesterol concentrations that can be
discriminated by the native toxin. It has been also suggested
that PFO binds to cholesterol rich membranes or membrane
rafts.24,25 However, it has become clear that exposure of
cholesterol and concomitant PFO binding depends on the
overall composition of the membrane.26−29 The head size or
the presence of unsaturated acyl chains on the phospholipids
forming the membrane can alter the amount of cholesterol
required to trigger binding.
Binding of PFO to cholesterol is sufficient to trigger all the

conformational changes required to form an oligomer,30 and
the C-terminus of PFO or domain 4 (D4) guides the first
contact of the toxin with the membrane.23 Toxin−membrane
interaction occurs via the distal loops that connect the eight β-
strands that form the D4 β-sandwich. Three of these loops are
highly conserved among the CDC members, and in addition to
the conserved undecapeptide loop (amino acids 458−468), it
has been shown that two residues located in loop 1 (L1),
Thr490 and Leu491, are essential for the recognition of
cholesterol at the membrane surface.31,32

We have recently found that the Cys459Ala modification of
the membrane interacting domain of PFO D4 alters the
cholesterol concentration threshold required for binding.28 We
reasoned that additional modifications may yield PFO
derivatives that bind to membranes containing more or less
cholesterol than the native toxin. By combining the tunable
properties of PFO D4 with the many fluorescent probes
available,15 we are able to generate imaging reagents capable of
detecting a broad range of distinct cholesterol levels in cell
membranes.
These studies revealed that modifications of residues located

in the proximity of Cys459 raised or lowered the cholesterol
concentration threshold for PFO binding. Therefore, using a
lytic-impaired parental PFO derivative,33,34 we generated
mutants that bound to higher or lower cholesterol concen-
trations in model membranes. Replacement of the charged
Asp434 residue with Ser lowered the cholesterol threshold of
the parental PFO, while replacement of the nonpolar Leu491
with Ser increased the amount of cholesterol required in the
membrane to trigger binding. When tested with model
membranes, the threshold required to trigger binding for
these PFO derivatives expanded more than 10 mol %
cholesterol. The differential binding properties of the generated
PFO derivatives did not vary with changes in the membrane
composition, and more importantly, these properties were also
observed when the PFO derivatives were used on native murine
macrophage-like cell membranes.

■ EXPERIMENTAL PROCEDURES
Preparation of PFO Derivatives. The expression and

purification of the PFO derivatives were conducted as described
previously.27,30,35 The PFO derivative containing the native
sequence (amino acids 29−500) and the polyhistidine tag that
came from the pRSETB vector (Invitrogen) is named nPFO.27

The PFO Cys-less derivative (nPFOC459A, where Cys459 is
replaced with Ala) is named rPFO.35 The single-Cys lysis-
impaired parental der ivat ive used in this study
(rPFOE167C/F318A) was named FPFO. The E167C mutation on
domain 1 (D1) provides a site for specific probe attachment,34

and the F318A mutations on D3 eliminate the lytic activity of

the toxin on liposomes.33 Mutagenesis of PFO was done using
the QuickChange (Stratagene) procedure as described
previously.36

Steady-State Fluorescence Spectroscopy. Steady-state
fluorescence measurements were taken using a Fluorolog-3
photon-counting spectrofluorometer as described previously.28

Samples were equilibrated at 25 °C before fluorescence was
determined.

Assay for Binding. Binding to liposomes was done using
the change in the Trp emission intensity produced by the
binding of PFO to cholesterol-containing membranes as
described previously.28 Briefly, emission for Trp fluorescence
was recorded at 348 nm (4 nm bandpass) with the excitation
wavelength fixed at 295 nm (2 nm bandpass). The signals of
monomeric PFO derivatives were obtained with samples
containing 200 nM protein in buffer A [50 mM HEPES, 100
mM NaCl, 1 mM DTT, and 0.5 mM EDTA (pH 7.5)] using 4
mm × 4 mm quartz cuvettes.37 The net emission intensity (F0)
for monomers was obtained after subtracting the signal of the
sample before the protein was added. Liposomes were added
(∼200 μM total lipids), and the samples were incubated for 20
min at 37 °C. Trp emission after membrane incubation was
measured after re-equilibration of the sample at 25 °C, and the
signal from an equivalent sample lacking the protein was
subtracted (F). The fraction of protein bound was determined
as (F − F0)/(Ff − F0), where Ff is the emission intensity when
all the protein is bound. Binding of PFO derivatives to
cholesterol dispersions in aqueous solutions was conducted as
described previously.30

Urea Unfolding Equilibrium Studies. Unfolding was
conducted as described previously.28 The conformational
stability of the proteins (ΔGU−F

water) was calculated assuming
a two-state unfolding model for the PFO monomers.

Labeling of the Fluorescent Protein. Fluorescent
labeling was conducted as previously described.34,38 Maleimide
derivatives of Alexa 488 or 633 were mixed with the PFO
derivative of interest and incubated at room temperature for 2 h
in buffer B [50 mM HEPES and 100 mM NaCl (pH 8)].
Labeled PFO was separated from the free dye by size exclusion
chromatography using Sephadex G-25 [1.5 cm (inside
diameter) × 25 cm column].

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 generated as described previously.39

Briefly, equimolar mixtures of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), and sphingomyelin (SM,
porcine brain) were combined with the indicated amount of
cholesterol (5-cholesten-3β-ol) in chloroform. The thin film of
lipids formed after chloroform evaporation was resuspended in
buffer A and passed through an extruder equipped with a 0.1
μm filter 21 times. Liposomes were stored on ice and discarded
after 3 weeks.

Lipid Determination. The percentage of cholesterol in
liposomes used in Figure 3A was determined using the Amplex
Red Cholesterol Assay Kit (Invitrogen). The total phosphate
quantification assay was as described by Chen et al.40 Briefly,
the lipid samples (30 μL) were added to a mixture of 0.45 mL
of 8.9 M sulfuric acid and 0.15 mL of hydrogen peroxide (30%,
v/v) and heated at 200−215 °C for 30 min. The sample was
then allowed to cool for 5 min at 20−23 °C, and 3.9 mL of
water, 0.5 mL of 20 mM ammonium molybdate, and 0.5 mL of
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0.57 M ascorbic acid were added and mixed after each addition.
Samples were then heated at 100 °C for 5 min, and the
absorbance at 800 nm was determined after equilibration at 25
°C. Readings were then compared to a standard curve obtained
in parallel with samples of potassium phosphate of known
concentrations to determine the concentration of individual
samples. The mole percent of cholesterol in each sample was
calculated as total cholesterol/(total phosphate + total
cholesterol). For other experiments, the concentration of lipids
was calculated using the concentration of stock solutions
(usually within ±3% of measured concentrations).
Preparation of Cyclodextrin Complexed with Choles-

terol. Methyl-β-cyclodextrin (mβCD) and cholesterol were
from Sigma-Aldrich Canada Ltd. (Oakville, ON). mβCD−
cholesterol complexes were prepared as described by Christian
et al.41 Briefly, cholesterol dissolved in a chloroform/methanol
mixture (1:1 by volume) was transferred to a glass tube, and the
solvent was evaporated under N2 gas passed through a 0.2 μm
syringe filter. mβCD (2.5 mM in Dulbecco’s modified Eagle’s
medium) was added to the cholesterol residue to the desired
mβCD:cholesterol molar ratio. Cholesterol was dissolved by
sonication for 30 min in a bath sonicator, followed by the
sample being mixed overnight at 37 °C. Samples were sterilized
by being passed through 0.45 μm syringe filters and used
immediately thereafter. All procedures were performed in glass.
Cell Culture. All reagents for cell culture were from Life

Technologies Inc. (Burlington, ON). RAW 264.7 murine
macrophage-like cells were cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum (heat-
inactivated), 2 mM L-glutamine, 50 units/mL penicillin, and 50
μg/mL streptomycin. Cells were passaged when they reached
75% confluence by being gently scraped and plated at a 1:5
ratio in fresh medium. Prior to each experiment, 3 × 105 cells
were seeded into each well of an eight-well Nunc LabTek
Chambered Coverglass (Thermo Scientific) and cultured for 24
h.
Treatment of Cells, Labeling, and Fluorescence

Microscopy. Cells were treated for 1−3 h at 37 °C with
medium containing either filipin (5 μg/mL; Sigma-Aldrich
Canada Ltd.), mβCD (at the concentrations indicated), 2.5
mM mβCD complexed to cholesterol at different mβCD:cho-
lesterol ratios, or no additions. Cells were then washed twice
with cPBS [0.88 mM KH2PO4, 6.4 mM Na2HPO4, 136.8 mM
NaCl, and 2.7 mM KCl (pH 7.4) (PBS) supplemented with 1
mM CaCl2], fixed for 30 min at 23−25 °C with 2.5%
paraformaldehyde (freshly made in PBS), and washed twice
with PBS. Cells were incubated with fluorescently labeled PFO
derivatives (38 nM in PBS containing 1 mg/mL bovine serum
albumin) as indicated, for 90 min at 37 °C. In some
experiments, cholera toxin subunit B (CTxB) labeled with
Alexa 594 [5 μg/mL (Life Technologies Inc.)] was included in
the incubation. Cells were then washed once with PBS at 23−
25 °C, and for some experiments, cells were stained with DAPI
[4′,6-diamidino-2-phenylindole, 300 nM, 1 min in PBS at 20−
23 °C (Life Technologies Inc.)]. Cells were washed another
three times with PBS at 23−25 °C, and cPBS containing 0.5
mM ascorbic acid (Sigma Chemical Co., St Louis, MO) was
added. Cells were immediately imaged by wide-field
fluorescence microscopy using either a Zeiss Axiovert 200 M
or a Leica DMI 6000B fluorescence microscope.

■ RESULTS
The Amount of Cholesterol Required To Trigger

Binding of PFO to a Membrane Is Affected by Amino
Acids Located around the Conserved Cys459. The
binding of PFO to model membranes is regulated by both
the lipid composition of the membrane and the structure of the
loops located at the distal tip of D4 (Figure 1A). The presence

of “free” cholesterol molecules at the membrane surface is
required to trigger PFO−membrane association.20,27,28,30

However, how many of these free cholesterol molecules are
required to trigger binding seems to be dictated by the
structure of the D4 loops. Using POPC/cholesterol liposomes
as model membranes, we have recently shown that the Cys459
to Ala substitution raised the threshold for cholesterol binding
from 30 to 35 mol %.28 This was surprising because it has been
shown that only loop 1 (L1), loop 2 (L2), and loop 3 (L3) in
D4 mediate the specific interaction of PFO with cholesterol,32

with only two residues (Thr490 and Leu491) being essential

Figure 1. PFO D4 showing the location of residues modified in this
study. (A) Cartoon representation of the α-carbon backbone for PFO
(top right) with D4 colored green and for the α-carbon backbone and
amino acids surface side view of PFO D4. The conserved
undecapeptide (red), C459 (blue), the three loops (L1−L3) located
at the tip of D4 (yellow), and the C-terminus are indicated. (B)
Bottom view of the cartoon representation shown in panel A, with
amino acids mentioned in the text shown as sticks and labeled. The
central region containing mutations that affect the cholesterol
threshold of the toxin is surrounded by an oval. The image of PFO
D4 was rendered in PyMol (DeLano Scientific).
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for cholesterol recognition.31 It is clear from these data that the
precise role of cholesterol in the cooperative cytolytic
mechanism of PFO is far from being understood.
We therefore investigated first if the phospholipid

composition of the membrane affected the differential binding
of native nPFO and the Cys-less rPFO and second if
modifications to residues that are known to interact with the
membrane upon PFO binding further affected the cholesterol
binding threshold of the toxin.35 The cholesterol content of the
liposomes was varied from 25 to 50 mol %, and the
phospholipid composition was fixed at a 1:1:1 POPC:PO-
PE:SM molar ratio (the most abundant human plasma
membrane phospholipids). In membranes containing just
POPC and cholesterol, the cholesterol thresholds for nPFO
and rPFO binding are 40 and 44 mol % cholesterol,
respectively.28 In membranes containing POPC, POPE, and
SM, the cholesterol thresholds for nPFO and rPFO binding
were 36.5 and 41.5 mol % cholesterol, respectively.
Interestingly, despite the fact that both PFO derivatives showed
a lower cholesterol threshold when a more complex
phospholipid mixture was used, the cholesterol mole percent
difference between the PFO derivatives remained constant
(Figure 2A).
Four mutants of the Cys-less rPFO derivative, L491C (in

L1), A401C and V403C (in L2), and A437C (in L3) (Figure
1),35 were initially tested to evaluate the effect of D4 mutations
on the cholesterol-dependent binding of PFO. The pore
forming activity of these derivatives is similar to that of nPFO
when measured using liposomes containing a high level of
cholesterol.35 Two of the analyzed mutants, rPFOL491C and
rPFOV403C, showed a 4−5 mol % increase in the cholesterol
concentration required to trigger binding (Figure 2A). No
major change was observed for the A437C mutant and a
minimal change for the A401C substitution. A close inspection
of the structure of the D4 distal tip shows that the Leu491 and
Val403 residues are proximal to Cys459 (Figure 1B), while
A401 and A437 are more distant from the undecapeptide. To
evaluate the potential effect of D4 mutations on the
conformational stability of the protein, we determined the
free energy for the unfolding of rPFOL491C, the protein with the
highest cholesterol threshold, using equilibrium urea denatura-
tion (Figure 2B).28 No significant difference in ΔGU−F

water was
observed between rPFO and rPFOL491C (13.6 ± 1.528 and 13.2
± 1.6 kcal/mol, respectively). These results suggest that
mutations that altered the cholesterol threshold of rPFO did
not affect the stability of the toxin. Moreover, nPFO and
rPFOL491C bound similarly to cholesterol dispersed in aqueous
buffer (Figure 2C),30 suggesting that the change in the
cholesterol threshold is not related to the ability of the
proteins to bind cholesterol. The lower maximal F/F0 observed
for rPFOL491C is typical for PFO derivatives containing the
Cys459 to Ala mutation, which have higher F0 values.

28

A Standard Scale for Evaluating the Binding Proper-
ties of PFO Mutants. The changes in the intrinsic Trp
fluorescence that follows membrane binding of PFO derivative
have been effectively used to determined the fraction of protein
bound as a function of cholesterol concentration.23,27−30 The
steplike increase in Trp emission intensity for PFO derivatives
occurred at a precise cholesterol concentration (Figure 2A).
Each PFO derivative is therefore characterized by a cholesterol
threshold defined as the cholesterol concentration at which the
increase in Trp emission is half of the emission when binding is
complete. Because the absolute cholesterol threshold (mole

percent) depends on the lipid composition of the membranes
(see above) and there are small variations in the cholesterol
concentration among identically prepared liposome batches
(∼5 mol % in our hands), it is convenient to define a relative
value for the cholesterol threshold rather than an “absolute”
value. The difference in the cholesterol threshold (change in
the mole percent of cholesterol obtained with the same
membranes) between nPFO and the PFO mutant under study
is a more robust parameter for characterizing the cholesterol
binding properties of PFO derivatives. A negative value of the
change in the mole percent of cholesterol indicates a derivative
that binds at lower cholesterol concentrations than nPFO, and

Figure 2.Mutations on D4 alter the cholesterol threshold of PFO. (A)
The fraction of bound PFO derivatives (final concentration of 0.1 μM)
to liposomes of varying cholesterol content and POPC, POPE, and
SM in a constant 1:1:1 ratio (final total lipid concentration of 0.1 mM)
was determined using intrinsic Trp fluorescence as described in
Experimental Procedures. The cholesterol thresholds for both nPFO
and rPFO were lower than those observed with POPC and
cholesterol,28 but the difference in the cholesterol threshold (∼5
mol % cholesterol) was not significantly affected by the change in the
phospholipid composition of the membrane. A >4 mol % increase in
the cholesterol threshold was observed for the rPFOV403C and
rPFOL491C mutants. (B) Urea denaturation for rPFOL491C, the
derivative with the highest cholesterol threshold. The average energy
of emission for each fluorescence emission spectrum was obtained at
given urea concentrations. The data were fit assuming that the average
energy of emission of the folded and unfolded states varies linearly
with urea concentration. (C) Binding of nPFO (●) and rPFOL491C

(◇) to cholesterol dispersed in an aqueous buffer solution. The Trp
emission intensity for 0.1 μM protein was measured as described in
Experimental Procedures before (F0) or after (F) addition of the
indicated amount of cholesterol. Most data points show the average of
at least two independent measurements and their range.
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a positive value indicates that higher cholesterol concentrations
are required for binding. For example, we found previously that
rPFO required more cholesterol than nPFO for membrane
binding.28 Using the relative scale defined above, the
corresponding change in the mole percent of cholesterol for
rPFO is +3.6. The absolute cholesterol threshold value for any
PFO derivative can be calculated using the values of the change
in the mole percent of cholesterol if the value for nPFO is
known for a particular membrane system. We therefore
determined the cholesterol threshold for nPFO by quantifica-
tion of the lipid composition of liposomes with a 1:1:1
POPC:POPE:SM molar ratio and various amounts of
cholesterol (Figure 3A). The cholesterol threshold of nPFO
was 36.5 ± 1 mol % cholesterol for this membrane system.

Mutations on D4 Can Increase or Decrease the
Change in the Mole Percent of Cholesterol of PFO
Derivatives. Our ultimate goal is to obtain probes that
differentially bind to cellular membranes containing different
levels of cholesterol. We therefore introduced single-amino acid
mutations into PFO D4 using the parental rPFOE167C/F318A

derivative (hereafter named FPFO). The F318A mutation
renders a protein that oligomerizes on liposomal membranes
but is not lytic at a 1:1000 protein:total lipid concentration
ratio33 and increases by >20-fold the magnitude the toxin dose
required to cause 50% hemolysis in sheep red blood cells (see
the Supporting Information). The E167C mutation introduces
a unique site for labeling with a fluorescent or other probe of

choice, and this modification does not affect the properties of
the toxin.30,34 We first evaluated the cholesterol threshold for
the parental FPFO derivative, which contains the same D4 as
rPFO. The change in the mole percent of cholesterol for FPFO
was +3.2 ± 0.5, very similar to that observed for rPFO (Figure
3B). This result clearly indicated that neither the F318A
mutation in D3 nor the E167C mutation in D1 affected the
cholesterol binding properties of the toxin. Our next goal was
to scan the D4 loops for mutations that raised or lowered the
cholesterol threshold of FPFO.
Our first candidate for decreasing the cholesterol threshold

was the charged D434 residue located in L3 of PFO D4. The
negatively charged Asp was modified to Ser, a noncharged
amino acid that can form hydrogen bonds with the polar
groups of the lipids at the membrane surface. The change in the
mole percent of cholesterol for FPFO

D434S decreased ∼3 units,
rendering a derivative with a cholesterol threshold lower than
that of the parental FPFO derivative and very similar to that for
nPFO (Figure 3B).
With the goal of raising the cholesterol threshold of the

FPFO derivative to higher cholesterol concentrations, we
targeted the L491 residue because it has been shown that the
L491A mutation weakened PFO binding as determined using
surface plasmon resonance.31 We replaced the hydrophobic
Leu with the more polar Ser, generating the FPFO

L491S

derivative. As expected, FPFO
L491S showed a cholesterol

threshold 7 units higher than that of the parental FPFO
(Figure 3B). Both FPFO

D434S and FPFO
L491S were selected for

cellular studies because the cholesterol threshold between them
differs by more than 10 mol % cholesterol.

Cholesterol Was Essential for Binding of PFO to
Murine Macrophage-like Cells. We tested if the binding of
the parental FPFO

Alexa488 derivative was dependent on
cholesterol at the surface of the plasma membrane of murine
macrophage-like cells using two independent assays. First, we
incubated murine macrophage-like cells with the cholesterol
binding polyene filipin to block cholesterol at the membrane
surface.42−44 While filipin fluorescence was seen at the cell
surface and intracellularly (Figure 4A), FPFO

Alexa488 was found
only at the surface of untreated murine macrophage-like cells.
In contrast, when cells were first treated with filipin, no
significant binding of FPFO

Alexa488 was detected on the cell
surface (Figure 4A). Cholera toxin subunit B associates with
lipid rafts in plasma membranes by binding to ganglioside GM1
in a cholesterol-independent manner.45 Labeling of cells with
CTxBAlexa594 was not affected by filipin treatment, demonstrat-
ing that filipin treatment did not disrupt the plasma membrane
but specifically blocked FPFO

Alexa488 binding. Second, we tested
the cholesterol dependence of binding of FPFO

Alexa488 to
murine macrophage-like cells by removing cholesterol from the
membrane surface using incubation with mβCD.46 Cells were
incubated with 0.05, 0.5, or 5 mM mβCD for 3 h at 37 °C.
Treatment of cells with ≥0.5 mM mβCD prevented labeling
with FPFO

Alexa488, whereas treatment with ≤0.05 mM mβCD
(Figure 4B) (data not shown) had no apparent effect . In
contrast, treatment of cells of mβCD did not affect the extent of
CTxBAlexa594 binding. It is clear from these data that binding of
FPFO

Alexa488 to plasma membranes of murine macrophage-like
cells was dependent on the presence of cholesterol and
regulated by the cholesterol levels at the membrane surface.

The Sensitivity of PFO Mutants to Cholesterol
Concentration Was Conserved on Murine Macro-
phage-like Cell Membranes. The cholesterol content of

Figure 3. Cholesterol thresholds in PFO derivatives can differ by up to
10 mol % cholesterol. (A) Determination of the cholesterol threshold
for nPFO (final concentration of 200 nM) on POPC/POPE/SM
membranes containing the indicated mole percent of cholesterol (final
total lipid concentration of 100 μM). The mole percent of cholesterol
was determined by individual quantification of cholesterol and total
phospholipids. Cholesterol was quantified using Amplex Red, and total
phospholipids were quantified by phosphate determination after acid
hydrolysis as described in Experimental Procedures. Thin lines are a
guide for the eye to indicate the average range for data in the
transition. (B) Cholesterol-dependent binding of FPFO

D434S (▽) and
FPFO

L491S (□) derivatives selected for cellular studies compared to
nPFO (●), rPFO (○), and FPFO (★). Binding measurements were
taken as described in the legend of Figure 2. Data points are the
average of at least two measurements and their standard deviation.
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the cell membranes can be altered by incubations with mβCD
or mixtures of mβCD and cholesterol.46 Incubations with
mβCD alone or with high mβCD:cholesterol ratios reduce the
cholesterol concentration on the plasma membrane. In
contrast, incubation with low mβCD:cholesterol ratios

increases the cholesterol content of the cells.41,42 We therefore
incubated murine macrophage-like cells with 2.5 mM mβCD
alone or with mixtures of 2.5 mM mβCD and cholesterol at
ratios ranging from 20:1 to 3:1 to decrease and increase the
normal levels of cholesterol in the plasma membrane (Figure

Figure 4. Cholesterol modulates binding of FPFO to murine macrophage-like cells. (A) Filipin blocks binding of FPFO
Alexa488 to the cell surface.

Fixed RAW 264.7 murine macrophage-like cells were incubated without (top) or with 7.6 μM filipin (bottom) for 60 min at 20−23 °C. Cells were
washed and incubated with FPFO

Alexa488 (40 nM) and CTxBAlexa594 (5 μg/mL) (the latter as a marker for the cell surface). (B) Depletion of
cholesterol using mβCD inhibits FPFO

Alexa488 binding. Cells were treated for 2 h without (panels marked 0) or with the indicated amount of mβCD.
Cells were then fixed and incubated with FPFO

Alexa488 and CTxBAlexa594 for 90 min and then stained with DAPI for nuclear DNA as described in
Experimental Procedures. Labeled cells were imaged by wide field fluorescence microscopy using standard filter sets for TRITC (“Red” CTxB
labeling), FITC (“Green”, FPFO

488Alexa), or DAPI (“Blue”, filipin labeling in panel A and DAPI labeling in panel B). Scale bars represent 10 μm.

Figure 5. Different cholesterol levels are distinguished by PFO derivatives on murine macrophage-like cell membranes. RAW 264.7 cells were
incubated for 3 h at 37 °C either with no additions (panels marked None), with 2.5 mM mβCD alone, or with 2.5 mM mβCD complexed with
cholesterol at the indicated mβCD:cholesterol ratios. After 3 h, cells were washed, fixed, and incubated with 38 nM FPFO

Alexa488 (top),
FPFO

D434S Alexa633 (middle), or FPFO
L491S Alexa633 (bottom). Cells labeled with FPFO

D434S Alexa633 or FPFO
L491S Alexa633 were also incubated with DAPI

(middle and bottom). Cells treated with mβCD:cholesterol ratios of 6:1 and 3:1 were not incubated with FPFO
D434S Alexa633 (middle). Scale bars

represent 10 μm.
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5). Binding of FPFO
Alexa488 was not observed in cells treated

with mβCD alone (as in Figure 4B) or with a mβCD:cholester-
ol ratio of 20:1 (Figure 5). Cells treated with a
mβCD:cholesterol ratio of 15:1 were labeled faintly (slightly
less than untreated cells) by FPFO

Alexa488. In contrast, treatment
of cells with mβCD:cholesterol ratios of ≤8:1 resulted in
substantially more labeling with FPFO

Alexa488.
The FPFO

D434S Alexa633 derivative was bound to the plasma
membrane even when cells were treated with mβCD alone,
suggesting that the cholesterol-dependent properties of PFO
derivatives observed with model membranes are conserved on
natural membranes (i.e., murine macrophage-like cells). A slight
increase in the level of binding was observed when cells were
treated with a mβCD:cholesterol ratio of 20:1, and a >2-fold
increase when cells were treated with ratios of ≤15:1.
Interestingly, untreated cells did not significantly bind the
FPFO

L491S Alexa633 derivative, suggesting that the cholesterol
activity (or availability) in these cells is lower than that obtained
in model membranes with 50 mol % cholesterol. Binding of this
derivative was observed only on cells overloaded with
cholesterol using the lowest mβCD:cholesterol ratios (Figure
5). Taken together, our data clearly indicate that engineered
PFO derivatives (e.g., FPFO) could be tuned to associate with
cellular membranes containing different cholesterol levels.

■ DISCUSSION

Our studies of the role of the membrane-interacting domain of
PFO showed that mutations in amino acids located in the
proximity of the conserved Cys459 modulated the threshold of
cholesterol required to trigger toxin−membrane association.
Cholesterol was required at the plasma membrane for binding
of PFO to murine macrophage-like cells as determined by both
filipin inhibition and cholesterol depletion using mβCD. The
differential cholesterol-dependent properties among PFO
derivatives were consistent on model as well as natural
membranes, and not significantly affected by the lipid
composition. Mutations of conserved residues raised or lowered
the cholesterol threshold for PFO binding, suggesting that PFO
has evolved to recognize an optimal cholesterol chemical
activity on cell membranes.
It is widely known that high levels of cholesterol are required

in model membranes to trigger binding of PFO and other
related CDCs.22,23,47,48 Similar high-cholesterol-dependent
effects have been observed for the enzymatic activity of
cholesterol-modifying enzymes (e.g., cholesterol oxidase)49,50

and for the rate of removal of sterols from the membrane
surface by cyclodextrins.51,52 The high cholesterol levels needed
for these membrane processes have been related to the tight
interaction of cholesterol molecules with the surrounding
phospholipids.53,54 Cholesterol becomes accessible at the
membrane surface only after the sterol−phospholipid inter-
action is saturated.4,55 These interactions make the phospho-
lipid/sterol mixtures in membranes nonideal, and therefore, the
thermodynamic parameter that more precisely relates to the
cholesterol concentration with the accessibility of sterol
molecules at the membrane surface is chemical activity.
Cholesterol chemical activity (or accessibility) is influenced
by changes in the length and saturation of the acyl chains of the
phospholipids present in the membrane, as well as by the size
of the phospholipid headgroups.56 Given that the levels of
cholesterol on the plasma membrane seem to be tightly
regulated,1,2 it is not unexpected that PFO has evolved to

maximize the recognition of a particular cholesterol chemical
activity.20

PFO contacts the target membrane via D4,23 the loops at the
bottom of the β-sandwich being the only segments of this
domain that remain inserted in the membrane after
oligomerization (Figure 1).35 Comparison of the sequences
for 28 CDC family members shows that the conserved
undecapeptide (residues 458−468, PFO sequence), L1
(residues 488−493), and L2 (residues 398−406) contain five,
four, and four invariable residues, respectively.20 The less
conserved L3 (residues 434−439) has no invariable residues.
Multiple mutagenesis studies have shown that residues located
in the undecapeptide, especially the conserved Trp residues, are
very important for pore formation (reviewed in ref 57), and this
undecapeptide was initially considered the cholesterol binding
site of the CDCs. However, it has been shown that loops L1−
L3 are responsible for the interaction of PFO with cholesterol-
containing membranes.32 More recently, it has been suggested
that only two invariable residues located in L1 are essential for
cholesterol recognition: Thr490 and Leu491.31 While it is clear
that the side chains of T490 and L491 are critical for
cholesterol binding, direct cholesterol interaction with these
two residues has not been shown. It may be possible that these
two mutations affected a membrane-dependent conformational
transition required for cholesterol interaction, and not the
interaction with cholesterol itself. Moreover, an analysis of
other invariable residues located in L1 (Gly488 and Pro493)
and L2 (H398, G400, and A404) has not been conducted, and
therefore, the exact location of a cholesterol binding site (if
any) deserves further characterization. We have shown here the
mutation of L491 (a putative cholesterol binding residue) or
V403 (not previously related to cholesterol interaction)
significantly altered the cholesterol threshold for PFO binding.
Surprisingly, none of these residues affected PFO binding or
pore formation at high cholesterol concentrations (Figure 2). A
similar effect was previously found for the C459A mutation in
the undecapeptide (Figure 2A).28 Moreover, elimination of the
negative charge of Asp434 located in the poorly conserved L3
segment lowered the cholesterol threshold for PFO (Figure
3B). It is therefore clear that the nature of amino acids located
in D4 loops modulates the cholesterol chemical activity
required to trigger toxin binding, with residues located around
the conserved Cys459 being the ones that affected the
cholesterol threshold the most (Figure 1B). In addition to
single-amino acid substitutions, changes that are likely to affect
the conformation of the protein, like the pH of the medium,
also alter the cholesterol threshold for toxin binding.26,58 Taken
together, these data strongly suggest that the conformation of
the PFO D4 dictates the cholesterol chemical activity required
to trigger toxin binding. The importance of sensing an optimal
cholesterol chemical activity is reflected in the highly conserved
amino acid sequences at the membrane interacting loops of the
CDCs.
Another important characteristic of binding of PFO to

cholesterol-containing membranes is the typical stepwise
increase that in our experiments was detected by the intrinsic
Trp fluorescence change that follows the exposure of the
aromatic residues to the membrane surface.23,26,29,59 This
membrane-dependent fluorescence change constitutes an
efficient approach to assessing PFO binding (Figure 3A). The
association of PFO with membranes can also be detected by the
formation of SDS-resistant oligomers using sodium dodecyl
sulfate−polyacrylamide gel electrophoresis.26,29,60,61 Both ap-
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proaches have independently shown PFO undergo a transition
from no binding to complete binding in a very narrow window
of cholesterol concentrations. In agreement with these results,
we have shown, using simultaneous determinations of PFO
binding and pore formation, that the cholesterol-dependent
response is regulated during the initial binding step of the
toxin.28 The molecular basis for this sharp cooperative
cholesterol-dependent PFO binding remains unknown. It has
been suggested that either a sharp change in the cholesterol
chemical activity or oligomerization preceded by a reversible
PFO−cholesterol equilibrium may be responsible for the sharp
change in the binding profile.29 Similar binding profiles have
been observed on membranes containing different levels of
cholesterol (e.g., plasma membrane or ER membranes),
indicating that similar cholesterol activities can be obtained
on membranes with very different cholesterol concentrations.29

Independent of the mechanism, the effect on the cholesterol
threshold for PFO binding observed when the phospholipid
composition is modified indicates that cholesterol activity plays
a critical role in the initial PFO−membrane interaction.26−28

This cholesterol-dependent transition has been used to image
membranes containing high levels of cholesterol.62−64 Origi-
nally, it was suggested that PFO binds exclusively to cholesterol
rich domains or membrane rafts.19,24 However, it has become
clear that PFO binding and membrane localization are not
limited to the presence of a particular membrane do-
main.26−28,30,65 Therefore, we reasoned that by combining
the sharp on−off membrane association properties of PFO with
the ability to alter the cholesterol binding threshold of the toxin
would provide unique tools for studying and clarifying the
cholesterol-dependent binding of PFO to cellular membranes.
Using site-directed mutagenesis, we modified D4 of FPFO

and obtained two derivatives, FPFO
D434S and FPFO

L491S, each
showing a distinctive cholesterol-dependent profile on model
membranes. Binding of FPFO

D434S required ∼3 mol % less
cholesterol than binding of FPFO, while binding of FPFO

L491S

required ∼7 mol % more cholesterol than binding of the
parental FPFO derivative (Figure 3B). On the basis of the
cholesterol-dependent response obtained for FPFO on murine
macrophage-like cells (Figure 4), we determined if the
differential binding properties of the proteins were conserved
when using cellular membranes. In contrast to the case for
model membranes, the distribution and availability of
cholesterol on cellular membranes could be affected by many
factors, including membrane traffic, synthesis and modifications
of lipids, the presence of membrane proteins, and/or the
association of the membrane with the cytoskeleton.66,67 The
availability of cholesterol (i.e., cholesterol chemical activity) on
the plasma membrane of these cells was varied using
incubations with mβCD alone or different mβCD/cholesterol
mixtures.41 The level of mβCD was kept constant at 2.5 mM in
all assays to account for any nonspecific effect that this
compound may have on membranes (e.g., removal of other
lipids). Interestingly, similar cholesterol-dependent properties
were observed for PFO derivatives on biological membranes.
Only FPFO and FPFO

D434S interacted with untreated murine
macrophage-like cells (Figure 5). No significant binding of
FPFO

L491S was detected on murine macrophage-like cells unless
the cells were treated with the lowest mβCD:cholesterol ratios
(i.e., the highest cholesterol levels achieved with this
procedure). In contrast, FPFO

D434S was bound to cells treated
with mβCD alone (i.e., the lowest cholesterol level achieved).
On the basis of the brighter spots observed along some faint

outlines of the plasma membrane, we can speculate that there is
heterogeneity in the distribution of cholesterol in the plasma
membrane. As observed with model membranes, the binding
properties of the parental FPFO derivative on murine
macrophage-like cell membranes were intermediate when
compared with the properties observed for FPFO

D434S and
FPFO

L491S (Figure 5).
In summary, we have shown here that modifications on PFO

D4 altered the cholesterol binding properties of the toxin.
Moreover, engineered PFO derivatives differentially bind to
model and biological membranes containing different choles-
terol levels. The plasticity of the PFO−cholesterol interaction
combined with engineered PFO derivatives will allow us and
others to create novel molecular probes for studying the
cholesterol distribution and dynamics on cellular membranes.
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