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Several toxins acting on animal cells present different, but specific, interac-
tions with cholesterol. Bordetella pertussis infects the human respiratory
tract and causes whooping cough, a highly contagious and resurgent dis-
ease. Its virulence factor adenylate cyclase toxin (ACT) plays an important
role in the course of infection. ACT is a pore-forming cytolysin belonging
to the Repeats in ToXin (RTX) family of leukotoxins/hemolysins and is
capable of permeabilizing several cell types and lipid vesicles. Previously,
we observed that in the presence of cholesterol ACT induces greater lipo-
some permeabilization. Similarly, recent reports also implicate cholesterol
in the cytotoxicity of an increasing number of pore-forming RTX toxins.
However, the mechanistic details by which this sterol promotes the lytic
activity of ACT or of these other RTX toxins remain largely unexplored
and poorly understood. Here, we have applied a combination of biophysi-
cal techniques to dissect the role of cholesterol in pore formation by ACT.
Our results indicate that cholesterol enhances the Iytic potency of ACT by
promoting toxin oligomerization, a step which is indispensable for ACT to
accomplish membrane permeabilization and cell lysis. Since our experimen-
tal design eliminates the possibility that this cholesterol effect derives from
toxin accumulation due to lateral lipid phase segregation, we hypothesize
that cholesterol facilitates lytic pore formation, by favoring a toxin confor-
mation more prone to protein—protein interactions and oligomerization.
Our data shed light on the complex relationship between lipid membranes
and protein toxins acting on these membranes. Coupling cholesterol bind-
ing, increased oligomerization and increased lytic activity is likely pertinent
for other RTX cytolysins.

Introduction

Cholesterol is an essential component of the plasma
membrane of most eukaryotic cells, where it is nonran-
a crucial role in

domly distributed, and plays

Abbreviations

membrane organization, dynamics, and function [1-3].
Beyond its well-documented effects on the physical
state of the phospholipid bilayer, cholesterol has been

AC domain, adenylate cyclase domain; ACT, adenylate cyclase toxin; AFM, atomic force microscopy; BN-PAGE, blue native polyacrylamide
gel electrophoresis; DOPC, dioleylphosphatidylcholine; GUV, giant unilamellar vesicle; LUV, large unilamellar vesicle; PFT, pore-forming
toxins; Rh-PE, rhodamine-labeled phosphatidylethanolamine; RT, room temperature; RTX, Repeats in ToXin; SM, sphingomyelin; TR,

translocation region.
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Stimulation of toxin lytic activity by cholesterol

reported to be necessary for the function of many
membrane proteins [4,5]. The crucial role of choles-
terol in facilitating structural rearrangements of pro-
teins upon association with the lipid bilayer, resulting
in the spontaneous conversion of the protein from
water-soluble to membrane-bound form has been doc-
umented. This cholesterol-dependent membrane inser-
tion is a widely observed phenomenon and occurs in
several bacterial pore-forming toxins (PFTs), as well as
in other human proteins such as perforin, or members
of the complement membrane attack complex [4]. In a
previous study, we revealed that cholesterol regulates
the pore-forming activity of the adenylate cyclase toxin
(ACT or CyaA) on model membranes [5].

Adenylate cyclase toxin is a key virulence factor of
Bordetella pertussis and plays a critical role during the
initial steps of the respiratory tract colonization by the
pathogen [6,7]. The toxin targets primarily myeloid
phagocytic cells that express the CD11b/CDI18 toxin
receptor, and induces phagocyte impotence [8,9]. ACT
belongs to the so-called Repeats in ToXin (RTX) fam-
ily of bacterial proteins, characterized by possessing
several calcium-binding, glycine-, and aspartate-rich
nonapeptide repeats at the C-terminal end of their
sequences [10,11]. Among the RTX proteins with cyto-
toxic and cytolytic function, ACT is unique in that its
1706 residues-long polypeptide chain consists of an N-
terminal ~ 400 residue-long adenylate cyclase enzyme
domain (AC domain) fused to a characteristic RTX
hemolysin moiety of ~ 1200 residues through a ~ 100
residue-long linker segment (translocation region)
[12,13]. The hemolysin moiety itself consists of several
functional regions: a pore-forming region (residues
~ 500-700) with several amphiphatic/hydrophobic
alpha-helices involved in membrane insertion; an acti-
vation region, with two posttranslationally acylated
lysine residues (Lys 860 and Lys 983) [14,15]; a
calcium-binding domain containing about ~ 40 typical
RTX nonapeptide repeats [16,17]; and a nonprocessed
C-terminal secretion signal recognized by T1SS [18].

Cytotoxicity by ACT results from the synergy
between the two main activities of the toxin, production
into the target cytosol of supraphysiological cAMP
levels upon delivery of its adenylate cyclase domain (AC
domain), and cell membrane permeabilization, induced
by its pore-forming domain (hemolysin domain), which
debilitate the host defenses [19].

It has been proposed that translocation of the AC
domain into cells and formation of toxin pores are
two independent, and mutually exclusive, activities of
ACT, that would be accomplished by two different
toxin conformers, one leading to translocation and
other leading to hemolysis [20]. Translocation of the
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catalytic domain into target cytosol appears to be a
linear function of toxin concentration, which suggests
that monomeric ACT is involved in AC domain deliv-
ery [21], and it has been proposed that it takes place
in cholesterol- and SM-enriched lipid nanodomains
[22]. However, hemolysis of erythrocytes by ACT was
reported to be a higher-order function of toxin concen-
tration, with a Hill cooperativity number > 3 [21], sug-
gesting that assembly of several toxin molecules is
involved in pore formation by ACT. It was reported
that such oligomeric ACT pores were cation-selective
proteinaceous pores of very small size with ~ 0.6—
0.8 nm of diameter [23]. More recently, our laboratory
has provided the first nanoscale visualization of oligo-
meric ACT lytic ‘holes’ into lipid membranes [24],
showing that ACT forms heterogeneous oligomeric
assemblies of several nanometers wide and proteoli-
pidic characteristics, and not of fixed size small pores
as previously believed.

Resembling other pore-forming proteins, it can be
anticipated that pore formation by ACT involves also
several consecutive steps (binding, insertion and assem-
bly) leading to these lytic oligomers. So far, more
effort has been dedicated to discern and define protein
segments distinctively involved in each toxin activity
and that would hence lead to distinguish each putative
toxin conformer. However, the possible determinants
of the cell membrane itself, and how these, might regu-
late the several steps leading to pore formation and
toxin lytic capacity remain poorly known. From leak-
age experiments involving liposomes of different lipid
composition, we showed previously that cholesterol
increases the permeabilization ability of ACT [5].

In the present study, we have employed several bio-
physical techniques such as atomic force microscopy,
confocal microscopy, and lipid monolayers to explore
in detail the effect of cholesterol on the lytic capacity
of ACT. For comparative purposes, we have used two
lipid compositions, namely, dioleylphosphatidylcholine
(DOPC) and mixtures of DOPC with different propor-
tions of cholesterol (3:1, 2:1, and 1:1 molar
ratios). Pure DOPC vesicles represent the fluid, liquid
disordered (Ld or La), bulk lipid phase of the cell
membrane, while DOPC:Chol (1 : 1 molar ratio) lipid
mixture adopts a single liquid ordered (Lo or Lp)
phase, with tightly packed lipids and greater thickness
[43], mimicking, somehow, the more rigid Lo nan-
odomains enriched in SM and cholesterol (‘rafts’) that
are believed to form in natural membranes [44-46].
Our results indicate that interaction of ACT with
cholesterol favors toxin insertion and oligomerization,
likely by favoring a toxin conformation more prone to
stablish protein-protein interactions necessary for toxin
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assembly, this way stimulating the lytic activity of
ACT. Enhancement in the conversion of soluble pore-
forming toxins to their membrane-inserted state may
thus be a common effect of membrane cholesterol.

Results

Cholesterol enhances the extent and rate of LUV
permeabilization by ACT

To study the effect of cholesterol on the lytic activity
of ACT in membranes, we performed firstly permeabi-
lization experiments with the broadly used method of
content release using the ANTS/DPX dye pair encap-
sulated into large unilamellar liposomes (LUVs).
ANTS (8-aminonaphthalene-1,3,6-trisulfonic acid) is
the fluorophore and DPX (p-xylene-bis-pyridinium
bromide) is a cationic quencher. As the liposome is
permeabilized by the pore-forming toxin, the ANTS
and DPX probes are released from the vesicle interior
and diffuse apart, and the resultant increase in fluo-
resce signal is detected in a spectrofluorimeter. Fig. 2
shows the results of representative time course experi-
ments performed with LUVs of DOPC containing
increasing sterol concentrations (DOPC:Chol 1 : 0,
3:1,2:1, and 1:1 molar ratios) and treated with
different ACT doses (10-400 nm). Fluorescence data in
the individual time course experiments were collected
for 30 min.

The percentages of vesicle permeabilization calcu-
lated for each lipid composition and each toxin dose,
expressed as mean values + SD of at least three inde-
pendent assays, have been depicted in Fig. 1A. From
data in Figs 1A and 2, it was evident that incorpora-
tion of cholesterol in the DOPC vesicles had a notable
enhancing effect on two characteristic permeabilization
parameters, the extent, and the rate of permeabiliza-
tion. The enhancing effect was directly proportional to
the sterol amount in the LUVs and evident for all the
toxin concentrations tested. This effect of cholesterol
was more easily evidenced by comparing the Ds, (the
ACT concentration required to induce 50% permeabi-
lization of the LUVs) and tsq (time required to induce
the 50% permeabilization for a toxin concentration of
100 nm) values for the different lipid compositions
(Figs 1B, C). As compared to the pure DOPC lipo-
somes, the presence of cholesterol notably decreased
the Dso value, with maximal effect achieved for 50%
cholesterol, which decreased about ten times the
amount of toxin required to induce 50% permeabiliza-
tion (Fig. 1B). Interestingly, in previous studies of
hemolysis by ACT, the reported toxin concentrations
required to induce 50% lysis of erythrocytes were
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rather similar to the Dsy obtained here for the DOPC:
Chol 1 : 1 liposomes (Dsy = 15 nm) [19]. This suggests,
somehow, that the phospholipid vesicles containing
moderate-high amounts of cholesterol may become
almost as sensitive as red blood cells to ACT lytic
activity. Incorporation of cholesterol in the vesicles
had also a prominent effect on the leakage kinetics,
reducing progressively the tsy values as the amount of
sterol increases (Fig. 1C). For example, the t5, value
calculated for DOPC:Chol 1 : 1 liposomes treated with
100 nm ACT (tso ~ 200 s) was about one order of
magnitude faster than the tso determined for pure
DOPC liposomes (tso > 1800 s) (Fig. 1C). These data
thus suggest that the greater is the cholesterol content
of the vesicle, the smaller is the amount of toxin
required, and the faster are permeabilized the LUVs
by ACT.

Cholesterol increases ACT binding to lipid
vesicles and subsequent toxin oligomerization

Cholesterol may affect different steps (binding, insertion,
oligomerization, etc.) involved in protein-membrane or
protein—protein interaction leading to permeabilization.
Representing graphically the increment in the percentage
leakage (Aleakage) resulting from the incorporation of
different amounts of cholesterol (25, 33, and 50%) in
the LUVs, relative to the percentage leakage obtained
for the pure DOPC liposomes (data taken from Fig. 1
A), at each toxin concentration tested, one can have an
idea of whether the enhancing effect of cholesterol on
leakage is homogeneous in the whole range of ACT
concentrations tested, or not, and from this, it can be
inferred whether cholesterol is affecting toxin binding to
the vesicles. Fig. 3 shows that at high toxin doses (toxin
input > 100 nm), ACT is able to disrupt both types of
vesicles (with and without cholesterol) with almost the
same efficiency, perhaps because the bilayer is saturated
with toxin. However, as the toxin concentration became
lower, the presence of cholesterol in the vesicles mark-
edly improved the permeabilization capacity of ACT rel-
ative to the pure DOPC liposomes, almost tripling the
permeabilization extent in the presence of 50% choles-
terol, as compared with pure DOPC. This result sug-
gests that cholesterol plays a critical role that is
evidenced especially at low toxin concentrations. Since
lysis by ACT pore-forming activity involves assembly of
toxin monomers into the membrane [21,24,25], these
data strongly suggest that ACT might require a critical
monomer concentration at the membrane to oligomer-
ize. Cholesterol, by increasing ACT binding to the mem-
brane, might facilitate achievement of such minimal
number of toxin molecules at lower initial ACT inputs,
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favoring this way toxin oligomerization and conse-
quently vesicle permeabilization.

This enhancing effect of cholesterol on toxin binding
to liposomes was confirmed qualitatively by perform-
ing BN-PAGE and immunoblotting of DOPC or
DOPC:Chol (1:1 molar ratio) liposomes (100 um)
incubated for 30 min at 37° with ACT (50 nm)
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Fig. 2.

(Fig. 4). Upon incubation, the unbound toxin was
eliminated and the toxin-treated liposomes collected by
means of a vesicle flotation assay following centrifuga-
tion in a sucrose gradient (see Material and Methods).
The figure shows indeed that for the same initial toxin
input the relative intensity of the protein bands
resolved in the BN-PAGE gel is substantially greater
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Fig. 2. Time course recordings of the release of vesicle agueous contents by ACT pore-forming activity. The figure shows representative
raw kinetics of LUV permeabilization by ACT measured as release of encapsulated ANTX/DPX fluorescent probes from large unilamellar
DOPC liposomes with different cholesterol content. Liposomes, at a final lipid concentration of 100 um, and the following lipid compositions,
DOPC (A), DOPC:Chol 3 : 1 (molar ratio) (B), DOPC:Chol 2 : 1 (molar ratio) (C), and DOPC:Chol 1 : 1 (molar ratio) (D), were incubated with
ACT at different toxin concentrations within the 10-400 nm range, in 150 mm NaCl, 20 mm Tris, 10 mm CaCl,, pH8 assay buffer, at 37 °C,
under constant stirring. Release of ANTS was followed in a Fluorolog-3 spectrofluorimeter using Aex = 360 nm and Aem = 520 nm. ACT, at
the desired concentration, was added 60 s after initiating the fluorescence emission recording. 100% release was achieved by adding Triton

X-100 at 0.1% to the simple.

in the vesicles containing 50% cholesterol as compared
with the pure DOPC LUYVs, suggesting thus a greater
ACT binding to the sterol-containing vesicles. In addi-
tion, in the cholesterol-containing liposomes three
major multimeric protein bands with apparent molecu-
lar masses compatible with ACT trimers, tetramers,
and hexamers (apparent size of the ACT monomer
~ 200 kDa) are clearly visible, whereas in the DOPC
liposomes the multimeric protein bands are only two
(compatible with ACT trimers and hexamers) and are
less intense.

We designed an additional assay to verify that
cholesterol increases ACT binding to liposomes. In this
experiment, the toxin (50 nm) was first pre-incubated
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for 30 min at 37 °C with DOPC or DOPC:Chol (1 : 1
molar ratio) LUVs at three different lipid concentra-
tions (0.1 mm, 0.2 mMm, and 1 mm). After this incuba-
tion, erythrocytes were added, and hemolysis by ACT
was examined. Data in Fig. 5 show that the final
extent of ACT-induced hemolysis results diminished
when ACT is pre-incubated with both types of lipo-
somes, and that this effect was proportional to the
final lipid concentration used in the pre-incubation.
The drop of the hemolysis extent was more pro-
nounced for the cholesterol-containing liposomes as
compared to the pure DOPC LUVs. For example, pre-
incubation of ACT (50 nm) with 1 mm DOPC LUVs
allowed about 50% of the maximal hemolysis
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Fig. 3. The effect of cholesterol enhancing permeabilization by
ACT is more pronounced at the lower toxin concentrations,
suggesting that cholesterol favors ACT oligomerization. In the
figure, it has been represented graphically the increment in the
percentage leakage (Aleakage) resulting from the incorporation of
different amounts of cholesterol (25, 33, and 50%) in the LUVs,
relative to the percentage leakage obtained for the pure DOPC
liposomes (data taken from Fig. 1), at each toxin concentration
tested. Leakage data for each toxin concentration and lipid
composition were taken from Fig. 1.

(obtained with 50 nm ACT without pre-incubation
with LUVs), whereas the incubation with the same
concentration of DOPC:Chol (1:1 molar ratio)
LUYVs, almost abrogated the ACT-induced hemolysis,
most likely because more ACT binds irreversibly to
the DOPC:Chol vesicles, and thus, less free toxin is
available to bind and lyse the red blood cells. A direct
binding assay of ACT to DOPC and DOPC:Chol
(1 : 1 molar ratio) liposomes fully corroborated that
substantially more toxin binds to the cholesterol-
containing vesicles (Fig. 6).

ACT forms dynamic pores with greater effective
size in cholesterol-containing giant unilamellar
liposomes

To investigate in more detail whether cholesterol affects
the characteristics of the ACT pores or the mechanism
of pore formation, we applied the single giant unilamel-
lar vesicle (GUV) methodology [26,27]. Previously, we
had used this same methodology to characterize ACT-
induced permeabilization and the mechanisms of pore
formation by the toxin, and we proved that it reflects
the calcium-dependent pore-forming activity of ACT on
membranes [24]. The single-vesicle method is based on
the analysis by confocal microscopy of the influx of flu-
orescently labeled solutes (that can be of different sizes)
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Fig. 4. Analysis by BN-PAGE and immunoblotting of DOPC or
DOPC:Chol (1 : 1 molar ratio) liposomes treated with ACT reveals
greater toxin multimerization in the presence of the sterol. The
presence of possible multimeric ACT assemblies was detected by
blue-native electrophoresis (BN-PAGE) of ACT-treated DOPC or
DOPC:Chol (1 : 1 molar ratio) large unilamellar liposomes. The lipid
vesicles (final lipid concentration 100 pm) were incubated with the
toxin (50 nm) for 30 min at 37 °C, then samples were processed to
remove the unbound toxin, and then run in a blue native gel (3—
12% acrylamide gradient) and the corresponding blotted membrane
was stained with an anti-ACT MAb (9D4) monoclonal antibody.

from the external medium into the lumen of the GUVs.
Since the assay with GUVs allows the direct detection
of individual vesicles, it provides more accurate estima-
tions of the effective size (internal diameter) of the
pores.

Fig. 7 shows individual images from representative
independent experiments, in which DOPC:Chol 1 : 1
GUVs were treated for 30° (subpanels a to g) or 60’
(subpanels g to m) at RT with a single ACT dose
(200 nm). This toxin concentration is in the interval
commonly used in hemolysis assays by ACT [19], and
similar to the doses used in the laboratory in leakage
experiments from LUVs or GUVs [24]. In each experi-
ment, the external solution bathing the GUVs contained
one of the following fluorophore: Alexa-Fluor-488, or
one of the five FITC-labeled dextrans of different molec-
ular mass (4 kDa-FITC-Dextran, 10 kDa-FITC-Dextran,
20 kDa-FITC-Dextran, 40 kDa-FITC-Dextran, or
70 kDa-FITC-Dextran) all of them detected as green-
colored fluorescence. Rhodamine-PE (0.5%) (red
color) was included in all cases to label the lipid
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Fig. 5. ACT-induced hemolysis of sheep erythrocytes after initial pre-incubation of the toxin with liposomes of different lipid composition.
ACT (60 nm) was firstly pre-incubated for 30 min at 37°C with DOPC or DOPC:Chol (1 :1 molar ratio) LUVs at three different lipid
concentrations (0.1 mm, 0.25 mm, and 1 mm). Immediately after this incubation, sheep erythrocytes (5 x 108 cells-mL~") were added, and
hemolysis by ACT was examined. Subpanels (a) and (b) show raw representative recordings of hemolysis by ACT pre-incubated with DOPC
LUVs at different concentrations and the control without toxin, or pre-incubated with DOPC:Chol (1 :1 molar ratio) at the same
concentrations, respectively, depicted as release of hemoglobin and expressed as percentages. Subpanel (c) shows the percentages of
hemolysis calculated after 180 min of toxin incubation with the red blood cells. Data depicted in this subpanel correspond to mean
values + SD. Three independent experiments were performed in duplicates (n = 6).

100
90
80
70
60

50 |

40 [

30

20

10}

ol e

DOPC

T

Binding (%)

T T
—

DOPC:Chol 1:1

Fig. 6. Binding of ACT to large unilamellar vesicles with different
lipid composition. DOPC or DOPC:Chol (1 : 1 molar ratio) liposomes
labeled with PE-Rhodamine (0.5%) were incubated for 30 min with
ACT toxin at a lipid:protein molar ratio of 2000 : 1. Upon incubation,
the unbound toxin was separated from the vesicles with bound toxin
by a flotation assay in sucrose gradient centrifugation. Liposome-
associated AC activity was then determined (binding) for each type
of liposomes. Activities are expressed as percentages of intact free
toxin activity and represent average values + S.D. from three
independent experiments.

bilayer of the GUVs. As shown in Fig. 7, control
GUVs are seen in black color (subpanels a, and h),
since in the absence of toxin the membrane remains

impermeable to the external fluorophore (green color),
and consequently, the vesicles do not contain fluores-
cent probe inside. Instead, upon ACT treatment the
membrane is permeabilized by toxin pores. This leads
to the influx of the corresponding external fluorescent
molecule into the GUVs lumen, which becomes green-
colored.

As shown in Fig. 7 after the first 30-min incubation,
the cholesterol-containing GUVs were permeable either
to the smaller fluorescent solutes (Alexa-Fluor 488 and
4 kDa FITC-Dextran) (subpanels b, ¢) as to the 10 kDa
and 20 kDa FITC-Dextrans (subpanels d, e). Prolong-
ing the incubation time from 30 min to lh the size of the
fluorescent solutes that could enter into the vesicles
increased (subpanels g to m). After 60°, even solutes of
very large sizes such as 40 kDa and 70 kDa FITC-
Dextrans entered into the ACT-treated vesicles (subpan-
els I, m). The estimated molecular radii for the larger
dextrans are 4.5 nm for the 40 kDa FITC-Dextran, and
6.0 nm for the 70 kDa FITC-Dextran, meaning that the
‘effective’ size of the ‘lesions’ formed by ACT in the
DOPC:CHOL (1 : 1 mol ratio) GUVs upon 1h at RT
could exceed even the 12 nm of diameter. This pore size
is comparable to the large oligomeric pores formed by
several cholesterol-dependent cytolysins such as listeri-
olysin or streptolysin [4,28].
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Control Alexa 488 4 kDa Dextran 10 kDa Dextran 20 kDa Dextran 40 kDa Dextran 70 kDa Dextran

Fig. 7. Analysis by Confocal microscopy of the permeabilization to fluorescently-labeled solutes with diverse molecular sizes induced by
ACT in DOPC:Chol 1: 1 GUVs reveals that ACT forms pores with a larger effective size. Representative confocal microscopy images of
GUVs in external solutions containing Alexa-Fluor-488, 4 kDa-FITC-Dextran, 10 kDa-FITC-Dextran, 20 kDa-FITC-Dextran, 40 kDa-FITC-
Dextran, or 70 kDa-FITC-Dextran incubated in the absence (control), or presence of 200 nm ACT. Images were taken 30 min (subpanels a—g)
or 60 min (subpanels h-n) after mixing the components. The filling of the lumen of GUVs with the corresponding fluorescent probe (green)
corresponds to permeabilized vesicles. Controls correspond to untreated GUVs, and are seen of black color due to lack of fluorescence
probe in the vesicle lumen, indicating that remain impermeable. Vesicle bilayer was labeled with PE-rhodamine (Sigma) at 1% (molar ratio),
a fluorescently labeled phospholipid that was added at 0.5% (red color). For statistical analysis, we sampled 200 vesicles in each

experiment and repeated each experiment three times. Scale bar (in white color) in subpanels a and h represents 20 um.

To calculate the filling degree for each single vesicle, we
measured the average fluorescence intensity of each fluo-
rophore inside each individual GUV, and in the external
medium, either for controls or for the cholesterol-
containing GUVs treated with ACT (200 nm). We arbi-
trarily classified as nonpermeabilized the vesicles with per-
meabilization values lower than 10%. 200 vesicles were
sampled in each experiment for the statistical analysis,
and each experiment was repeated three times. The distri-
bution of the degree of filling for each fluorophore is
shown in Fig. 8, which evidences quantitatively the con-
clusions drawn from Fig. 7, this is, that after 1-h treat-
ment at RT ACT forms, in significantly high number of
DOPC:Chol (1 : 1 molar ratio) GUVs, pores that are per-
meable to very large molecular weight fluorescently
labeled dextrans (40 kDa FITC-Dextran and 70 kDa
FITC-Dextran). By contrast, we had previously found
that the pores formed by ACT in pure DOPC GUVs
under identical experimental conditions (200 nm ACT
incubated for 60 min with DOPC GUYVs) had an effective
diameter of about 6.0 nm [18] since at this toxin dose
only the FITC-Dextran 20 kDa could enter into the
GUVs. Our present results with the cholesterol-containing
vesicles indicated thus that the pores formed by ACT in
the presence of the sterol evolve into very large holes.
This was fully consistent with the observed enhancement
by cholesterol in the rate and extent of permeabilization
determined in LUVs (Fig. 1).

From the distribution of the filling degree at single-
GUYV level, one can have an idea on which of the two
general permeabilization mechanisms, namely, ‘all-or-
none’ or ‘graded’ [26], is followed by a given pore-
forming agent. When the vesicles in the sample show
only two states, either impermeable or totally permeabi-
lized, then the mechanism is considered ‘all-or-none’.
Instead, when the individual GUVs show a varying fill-
ing degree the mechanism is considered ‘graded’. ‘All-
or-none’ permeabilization is characterized by strong
cooperativity in permeabilization and usually involves
formation of stable discrete-sized pores. In contrast,
‘graded’ permeabilization is not cooperative and exhi-
bits slower kinetics, which leads to partial filling of the
individual liposomes [26]. From data in Fig. 8, we could
infer that ACT follows a graded mechanism of GUV
permeabilization, and that the pores formed by the
toxin are most likely proteolipidic [27].

Cholesterol favors ACT insertion into lipid
monolayers

To explore whether cholesterol, besides enhancing ACT
binding to lipid bilayers, might also affect toxin inser-
tion into membranes which could be necessary for
oligomerization, we used the monolayer technique. This
methodology allows the direct observation of the inser-
tion phenomenon, separated from further changes in
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Fig. 8. Distribution of the degree of filling of
individual DOPC:Chol 1 : 1 GUVs to 90
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external medium. We arbitrarily classified as
nonpermeabilized the GUVs with
permeabilization values lower than 10%.

lipid architecture because, by design, the monolayer can-
not undergo the 3D membrane restructuring that would
be essential for altering the membrane-permeability bar-
rier. Thus, the lipid monolayer studies enabled a scruti-
nizing of the insertion step itself apart from the
membrane lysis that would subsequently occur.

Firstly, insertion of ACT at the water—air interface was
measured, which yielded an increase of ~ 20 mN-m™' at
ACT concentrations above 200 nM, indicating that ACT
has amphipathic character (data not shown). The experi-
ments shown in Fig. 9 were performed with monolayers
of pure DOPC, or with two different cholesterol propor-
tions, DOPC:Chol 2:1 and DOPC:Chol 1:1 molar
ratio, being extended at the air/water interface of a Lang-
muir balance at an initial surface pressure (my) of
22 mN-m~". ACT (200 nm) was injected into the sub-
phase. The results show that ACT can insert into the
three different monolayers, which is manifested by an
increase in the monolayer surface pressure () (Fig. 5, left
panel). Interestingly, in the presence of cholesterol the
increments of the surface pressure values were signifi-
cantly higher and proportional to the sterol amount in
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the monolayer (Az (n- m;) were 5.7 mN-m~' for DOPC,
6.6 mN-m~" for DOPC:Chol 2 : 1, and 8.9 mN-m™" for
DOPC:Chol 1 : 1), indicating in principle that toxin inser-
tion is favored in the membranes containing cholesterol.
The presence of cholesterol in the lipid composition of
the extended monolayer not only affected to the ACT-
induced change of the monolayer lateral pressure, but
also to the kinetics of ACT insertion, which became fas-
ter in the presence of cholesterol.

From the increase in surface pressure (Am) upon
ACT insertion, measured at various initial pressures
(m;), we constructed a critical pressure (exclusion pres-
sure) plot (Fig. 9, right panel). Higher initial mono-
layer surface pressures correlate with higher lipid
packing densities and hinder protein insertion. From
the intersection of the plots with the abscissa axis, we
can calculate the value of the critical pressure (x.), that
is, the initial surface pressure beyond which the protein
can no longer insert into the monolayer. This parame-
ter gives information about the avidity of each toxin
for the monolayer [29]. The =, values determined for
ACT insertion were 27.33 mN-m~' for pure DOPC
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Fig. 9. Insertion of ACT into lipid monolayers of different lipid composition. (A) Changes in the surface pressure (n) after insertion of ACT
(200 nm) into lipid monolayers of pure DOPC (in blue), or with two different cholesterol proportions, DOPC:Chol 2 : 1 (in green) and DOPC:

Chol 1:1 (in red) molar ratio. Initial surface pressure (ng) was set at 22 mN-m

~1. (B) Variations in the lateral pressure (Am = o) at

different initial surface pressure (rg) in the range of 20-31 mN-m~" recorded after addition of ACT (200 nm) to the monolayers prepared in
buffer with CaCl,. Data represent the mean values of at least three independent experiments.

monolayers, 29.17 mN-m~' for the DOPC:CHOL 2 : |
mixture, and 31.2 mN-m~! for the DOPC:CHOL 1 : 1
mixture suggesting a favored ACT insertion into the
cholesterol-containing monolayers.

Analysis by Atomic Force Microscopy of ACT
inserted into cholesterol-containing supported
lipid bilayers

To have more details on ACT insertion into cholesterol-
containing membranes, we performed AFM analysis
(room temperature) of supported lipid bilayers prepared
from proteoliposomes containing ACT (2000 : 1 lipid:
protein molar ratio). In these experiments, we used
palmitoyloleylphosphatidylcholine (POPC):Chol (1 : 1
molar ratio) liposomes instead of DOPC: Chol (1 : 1
molar ratio) vesicles to prepare ACT-containing prote-
oliposomes. This was so to improve the stability of the
liposomes and proteoliposomes extended onto the mica
and because technical constraints of the AFM. Binding
and permeabilization characteristics of ACT were very
similar in both types of liposomes (not shown).

As shown in Fig. 10, the supported lipid bilayers con-
taining ACT were very rich in structures protruding sev-
eral nanometers, from ~ 2.0 to = 10.0, from the
membrane plane (Fig. 10, upper panel). The detected
ACT structures were heterogeneous in size and included
lines, rings, and arc-shaped arrangements of protein, in
addition to single dots (likely monomers), and some
random aggregates. Previously, we found a similar pat-
tern of heterogeneity in the assemblies formed by ACT

6804

Iytic pores in POPC supported bilayers [24]. Upon
quantification of 1002 particles, the relative percentage
determined for each structure was as follows:
63.5 +£ 9.9% for monomers, 7.35 &+ 3.1% for lines,
5.9 £ 1.6% for arcs, and 22.8 £+ 9.0% for closed rings
(Fig. 10, central panel). For comparison, in our previ-
ous study with POPC supported bilayers we had deter-
mined the following distribution for the different ACT
assemblies: 72.5 + 6.3% for monomers, 6.54 + 1.0%
for lines, 8.96 + 5.9% for arcs, and 12.02 4+ 4.4% for
closed rings [18]. This indicated that in POPC:Chol
(1 : 1 molar ratio) bilayers, at RT, the percentage of
ACT oligomeric assemblies was about 30% greater,
relative to the POPC bilayers, supporting the results
obtained by BN-PAGE in which the relative abun-
dancy of high molecular protein bands was greater
for ACT toxin incubated with POPC:Chol (1 : 1)
LUVs compared with the DOPC vesicles, and corrob-
orating the idea that cholesterol promotes ACT
oligomerization.

Other parameters determined from the AFM images
were the height and diameter of the monomeric parti-
cle in each type of ACT assembly (monomer, line, arc,
and ring) (Figs 11 and 12). These data revealed that as
compared to the height of the monomers in the closed
rings, which had a rather narrow and homogenous dis-
tribution predominating heights of around 2.8 nm, the
single ACT monomers had a broad height distribution
ranging between ~ 2 nm and ~ 10 nm over the mem-
brane plane. Instead, the monomers heights in lines
and arcs appeared to have an intermediate distribution
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Fig. 10. Analysis by atomic force
microscopy of the assemblies formed by
ACT in supported lipid membranes
composed of POPC and cholesterol.
Representative AFM image (upper panel) of
a supported lipid bilayer (SLB) prepared
from ACT-containing proteoliposomes
(POPC:Chol (1 : 1 molar ratio) liposomes
reconstituted with ACT) (upper image). The
SLB contains abundant and diverse ACT

structures protruding several nanometers,
from =~ 2.0 to =~ 10.0, from the membrane
plane. Scale bar (in white color) at the
bottom of the image corresponds to

200 nm. The detected ACT structures are
heterogeneous in size, and included lines,
rings, and arc-shaped arrangements of
protein (lower panel). Quantitative analysis
of the different structures (monomer, line,
arc, and ring) determined for ACT on
supported lipid bilayers SLBs of pure POPC
or POPC: Chol (1 : 1 molar ratio) analyzed
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monomer line arc ring

monomer line arc
(3.0-6.0 nm). These differences in height likely reflect
different degrees of penetration of the ACT structures
into the lipid bilayer and suggest that to assemble into
higher order structures (oligomers full rings) the ACT
monomers might require a deeper insertion into the
lipid bilayer.

The diameter of the monomeric particle in the dif-
ferent ACT assemblies showed a progressive decrease
in size, from the ~ 70 nm for the monomer alone, to
~ 45 nm in the closed rings, passing through ~ 50 nm
in lines and arcs (Fig. 11). Recently, other group has
determined by small angle x-ray scattering SAXS that
the ACT monomer in solution has a diameter of
~ 14-15 nm [30]. Assuming this size, our data suggest
that that the toxin would transit from a more or less
‘compact’ state in solution, to a more ‘open’ or ‘ex-
tended’ conformation upon binding to the membrane.
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by AFM. Data show the percentage of each
type of structure in all the measurements
(central panel). The results are presented as
mean + S.D. Levels of significance of the
differences between groups were
determined by a two-tailed Student’s t-test,
and a confidence level of greater than 95%
(P < 0.05) was used to establish statistical
significance.

ring

Interestingly, full rings visualized in the AFM images
showed very large sizes, with apparent diameters of
187 £ 38 nm in the more external side (upper vesti-
bule) of the pore, and of 94 + 25 nm in the upper
internal part (Fig. 13). The depth of the lesions (closed
rings) ranged from =~ 2.4 to 4.4 nm (with respect to
the flat surface of the lipid bilayer). Because the value
determined by AFM for membrane thickness was of
about 5.27 £ 0.3 nm, the results suggested that,
though being lytic, ACT pores formed in POPC:Chol
supported lipid bilayers did not apparently span the
lipid bilayers, which may be explained by the lipid
packing and ordering effect that moderate-high choles-
terol concentrations induce in a disordered lipid
bilayer such as POPC. This was interesting and sup-
ports again the idea that ACT pores are of toroidal
characteristics and involve lipids [24].
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POPC:Chol 1 : 1 Ring
External diameter (a) 187 + 38 nm
Upper internal diameter (b) 94 + 25nm
Monomer diameter (c) 46.6 £+ 6.7 nm
Monomer height (d) 28+08nm
Membrane thickness (e) 527 + 03 nm
Hole height 342+ 1nm
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Fig. 13. Three-dimensional atomic force microscopy topography of ACT rings that pierce the POPC:Chol-supported lipid bilayer. Detailed 3D
topographic analysis of ACT full rings, for which each constituent monomer has been numbered. Below, different parameters (external
diameter, internal ring diameter, monomer diameter, monomer height, and ring ‘hole’ height) and their respective values are listed.
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Fig. 14. Reduction of the cholesterol content in erythrocytes
substantially decreases the ACT-induced hemolysis. Sheep
erythrocytes (5 x 108 cells-mL™") were pretreated with cholesterol
oxidase (1 U-mL™") for 30 min at 37 °C to decrease the cholesterol
content available in the cell membrane. Then, ACT was added at
different initial concentrations and incubations of 180 min were
performed before determining the lysis percentage as described in
the M&M section. Data depicted in the figure correspond to mean
values + SD. Three independent experiments were performed in
duplicates (n = 6).

Decrease in the cholesterol-content notably
reduces the ACT-induced hemolysis in
erythrocytes

Erythrocytes have been broadly used as model cells to
evaluate the lytic activity of ACT. Erythrocytes, which
contain high amount of cholesterol (about ~ 30% of
total lipids) [48,49], were used to evaluate the choles-
terol relevance on the lytic activity of ACT on cells.
Sheep erythrocytes (5 x 10% cellsmL™") were pretreated
with cholesterol oxidase (1 U-mL™") for 1h at 37 °C.
This is an enzyme that oxidizes the hydroxyl group at
position 3 of the sterol, producing 4-cholestene-3-one.

This modification affects possible specific interactions of
cholesterol with either lipids (particularly with sphin-
gomyelin) or proteins, disrupting SM- and cholesterol-
enriched lipid nanodomains. Cholesterol oxidase has
been used as a suitable method to decrease the amount
of cholesterol in a cell membrane.

As depicted in Fig. 14, pretreatment of the RBC
with cholesterol oxidase provoked a substantial drop
in the percentage of hemolysis, over a wide range of
ACT concentrations, tripling the toxin dose required
to induce the 50% hemolysis (Dsg). These data sug-
gested hence that cholesterol also plays an important
role in the lytic activity of ACT on erythrocytes.

Discussion

Crucial role of cholesterol in facilitating structural
rearrangements of proteins, upon association with the
lipid bilayer, resulting in the spontaneous conversion
of the protein from water-soluble to membrane-bound
form, has been documented for several intrinsic pro-
teins and bacterial protein toxins. The effect of choles-
terol has been in most cases attributed to modification
of the membrane properties by this sterol, involving
lateral segregation of lipids and the consequent forma-
tion of nanodomains. Here, we show that cholesterol
prominently enhances the lytic activity of adenylate
cyclase toxin, ACT, by favoring insertion and conse-
quently oligomerization of the toxin into the lipid
bilayer, a step we previously found may be rate limit-
ing in the mechanisms of membrane permeabilization
by this toxin [24]. Moreover, we show that the
enhanced toxin insertion is not primarily due to a lipid
segregation effect of cholesterol, but rather to prefer-
ential interaction of the toxin with this sterol.

We have used several complementary biophysical
techniques to scrutinize the different steps (binding,
insertion, oligomerization) involved in the lytic activity
of ACT, and this way have a more complete view on
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the role of cholesterol in the different steps leading to
pore formation by this RTX toxin. From the experi-
ments of aqueous content leakage from LUVs, we can
conclude that incorporation of cholesterol in pure
DOPC liposomes makes those vesicles much more sus-
ceptible to permeabilization by ACT, proportionally to
the amount of sterol included in the vesicles, and with a
maximal effect induced by 50% cholesterol. We show
that, cholesterol enhances both the extent and the rate
of membrane permeabilization by ACT, since we deter-
mine that ACT not only requires about ten times less
toxin concentration to permeabilize the DOPC:Chol
(1:1 molar ratio) liposomes, relative to the DOPC
LUVs (Dsg =23 nMm vs 200 nm, respectively), but also
that permeabilization of the cholesterol-containing vesi-
cles is about 100 times faster. This suggests somehow
that the fluid, liquid disordered (Ld), bulk lipid phase
of the cell membrane (represented in our assays by pure
DOPC lipid bilayers) would be poorly sensitive to ACT
lytic action. Our data are consistent with previous early
results obtained by other group in electrophysiology
assays using black lipid membranes to detect pore for-
mation by ACT, in which almost no conductance
changes could be recorded when pure PC was used to
form the lipid bilayers [23].

We determine that stimulation by cholesterol of
membrane permeabilization by ACT is much more
prominent at the lower toxin concentrations tested,
while at higher toxin doses (> 100 nm) its enhancing
effect disappears (Fig. 3), perhaps because the bilayer
is saturated with toxin. Given that lysis by ACT pore-
forming activity involves assembly of toxin monomers
into the membrane [21,24,25], these data strongly sug-
gest that ACT might require a critical monomer con-
centration at the membrane to oligomerize. Cholesterol
might facilitate achievement of such minimal number of
toxin molecules at lower initial ACT inputs by increas-
ing ACT binding to the membrane, favoring this way
toxin oligomerization and consequently vesicle perme-
abilization. We corroborate this hypothesis by directly
visualizing that ACT protein bands of apparent high
molecular masses (most likely corresponding to ACT
oligomers) resolved in blue native gels (BN-PAGE) are
more abundant in the cholesterol-containing vesicles
than in the DOPC liposomes, and a direct binding
assay that confirmed the greater toxin binding to the
cholesterol-containing vesicles (Fig. 6). Additionally, we
find that pre-incubation of ACT with different increas-
ing concentrations of cholesterol-containing liposomes
results in a greater inhibition of the lytic activity of
ACT on red blood cells as compared to the more mod-
est inhibition exerted by the DOPC vesicles. This indi-
cates that a greater irreversible toxin interaction

D. Gonzélez Bullén et al.

(binding and/or insertion) to the DOPC:Chol liposomes
leaves less free ACT monomers available to bind to ery-
throcytes, with the subsequent decrease in the toxin
oligomerization and in the hemolysis of erythrocytes.
Our results of lipid monolayers indicate that in the
presence of cholesterol ACT inserts with a faster kinet-
ics into the lipid monolayer. Besides, the toxin exerts a
greater surface pressure increase (Arn) in the PC:Chol
monolayers, for whatever initial lateral pressure
imposed to the monolayer (ni). Also, a greater critical
pressure (the initial surface pressure beyond which the
protein can no longer insert into the monolayer) is
obtained in the cholesterol-containing monolayers
(Fig. 9), which all together suggests that ACT has more
avidity for the cholesterol-containing monolayers and
that a favored toxin insertion takes place in the pres-
ence of the sterol.

The results obtained with the cholesterol-containing
GUVs have also been very revealing. They corroborate
our previous finding that ACT follows a graded mech-
anism of permeabilization, also in presence of choles-
terol, supporting our conclusion that ACT most likely
forms dynamic proteolipidic pores (toroidal pores) in
membranes [24]. We can thus say that cholesterol does
not change the mechanisms of membrane permeabi-
lization by ACT. We also find that ACT forms large
pores permeable to dextrans of high molecular mass at
shorter incubation times, which is consistent with the
conclusion that cholesterol accelerates the toxin assem-
bly to form oligomers and fully corroborates the results
of permeabilization with LUVs. Also interestingly, we
show that prolonging the incubation time the effective
size of the solutes that can permeate to the GUVs is
notably increased in the cholesterol-containing vesicles,
with respect to the ACT pore size we determined previ-
ously into POPC GUVs [24], becoming into huge ‘holes’
of several nanometers wide, comparable to the large
holes formed by the classical cholesterol-dependent cyto-
lysins. This seems consistent with the dynamic nature of
proteolipidic pores, which may form heterogeneous
assemblies with an undetermined number of toxin
monomers.

AFM data provide direct evidence of greater abun-
dancy of ACT oligomers in the supported bilayers
made of DOPC: Chol (1 : 1 molar ratio) as compared
with the DOPC bilayers [24]. Interestingly, at differ-
ence with what we had observed previously for ACT
monomers in lytic oligomers formed in pure DOPC
bilayers, which were deeply inserted and spanned the
lipid bilayer [24], in the DOPC: Chol lipid bilayer,
ACT monomers in the oligomer are less deeply
inserted, and do not completely traverse the lipid
bilayer, but are fully lytic. This may be due to the
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physical differences of the two lipid compositions.
While pure DOPC is in a fluid liquid disorder state
(Ld or La), a DOPC:Chol (1:1 molar ratio) lipid
mixture adopts a single liquid ordered (Lo or Lp)
phase, with tightly packed lipids and greater thickness
[43], mimicking, somehow, the more rigid Lo nan-
odomains enriched in SM and cholesterol (‘rafts’ that
are believed to form in natural membranes [44-46].
Since the DOPC:Chol (1 : 1 molar ratio) lipid mixture
forms a single lipid phase, this is, does not segregate
into different lipid phases [47], we can rule out that
the greater ACT insertion promoted by cholesterol is
due to lipid phase segregation, but instead due to
direct interaction of the sterol with ACT.

The cholesterol content of the plasma membrane
of erythrocytes is ~ 45 mol% of total lipid [48].
When we decrease this cholesterol amount by treat-
ment of the red blood cells with cholesterol oxidase,
we show that the hemolysis induced by ACT notably
decreases, and that higher toxins are required to lyse
the cells. This is thus a strong indication that choles-
terol is necessary both in model membranes as in
cells to favor ACT insertion and oligomerization into
the lipid bilayer, and ultimately to form lytic ACT
pores.

Several proteins that interact with cholesterol, pre-
sent in their sequences the so-called cholesterol recogni-
tion/interaction amino acid consensus (CRAC) motifs
[49], which consist of the L/V-(X)(1-5)-Y-(X)(1-5)-R/K
pattern, where (X)(1-5) represents between one and five
residues of any amino acid, and the central Tyr is essen-
tial. Molecular modeling studies have shown that a
CRAC motif belonging to transmembrane domains can
have a good fit for cholesterol [50]. In other cholesterol-
interacting proteins, a similar cholesterol-binding
domain similar to CRAC, but with the opposite orien-
tation along the polypeptide chain, has been identified:
the CARC motif with K/R(X;_5)Y/F(X;_s)L/V R/K-
X)(1-5)-Y-(X)(1-5)-V/L pattern have been defined
[66-68]. Existence of a specific interaction between
cholesterol and several toxins from the RTX family has
been recently noted, namely, in leukotoxin (LtxA) from
Aggregatibacter actinomytemcomitans [31], in the
Escherichia coli hemolysin (HIlyA) [29], and in RtxA
cytolysin from Kingella kingae [32]. All those pore-
forming toxins have several conserved hydrophobic/
amphipathic a-helixes, supposedly involved in pore for-
mation, and in all of them cholesterol recognition
amino acid sequences have been described. For the
LtxA leukotoxin, two CRAC motives were described,
in or near the membrane-interacting region (residues 1—
420), namely, CRAC (333-339) and CRAC (501-505)
[31]. They showed that two peptides corresponding to
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both CRAC motives bind Cho, but that only CRAC
(333-339) competitively inhibits LtxA binding to this
sterol and the ability of LtxA to kill Jurkat (Jn.9) cells.
This motif is present in the hydrophobic domain (resi-
dues 1-420), which is strongly predicted to interact with
membranes.

Up to now it had not been reported a specific interac-
tion of the Bordetella ACT toxin with cholesterol. How-
ever, in view of the results of the present study that
indicate a toxin-cholesterol interaction, it is strongly
expected that ACT presents one or more ‘functional’
cholesterol recognition motives, most likely situated in
the hydrophobic/amphipathic membrane inserting heli-
cal region of the toxin (residues ~ 500-700). From the
analysis of ACT primary structure, numerous putative
CRAC/CARC motives can be predicted (Table 1).
Interestingly, these putative cholesterol binding
motives are disseminated, both at the N-terminal
adenylate cyclase (AC) domain (residues ~ 1 to 387),
as at the C-terminal RTX hemolysin domain (390-
1706). However, because the AC domain was reported
not to interact with membranes [13], it seems reason-
able to anticipate that the putative CRAC/CARC
motives involved in cholesterol recognition are likely
localize to the membrane inserting hemolysin region.
Discerning which of them is/are relevant for choles-
terol binding will be an interesting task for the near
future.

Several authors in the field postulate that formation
of ACT pores and translocation of the AC domain
across cell membrane might be two independent and
separable mutually exclusive membrane activities,
accomplished by two different ACT conformers, one
accounting for formation of membrane pores, and
other, for AC domain translocation [21,51,52]. In view
of our present results, it is very tempting to speculate
that interaction of ACT with cholesterol (very likely
through one or more of the predicted CRAC/CARC
motives), facilitates the correct insertion into the mem-
brane of certain ACT segments necessary for toxin
oligomerization. Alternatively, ACT-cholesterol inter-
action might impede other interactions that might dif-
ficult protein assembly, but instead, facilitate AC
domain translocation.

In conclusion, we provide here an ample set of evi-
dences demonstrating that interaction of ACT with
cholesterol enhances very notably its pore-forming
activity by favoring toxin insertion and oligomerization,
steps necessary for cell lysis. The presence in ACT
sequence of several putative cholesterol recognition
sequences lead us to hypothesize that ACT-cholesterol
interactions involves very likely one or more of the pre-
dicted CRAC/CARC motives. Recognition of
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Table 1. Identification of CRAC and CARC motifs in ACT
sequence. The sequence of ACT (CyaA) was obtained in FASTA
format from UniProt (http://www.uniprot.org/). A search for CRAC
and CARC motifs was then performed with EMBROSS: fuzzpro
(http://emboss.bioinformatics.nl/cgi-bin/emboss/fuzzpro).
Sequences given as a search pattern were as follows: [LV]-X(1,5)-
Y-X(1,5)-[RK], [RK]-X(1,5)-Y-X(1,5)-[LVI].

Pattern Amino acids  Sequence
[LVI-X(1,5)-Y-  N-Terminal 161-166 VQYRRK
X(1,6)-[RK] domain 215-224 VTDYLARTRR
330-338 LKEYIGQQR
343-348 VFYENR
Hydrophobic ~ 626-638 LVQQSHYADQLDK
region 653-661 LLAQLYRDK
C-Terminal 721-728 LANDYARK
region 732-741 LGGPQAYFEK
938-945 VSYAALGR
1246-1255 LGVDYYDNVR
1640-1652 LTVHDWYRDAHR
[RKI-X(1,5)-Y-  N-Terminal 117-128 KERLDYLRQAGL
X(1,5)-[LV] domain 348-352 RAYGV
399-410 RQDSGYDSLDGV
C-Terminal 984-995 RTENVQYRHVEL
region

cholesterol in the membrane might facilitate insertion of
certain ACT segments necessary for the toxin oligomer-
ization, and/or perhaps, avoid other interactions that
might difficult protein assembly, but instead facilitate
AC domain translocation. Our study also provides a
paradigm for the basis of cholesterol dependence for
other pore-forming RTX toxins whose mechanism is
enhanced by the presence of membrane cholesterol.
Therefore, the enhancement in the conversion of pore-
forming toxins to the membrane-inserted state may be a
common effect of membrane cholesterol.

Materials and methods

Antibodies and reagents

Anti-adenylate cyclase toxin RTX domain mouse mono-
clonal antibody (MAb 9D4) was from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA); anti-mouse FITC, Hoechst,
and Mitotracker were from Invitrogen, Molecular Probes
(Carlsbad, CA).

ACT purification

ACT was expressed in Escherichia coli XL-1 blue cells
(Stratagene) transformed with pT7CACTI1 plasmid, kindly
provided by Dr. Peter Sebo (Institute of Microbiology of
the ASCR, v.v.i.,, Prague, Czech Republic) and purified as
described by Karst et al. [33].
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Permeabilization determined as efflux of
contents from large unilamellar vesicles

LUVs of different lipid composition were prepared by
extrusion of multilamellar liposomes (MLV) following the
method of Hope et al. [34]. Briefly, lipids in organic solu-
tion were mixed in the appropriate proportions, and the
solvent was thoroughly evaporated. The resulting dry lipid
film was hydrated in buffer, with gentle shaking, to form
multilamellar vesicles. These were treated with 10 cycles of
freezing and thawing, followed by 10 cycles of extrusion
through polycarbonate filters (pore size, 0.1 pm; Nuclepore,
Pleasanton, CA, USA).

Leakage of vesicular aqueous contents was assayed with
ANTS and DPX entrapped in the liposomes according to
Ellens et al. [41]. LUV were prepared in 70 mm NaCl,
12.5 mm ANTS, 45 mm DPX, and 20 mm Tris/HCl, pH
7.0. Nonentrapped probes were removed passing the LUV
through a Sephadex G-75 column, eluted with 150 mm
NaCl, 20 mm Tris/HCI, pH 7.0. After this preparation step,
the final lipid concentration of the LUVs was determined
using a method of determination of inorganic phosphorus
[42]. Leakage assays were performed at 100 pm lipid in a
total volume of 1 mL, with continuous stirring at 37 °C.
Buffer was as above, with the addition of 10 mm CaCls,.
The assay was started by adding the corresponding ACT
dose. ANTS fluorescence was recorded continuously (Aex =
355 nm; Aey, = 520 nm). When leakage reached equilib-
rium, Triton X-100 was added (final concentration 0.1% w/
v) to induce 100% release. Percent release was computed as
follows:

% release = [(Fr — Fy)/(Fio0 — Fo)] x 100,

where Fy, Fio9, and F, were the respective fluorescence
intensities observed after addition of ACT, after addition
of Triton X-100, and before any addition.

Two other parameters were calculated from our experi-
ments, namely, D5y and tso. Dso that corresponds to the
toxin concentration required to induce 50% permeabiliza-
tion was calculated for each lipid composition from data
depicted in Fig. 1. tsg (s) (Fig. 1C) indicates the time
required for the toxin (at 100 nm concentration, an ACT
dose broadly used to assay the hemolytic activity of this
toxin) to induce 50% permeabilization of liposomes of a
given lipid composition. It was calculated as the average of
the values obtained from individual time course recordings
such as the ones shown in Fig. S2.

Measurements of surface pressure with lipid
monolayers

Surface pressure experiments were performed with a Micro-
Trough-S system from Kibron (Helsinki, Finland) at 37 °C
with constant stirring. The aqueous phase, or subphase,
consisted of 150 mm NaCl, 20 mm Tris, 10 mm CaCl,, pH
8 buffer. The corresponding lipid or lipid mixture, dissolved
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in chloroform/methanol (2 : 1, v/v), was gently spread over
the surface of a Teflon microthrough containing 200 pL of
subphase until the desired initial surface pressure was
attained. The protein (250 nm) was injected with a micro-
pipette into the subphase bulk. The increment in surface
pressure against time was recorded until a stable signal was
obtained. All the experiments were repeated at least three
times for each lipid monolayer to ensure consistent results.

Measurement of Giant Unilamellar Vesicles
(GUV) permeabilization as influx of fluorescent
solutes

To prepare GUVs of different lipid composition, either dio-
leylphosphatidylcholine (DOPC) or DOPC:Chol (1:1
molar ratio), we followed the method developed by Ange-
lova and Dimitrov [35]. Following the same protocol as in
Montes and cols [37], we used a special temperature-
controlled chamber previously described by Bagatolly and
Gratton [36]. Before immersion in 200 uL sucrose (300 mm
in H,0O), 6 pg of lipid mixture dissolved in chloroform was
spread on platinum electrodes in the electroformation
chamber and then allowed to dry. Electroformation pro-
ceeded for 2 h at 10 Hz, followed by 40 min at 2 Hz. To
label the lipid bilayer of the GUVs, we used rhodamine-PE
(0.25%). After vesicle formation, the chamber was left to
settle at room temperature. To visualize the entry of the
different fluorescent molecules to the lumen of the GUVs,
the chamber was placed on an inverted confocal fluores-
cence microscope (Nikon Eclipse TELADO; Nikon, Japan).
The excitation wavelengths were set at 488 nm (Alexa
Fluor 488), 514 nm (Rhodamine-PE), and 490 nm (FITC-
Dextrans). The fluorescence signal was collected into two
different channels with band pass filters of 515/30 nm and
590/94 nm. The objective used was a 63X oleo immersion
with a NA of 1.2. Image treatment was performed with the
FIJI software.

The degree of GUYV filling (P) was calculated as follows:

Fint

out

P= % 100.

where F,, and F,,, are the average fluorescence inten-
sities inside and outside a GUV at time ¢. We arbitrar-
ily set to < 10% the threshold for classifying GUVs as
nonpermeabilized. Several hundred GUVs were ana-
lyzed per experiment (=~ 200 per condition and experi-
ment).

Blue-Native (BN-PAGE) Electrophoresis and
western blotting

LUVs of different lipid composition, either DOPC or
DOPC:Chol (1:1 molar ratio), were exposed to ACT
(lipid:protein molar ratio of 2000 : 1) for 30’ at 37°. After
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this incubation period and to separate the ACT bound to
the vesicles from the unbound toxin, the samples were sub-
mitted to ultracentrifugation in a sucrose gradient following
the method described in [38] with minor modifications.
Briefly, samples containing rhodamine-labeled liposomes
(control untreated LUVs or toxin-treated LUVs) were
adjusted to a sucrose concentration of 1.4 M in a final vol-
ume of 300 puL, and subsequently overlaid with 400- and
300-pL layers of 0.8 and 0.5 M sucrose, respectively. The
gradient was centrifuged at 436 000 X g for 1 h in a TLA
120.2 rotor (Beckman Coulter, Brea CA, USA). After cen-
trifugation, the toxin-containing fraction was collected.

Native gradient gels were manually prepared in a
Mini-PROTEAN 3 Multi-Casting Chamber coupled to a
Model 485 Gradient Former, both provided by Bio-Rad
(CA, USA). The gels were prepared with an acrylamide
gradient from 2 to 12% using two mixtures containing
Gel buffer 3X (75 mm imidazole, 1.5 M 6-aminohexanoic
acid, pH = 7), AB3-mix (48 g acrylamide and 5 g bisacry-
lamide in 100 mL water), and glycerol at a final concen-
tration of 20% (v/v) only in the case of the mixture with
a higher percentage of acrylamide. To both mixtures
10% APS and TEMED were added to proceed with
polymerization.

Blue native polyacrylamide gel electrophoresis (BN-
PAGE) was carried out essentially as described by Wittig
et al. [39,40]. NativePAGE™ Sample Buffer (Thermo Fisher
Scientific, MA, USA) was added to the samples, which
were then loaded onto the gradient gels. A mixture of
50 mm Tricine and 7.5 mMm imidazole at pH = 7 was used
as cathode buffer, and 25 mm imidazole at pH = 7.0 as
anode buffer. Gel running was performed at 4 °C for 1 h
to 150 V, followed by 250 V for another additional hour at
4 °C. To estimate the molecular sizes of the bands, we used
calibration curves prepared with native protein standards
(NativeMark ™ Unstained Protein Standard, Thermo
Fisher Scientific, MA, USA). After electrophoresis, the sep-
arated proteins were electroblotted onto Immobilon-P
membranes (Merck Millipore), using native cathode buffer,
and then detected by the indicated antibodies, and visual-
ized by immunoperoxidase staining. The Quantity One®
Image Analyzer software program (Bio-Rad) was used for
quantitative densitometric analysis.

Flotation assay in sucrose gradient

ACT was incubated for 30 min with rhodamine-labeled
DOPC or DOPC:Chol (1 : 1 molar ratio) liposomes (0.5%
Rho-PE) at a lipid:protein ratio of 2000 : 1 in buffer con-
taining 150 mm NaCl, 2 mm CaCl,, and 20 mm Tris/HCl
pH 8.0. After the incubation time, the unbound toxin was
separated using a flotation assay in sucrose gradient.
Briefly, samples containing rhodamine-labeled liposomes
(control untreated LUVs or toxin-treated LUVs) were
adjusted to a sucrose concentration of 1.4 M in a final
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volume of 300 pL, and subsequently overlaid with 400- and
300-puL layers of 0.8 and 0.5 m sucrose, respectively. The
gradient was centrifuged at 436 000 X g for 1 h and 4°C in
a TLA 120.2 rotor (Beckman Coulter, Brea CA, USA).
After centrifugation, the toxin-containing fraction was col-
lected. Liposome-associated AC activity was then deter-
mined (binding) for each type of liposomes. AC activity
assay was performed at 30°C in presence of 1 mm ATP and
0.1 um calmodulin, 20 mm MgCl,, 2 mm CaCl,, and 30 mm
Tris/HCI pH 7.4. cAMP was quantified using a cAMP
ELISA kit (ENZO). Activities are expressed as percentages
of intact free toxin activity and represent average val-
ues £+ S.D. from three independent experiments.

Hemolysis assays

Hemolysis assays were performed on 96-well plates. Briefly,
serial dilutions of ACT (starting at 100 nm) in assay buffer
(20 mm Tris pH 8.0, 150 mm NaCl, 2.0 mm CaCl,) were
prepared, onto which an equal volume of erythrocytes at a
density of 5 X 10® cellssmL~" were added, and the mixtures
incubated at 37°C for 180 min under constant stirring. At
the end of the incubation time, the plates were centrifuged
(2000 x g, 10 min, 4 °C) and the supernatant absorbance
was measured at 412 nm. The blank (0% hemolysis) corre-
sponded to erythrocytes incubated in buffer without toxin
and 100%, and 100% hemolysis was obtained by adding
Triton X-100 (0.1%) to the erythrocyte suspension.

Statistical analysis

All measurements were performed at least 3 times, and
results are presented as mean + S.D. Levels of significance
of the differences between groups were determined by a
two-tailed Student’s r-test, and a confidence level of greater
than 95% (P < 0.05) was used to establish statistical signifi-
cance.
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