J Membrane Biol (2010) 234:171-181
DOI 10.1007/s00232-010-9244-7

Channel-Forming Abilities of Spontaneously Occurring a-Toxin
Fragments from Staphylococcus aureus

Beatrix Vécsey-Semjén - Young-Keun Kwak -
Martin Hogbom + Roland Mollby

Received: 13 October 2009 / Accepted: 4 March 2010/ Published online: 26 March 2010

© Springer Science+Business Media, LLC 2010

Abstract Pore formation by four spontaneously occur-
ring a-toxin fragments from Staphylococcus aureus were
investigated on liposome and erythrocyte membranes. All
the isolated fragments bound to the different types of
membranes and formed transmembrane channels in egg-
phosphatidyl glycerol vesicles. Fragments of amino acids
(aa) 9-293 (32 kD) and aa 13-293 (31 kD) formed hep-
tamers, similar to the intact toxin, while the aa 72-293
(26 kD) fragment formed heptamers, octamers, and nona-
mers, as judged by gel electrophoresis of the liposomes. All
isolated fragments induced release of chloride ions from
large unilamellar vesicles. Channel formation was pro-
moted by acidic pH and negatively charged lipid head
groups. Also, the fragments’ hemolytic activity was
strongly decreased under neutral conditions but could be
partially restored by acidification of the medium. We paid
special attention to the 26-kD fragment, which, despite the
loss of about one-fourth of the N-terminal part of o-toxin,
did form transmembrane channels in liposomes. In light of
the available data on channel formation by o-toxin, our
results suggest that proteolytic degradation might be better
tolerated than previously reported. Channel opening could
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be inhibited and open channels could be closed by zinc in
the medium. Channel closure could be reversed by addition
of EDTA. In contrast, digestion at the C terminus led to
premature oligomerization and resulted in species with
strongly diminished activity and dependent on protonation.
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Introduction

The biological relevance of o-toxin from Staphylococcus
aureus was always coupled to the toxin’s ability to form
transmembrane channels and lyse target cells. In contrast to
most bacterial pore-forming toxins, which need proteolytic
activation for membrane insertion and channel formation to
occur, a-toxin forms transmembrane channels without any
further modification. a-Toxin is secreted by S. aureus as a
water-soluble 33-kD monomer that binds to specific
receptors, identified as sphingomyelin—cholesterol micro-
domains on rabbit erythrocytes (RRBC) (Hildebrand et al.
1991; Valeva et al. 2006). We still know but little about the
membrane-bound monomer and the manner of oligomer
formation. Recently Valeva et al. (2006) presented evi-
dence that a-toxin binding to lipid microdomains clusters
the monomers, and close proximity of the monomers leads
to monomer—monomer binding and oligomer formation. In
contrast, o-toxin attachment is thought to be transient on
nonsensitive cell membranes and the same effect is
achieved by high toxin concentrations. In this initial step of
membrane binding, acidification of the medium might play
a crucial role (Vecsey-Semjen et al. 1996). Also, here
membrane binding orients the monomers so they can bind
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to each other and form heptameric ring structures, pre-
sumably by lateral diffusion. We still do not know whether
the membrane-bound monomers form a continuously
growing chain until circularization or form smaller multi-
meric units that build oligomers by random encounters. In
this stage the a-toxin oligomer is permanently anchored to
the lipid membrane by an interaction(s) of a crevice in each
monomer and the phosphocholine head groups in the
membrane (Guillet et al. 2004; Vecsey-Semjen et al. 1997).
Under favorable conditions oligomers go through confor-
mational changes and insert into the lipid bilayer to form a
homoheptameric channel. In the final transmembrane
channel the N-terminal latch folds down into a cavity on
the cap domain of the neighboring monomer (Song et al.
1996; Walker and Bayley 1995).

The cap domain harbors the main bulk of protein
anchored to the lipid bilayer by the rim domain. The gly-
cine-rich stem domain is connected to the cap domain by
the triangle region. The stem domain inserts into the lipid
bilayer and forms the antiparallel f-sheet that forms the
transmembrane channel (Song et al. 1996; Valeva et al.
1997). Although no crystal structure is available for the
soluble, monomeric form of o-toxin, structural character-
ization (Meesters et al. 2009) and comparisons with the
high-resolution structures of the staphylococcal bi-com-
ponent leukocidins LukF-PV (Pedelacq et al. 1999) and
LukS-PV (Guillet et al. 2004), followed by data based on
mutagenesis gave insight into crucial structural elements.
In the soluble o-toxin monomer the N-terminal amino latch
is folded to the top of the cap domain, and the glycine-rich
loop, which would form the stem domain in the trans-
membrane pore, is stacked against the side of the f-sand-
wich domain, similar to the amino-terminal latch and stem
domains of leukocidins. The «-toxin monomer must go
through several conformational changes to form a trans-
membrane pore. In the initial step of membrane binding
both the N- and the C-terminal parts of the toxin seem to be
involved in membrane attachment, while the glycine-rich
loop turns itself into the middle of the oligomer and
becomes excluded from the lipid environment (Olofsson
et al. 1988; Panchal and Bayley 1995). In the final step, this
central loop extends into a f-hairpin and spans the lipid
bilayer. In the insertion process, the N-terminal latch folds
down onto the neighboring monomer, clamping the upper
crown of the cap domains in the oligomer into a tight and
rigid structure (Song et al. 1996). Insertion leads to major
conformational changes in all parts of the o-toxin molecule
as shown by changes in the cleavage pattern of pronase
(Vecsey-Semjen et al. 1997). Conformational changes
facilitating membrane binding and insertion might be
triggered by acidification of the medium (Forti and
Menestrina 1989; Harshman et al. 1989; Vecsey-Semjen
et al. 1996). In planar lipid bilayers a lower pH enhanced
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both channel conductivity and anion selectivity (Krasilni-
kov and Sabirov 1989). In vivo, pH reduction due to
inflammatory processes triggers o-toxin to exert its cyto-
toxic action intracellularly at far lower concentrations than
hitherto assumed. Oligomerization can also occur sponta-
neously in solution, although with a low efficiency (Ikigai
and Nakae 1987; Jayasinghe et al. 2006).

We have shown that naturally occurring «-toxin frag-
ments retain their membrane binding ability and that they
intoxicate mouse adrenocortical Y1 cells. All five isolated
toxin fragments (Kwak et al. 2010) bound to RRBC mem-
branes and all fragments with intact C terminals formed
oligomers, although only the 32-kD fragment, lacking the
first 8 aa from its N-terminal latch, was able to irreversibly
intoxicate Y1 cells and induce nucleotide release.

Our results are in agreement with previously published
data on a comprehensive set of N-terminal truncation
mutants (Jayasinghe et al. 2006; Vandana et al. 1997). The
authors showed that truncation of the N terminal led to o-
toxin species with considerable activity on RRBC and
deletion of 11 residues was well tolerated (Jayasinghe et al.
2006). We could not distinguish whether our 31-kD frag-
ment, lacking only 13 aa at the N terminal, was not able to
go through the final conformational changes required for
channel formation or whether the inner diameters of the
transmembrane channels were too small and thereby not
permissive for nucleotides. Also, our results on the 26-kD
fragment’s membrane binding ability were in agreement
with previously published data (Walker et al. 1992). In the
set of truncation mutants N-terminal deletions did not
abolish membrane binding in the monomeric form, and the
o-toxin mutants up to 23 aa deletions could still oligo-
merize on RRBC membranes but did not lyse the cells
anymore (Jayasinghe et al. 2006). The isolated 26-kD
fragment did form oligomers on RRBC, though. The pro-
cess of assembly and oligomerization could be a different
one, as the 26-kD fragment formed decamers and do-
decamers on RRBC membranes (Kwak et al. 2010). It is
possible that deletions longer than 23 aa at the N terminal
led to inactive species, but activity was regained after
further shortages as seen in the case of mutants missing 17—
19 aa. While these species were found to be inactive,
mutants with longer deletions, missing 20-22 aa from their
N terminal, regained activity and were able to lyse RRBC
(Jayasinghe et al. 2006).

Our 32.5-kD fragment, lacking five residues from its C
terminal, bound to RRBC membranes but failed to form
oligomers. Previously C-terminal truncation mutants were
reported to bind as monomers on RRBC and undergo a
conformational change resulting in occlusion of the pro-
tease-sensitive loop, which makes the stem domain
(Walker et al. 1992). In the crystal structure of the a-toxin
heptamer the carboxyl terminal is on the surface in an
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exposed position. Consequently, it is not involved in
monomer—monomer interactions and not expected to
interfere with the oligomerization process. Further experi-
ments revealed that deletion at the carboxyl terminal leads
to a molten-globule-like conformation, loosening up the
tertiary structure, and exposure of hydrophobic patches on
the monomer’s surface (Sangha et al. 1999). This finding
explains the membrane attachment of 32.5-kD fragment
monomers. The aforementioned studies demonstrate that,
in contrast to N-terminal truncations or proteolytic degra-
dations, loss of C-terminal residues might lead to pertur-
bations in the fragment’s native folded state. Previously,
the existence of nonlytic oligomers was observed both on
human granulocyte membranes (Valeva et al. 1997) and on
artificial liposome membranes (Vecsey-Semjen et al.
1996). In the latter case, conformational change from the
oligomeric to the transmembrane state could be induced by
acidification of the medium and/or use of negatively
charged phospholipids, where the local pH is expected to
be lower than the bulk pH, since the negatively charged
head groups give rise to an electrical surface potential that
in turn decreases the pH at the membrane surface (Vaz
et al. 1978). We applied the latter system to study pore
formation of four naturally occurring o-toxin fragments,
with special attention to the 26-kD fragment: we induced
conformational changes by acidification of the medium and
measured the efficiency of pore formation by chloride
release from egg-phosphatidyl glycerol (EPG) vesicles.
The aim of this was article is to study the relative channel-
formation abilities of the spontaneously occurring o-toxin
fragments and the relative roles of the N and C terminals.

Materials and Methods
Preparation of Full-Length «-Toxin and Fragments

Staphylococcus aureus strain Wood 46 was cultivated in
Brain-Heart Infusion (BHI; GIBCO) medium without the
addition of antibiotics in a bench-top fermentor. The o-
toxin and fragments were purified from the culture super-
natant by cation-exchange chromatography in a sodium
acetate buffer (10 mM sodium acetate, pH 5) as previously
described (Lind et al. 1987; Kwak et al. 2010), and
absorption was measured at 280 nm, based on an optical
density of 1.8 for a 1 mg/ml solution of a-toxin and by the
Protein Microassay procedure (Bio-Rad).

Preparation of EPG Liposomes
Large unilamellar vesicles were prepared by reverse-phase

evaporation as previously described (Gorvel et al. 1991;
Szoka and Papahadjopoulos 1978). Liposomes were

prepared in buffer of 20 mM HEPES, 100 mM KCI, pH
7.4, with the addition of 1.5 mg/ml 6-methoxy-N-(3-sul-
fopropyl)quinolinium (SPQ). The suspension was extruded
first through a 0.4-um and then through a 0.2-pum poly-
carbonate filter (Nucleopore) and gel-filtrated on a column
(PD 10 column; Pharmacia) equilibrated with the same
buffer to remove the extravesicular dye. Maximal release
from large unilamellar vesicles was induced by Triton
X-100 and used as 100% release in the experiments.

Measurements of Chloride Efflux

Experiments were carried out on a Perkin-Elmer LS 5B
spectrometer with a spectral bandwidth of 5 nm for both
excitation and emission. The dye was excited at 350 nm
and emission was recorded at 422 nm as previously
described (Vecsey-Semjen et al. 1996). Experiments were
performed at 25°C under continuous stirring. Liposomes
were diluted to a final concentration of 60 pM (alt: 50 pg/
ml) in buffers containing 100 mM KNO;:20 mM HEPES
at pH 7.0, 20 mM MES at pH levels 4.0-6.0, or 20 mM
citric acid-di-sodium hydrogen phosphate at pH 3.5. The
o-toxin and 32.5-, 32-, 31-, and 26-kD fragments were
added to the reaction mixture to a final concentration of
200 ng/ml. Opening of effective channels was inhibited by
1 or 4 mM zinc sulfate (ZnSO,) in the medium. Preopened
channels were closed by addition of 1 mM ZnSO, and
reopened by the addition of 2 mM EDTA.

Estimation of Membrane Inserted Oligomers Bound
to EPG Vesicles

After chloride efflux measurements at pH 4.5, vesicles
were sedimented by ultracentrifugation at 4°C for 60 min
at 80,000 rpm (Beckman benchtop 64R), solubilized in
sample buffer, and run on an 8% SDS-polyacrylamide gel.
To prevent disruption of the oligomer, samples were kept
on ice. For estimation of oligomers formed at the different
pH values, at the end of each chloride efflux measurement
the vesicles were recovered by discontinuous sucrose gra-
dient ultracentrifugation. Briefly, for high-density sucrose
260-pl samples were mixed with 540 pl of 61% sucrose
and transferred to the bottom of 3-ml centrifuge tubes.
Carefully 1700 pl of 35% sucrose was layered on top,
followed by 900 pl of 17.5% and 600 pl of 10% sucrose.
The tubes were finally filled up with 400 pl buffer and EPG
vesicles separated from unbound toxin fragments by
ultracentrifugation at 4°C for 60 min at 35,000 rpm
(Beckman, benchtop 64R) as previously described by
Gorvel et al. (1991). Vesicles were recovered from the top
of the 35% sucrose layer as a white fluffy band and ana-
lyzed by SDS-polyacrylamide gel electrophoresis under
nonboiling conditions.
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Hemolytic Assay

For the determination of hemolytic activity RRBC were
washed 3 times with PBS and sedimented by gentle cen-
trifugation. For determination of 100% hemolysis, a 100 pl
RRBC suspension was centrifuged, the supernatant
removed, and the erythrocytes lysed in 200 pl distilled
water. A standard curve was created by serial dilution of
the standardized RRBC suspension from 0.1% to 1% at
0.1% intervals in TBS as previously described (Kanclerski
and Mollby 1987). For determination of hemolytic activity,
10 pl of 1 pg/ml intact a-toxin or fragments was diluted
with 90 ul TBS, pH 7.4, containing 1% bovine serum
albumin (BSA) buffer in the first well of each row of a 96-
well microtiter plate (Greiner Bio-One). A protein con-
centration gradient was created by serial twofold dilutions
in the same buffer across each row. To each 100 pl toxin-
containing well, 100 pl of washed rabbit or human eryth-
rocyte in 1% suspension was added and the plates were
incubated for 30 min at 37°C. After cooling, the settled
erythrocytes were carefully resuspended by pipetting and
the density of the remaining cells was measured as the
decrease in light scattering at 620 nm in a microplate
reader (Labsystems Integrated EIA Management System).
For determination of the pH dependence of the hemolytic
activity, erythrocytes were resuspended in 145 mM NaCl
buffered with 50 mM citric acid-di-sodium hydrogen
phosphate in the pH range 4.5-7.5 in steps of 0.5 pH unit.
The same buffers were used for serial dilutions of protein
samples. The hemolytic titer (HU) was defined as the
amount of active hemolysin present in the dilution and was
interpolated as the inverted value of a fictive dilution
corresponding to exactly 50% hemolysis.

Spontaneous Oligomerization in Aqueous Solution

Samples of o-toxin and fragments were diluted in TBS, pH
7.4, to concentrations of 0.5 mg/ml (32.5- and 32-kD
fragments) and 1 mg/ml (intact o-toxin and 26-kD frag-
ment) and kept at 37°C for 4 h, during which time they
were repeatedly mildly vortexed (Ikigai and Nakae 1987).
Aliquots of 5 and 10 pl were mixed with 4 x SDS-sample
buffer. The 5-pl samples were heated to 80°C for 5 min
and the heated and unheated samples were analyzed in
parallel by SDS-PAGE.

Results
Purification of «-Toxin and Fragments

The intact toxin and four o-toxin fragments have been
purified from the late lag phase of Staphylococcus aureus
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Wood 46 culture supernatant and identified by N-terminal
sequencing (Kwak et al. 2010). The largest 32.5-kD frag-
ment has an intact N terminal but lost 5 aa from its C
terminal, as a result of proteolytic degradation by staphy-
lococcal V8 enzyme. Two fragments, of sizes 32 and 31
kD, lost 8 and 12 aa, respectively, of their N-terminal ends.
The 26-kD fragment (aa 72-293), the result of cleavage
with V8 enzyme and/or aureolysin and further degradation
of the N-terminal part of the intact o-toxin, could be
recovered in high amounts. The isolated fragments bind
specific antibodies and bind to RRBC membranes (Kwak
et al. 2010).

Chloride Release from SPQ-Filled EPG Vesicles

We have previously shown that a-toxin has to go through
partial unfolding for membrane binding and channel for-
mation to occur and this partial unfolding could be trig-
gered by acidification of the medium (Vecsey-Semjen et al.
1996). To study channel formation by «-toxin fragments,
we employed similar conditions that were optimal for
channel formation by o-toxin, such as EPG large unila-
mellar vesicles, with the combined advantage of having a
mixture of saturated and unsaturated lipids with negatively
charged head groups, which gave rise to an electrical sur-
face potential that decreased the pH at the membrane
surface (Vaz et al. 1978; Vecsey-Semjen et al. 1996;
Winiski et al. 1988). We studied channel formation by
monitoring chloride release from vesicles containing the
chloride-sensitive dye SPQ. We have previously shown
that the chloride efflux observed was not the result of
membrane fusion induced either by o-toxin or by low pH
(Vecsey-Semjen et al. 1996). In the present study we pre-
sumed that none of the isolated fragments induced mem-
brane fusion either. Also, we ensured that in our
experimental setting the chloride efflux induced by the
fragments was dose dependent. All isolated o-toxin frag-
ments induced chloride release in a pH-dependent manner
from EPG vesicles with kinetics similar to that of the intact
o-toxin. However, the efficiency of channel formation
varied greatly. o-Toxin induced maximal chloride release
(91%) at pH 4.5 (Vecsey-Semjen et al. 1996) (Fig. 1a); this
maximum shifted to pH 4.0 for the 32.5-kD fragment and
the efficiency of channel formation dropped to 38%
(Fig. 1a). Surprisingly, the 32-kD fragment, lacking only 8
aa from its N terminus, was only slightly more active, as
we observed maximal release at pH 4.5 with an efficiency
of 46% (Fig. 1b). Channel formation by the 31-kD frag-
ment was most effective at pH 4.75 and induced as much as
53% release (Fig. 1c). The 26-kD fragment behaved much
as the intact o-toxin, as it induced 82% chloride release at
pH 4.5 (Fig. 1d). We compared the channel-forming effi-
ciency of the four different toxin fragments in our study by
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Fig. 1 Effect of pH on a-toxin and a-toxin fragment-induced
chloride efflux from SPQ-filled EPG liposomes. Channel formation
was measured as the change in fluorescence intensity of the chloride-
sensitive dye SPQ upon channel formation. Chloride efflux from
liposomes was measured at various pH values (25°C) in 100 mM
KNOj; buffered with 20 mM MES. The time point at which a-toxin or
toxin fragment was added is indicated by an arrow. Maximal release

plotting the maximal rate of chloride efflux as a function of
pH. It clearly appears that intact a-toxin was most sensitive
to the bulk pH followed by the 26-kD fragment (Fig. le).
Generally, all fragments were more protonation dependent
for channel formation and chloride efflux occurred at lower
pH values than for the intact toxin. To exclude the possi-
bility that chloride efflux was a result of nonspecific
membrane damage, caused by protein binding, we
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after the addition of Triton X-100 and release after the addition of
full-length o-toxin are shown for comparison. Channel formation by a
32.5-kD o-toxin fragment (a), by a 32-kD fragment (b), by a 31-kD
fragment (c), and by a 26-kD fragment (d). The maximal rate of o-
toxin fragment-induced chloride efflux from EPG vesicles was plotted
as a function of buffer pH. a-Toxin-induced efflux is shown for
comparison (e)

investigated if the release could be inhibited by zinc, which
has been shown to block the a-toxin channel (Menestrina
1986). Opening of channels could be inhibited by 1 mM
zinc in the medium (data not shown). Also, preopened
channels could be closed by addition of zinc in the medium
and the effect could be reversed by addition of the che-
lating agent EDTA (2 mM). The closure of the preformed
channels could be the result of steric hindrance caused by
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the metal ions bound to the entrance of the channel or a
minor conformational change induced.

Oligomerization on EPG Membranes

Correct oligomerization is a prerequisite for channel for-
mation (Valeva et al. 1995). To see if there was a correlation
between oligomer formation on EPG membranes and chlo-
ride release, we determined the amount of oligomers formed
by the various fragments on the liposome membranes.
Therefore, at the end of each chloride efflux measurement,
vesicles were sedimented by ultracentrifugation and ana-
lyzed by SDS-PAGE without heating the samples. Previ-
ously we have shown that the amounts of x-toxin oligomers
formed were very similar at all pH values studied (Vecsey-
Semjen et al. 1996). Similarly, the 32- and 31-kD fragments,
missing 8 and 12 aa, respectively, from N-terminal amino
latches formed oligomers at all pH values, but with a much
lower efficiency (data not shown). The 26-kD fragment
formed oligomers of at least three different sizes, probably as
the result of oligomers formed by various numbers of pro-
tomers. Furthermore, the efficiency of oligomer formation at
pH 4.5 was even more effective than that of intact a-toxin
(Fig. 2a). Surprisingly, we were not able to detect any
oligomers formed by the 32.5-kD fragment under neutral
conditions. Despite the fact that we found only monomers
sedimented with the vesicles, the fragment induced consid-
erable chloride efflux at pH 4.0. Next we investigated whe-
ther oligomer formation was strongly pH dependent or
whether release from vesicles could be the consequence of
membrane perturbation caused by the 32.5-kD monomers.
After chloride efflux measurement at each pH, vesicles were
floated up on a discontinuous sucrose gradient and the fluffy
lipid layer analyzed on an SDS gel (Fig. 2b). In contrast to
intact o-toxin and the 32- and 31-kD fragments, there
seemed to be a a strong correlation between oligomer for-
mation and chloride efflux for the 32.5-kD monomers. Two
high molecular weight bands, representing oligomers, could
be seen at pH 4.0, the same pH value at which chloride efflux
could be measured. In the case of the 32.5-kD fragment, pH
seems to have a significant effect on the oligomerization
process, possibly by inducing further conformational chan-
ges in the monomer that trigger oligomerization.

Hemolytic Activity

Previous experiments on EPG liposomes showed that
channel formation of the isolated «-toxin fragments was
highly pH dependent. In the next step we investigated whe-
ther hemolysis could also be triggered by lowering of the pH
and tested the hemolytic activity of the fragments in the pH
range 4.5-7.5 on RRBC. Intact o-toxin optimally lysed
RRBC under neutral physiological conditions, pH 7.0. With
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Fig. 2 Oligomers formed by «-toxin and a-toxin fragments detected
on EPG vesicle membranes. After chloride efflux measurements at pH
4.5, vesicles were sedimented by ultracentrifugation, solubilized in
sample buffer, and run on an 8% SDS-polyacrylamide gel. To prevent
disruption of the oligomers, samples were not boiled. Arrows show
the position of oligomeric and monomeric a-toxin (a). Oligomeriza-
tion and channel formation by the 32.5-kD fragment: after each
chloride efflux measurement, the vesicles were recovered by discon-
tinuous sucrose gradient ultracentrifugation and analyzed by SDS-
PAGE under nonboiling conditions (b)

a decrease in pH, the toxin’s hemolytic activity decreased,
leveling out at pH 6.0 into a second, minor peak at pH 5.5.
Consistent with this result, the dual mechanism of o-toxin
binding to RRBC membranes was previously described
(Hildebrand et al. 1991). At pH 7.0, a-toxin binds to specific
binding sites at low concentrations, forms transmembrane
channels, and lyses RRBC with a high efficiency. Acidifi-
cation of the medium led to a loss of binding specificity. The
second hemolytic peak, at pH 5.5, reflects nonspecific
binding to lipid moieties and lysis (Fig. 3a). Fragments with
an intact C terminal (32, 31, and 26 kD) showed a single
hemolytic peak at pH 5.5, which coincided with the minor
peak of the intact toxin (Fig. 3a). In contrast to previous
observations, where a-toxin deletion mutants of up to 12 aa
had considerable hemolytic activity (Jayasinghe et al. 2006),
the loss of only 8 aa from the N terminal resulted in an
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Fig. 3 Effect of pH on the hemolytic activity of a-toxin and a-toxin
fragments. a Washed rabbit erythrocytes (RRBC) were resuspended
in 150 mM NaCl buffered with 50 mM citric acid-di-sodium
hydrogen phosphate of various pH values. The hemolytic activity of
the serially diluted samples was read after 30 min of incubation
(37°C) in a vertical spectrophotometer at 620 nm. The reference
value for 50% lysis was obtained by mixing 50 ul of RRBC
suspension with 150 pl of diluting buffer. Hemolysis of o-toxin (filled
square), the 32-kD fragment (open circle), the 31-kD fragment (open
triangle), and the 26-kD fragment (filled triangle) at different pH
values. b pH dependence of «-toxin (open circle) and the 32-kD
fragment (filled triangle) on human erythrocytes (HRBC). For
comparison, o-toxin hemolysis on RRBC (filled square) is also shown

inactive fragment at pH 7.0 in our assay. The explanation for
this discrepancy might be the short assay time, as an increase
in the initial lag time was previously observed (Jayasinghe
et al. 2006; Vandana et al. 1997). We evaluated hemolysis
after only 30 min, while the truncated mutants were
observed for over 2 h. According to our results, with the loss
of the N terminal, the 32- and 31-kD fragments’ ability to
lyse RRBC at neutral pH practically ceased and the 26-kD
fragment’s hemolytic activity dropped to 0.6% of that of the
intact a-toxin at pH 7.0. In contrast, at pH 5.5, the 32-kD
fragment lysed RRBC more efficiently than intact o-toxin
(127%) (Fig. 3a). The largest isolated 32.5-kD fragment,
lacking only five residues from the C terminus, had no
hemolytic activity and could not be activated by changes in
the buffer pH (Data not shown). Previous reports described
the C-terminal deletion mutants as nonhemolytic, despite the
fact that they readily formed multimers (Sangha et al. 1999;
Walker et al. 1992). Binding of o-toxin to RRBC initially
involves specific binding sites. In contrast, toxin binding to
HRBC is nonspecific. To clarify whether the fragments’

diminished hemolytic activity and the shift in maximum to
lower pH could be the result of their inability, or loss of
ability, to bind to specific receptors on the RRBC, we
determined the o-toxin fragments’ hemolytic activity on
HRBC. Only the 32-kD fragment could lyse HRBC at pH 5.5
with an efficiency (86%) similar to that of a-toxin. Also,
maximal hemolysis was measured after further acidification
at pH 5.0 (Fig. 3b). None of the other isolated «-toxin frag-
ments were hemolytic on HRBC, at any pH. Our results show
that, although the N terminal of «-toxin is not required for
pore formation on lipid membranes, proteolytic degradation
demolished specific binding to RRBC and reduced activity.
By acidification of the medium we could restore the frag-
ments’ hemolytic activity, though only partially.

Oligomerization in Solution

We then investigated whether the diminished channel-
forming abilities of the fragments was a consequence of
premature oligomerization, since both the amino latch and
the C terminus shield hydrophobic patches. In fact, the

kDa
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HMW g- toxin  32.5kD LMW 26 kD LMW
Fragments kD

Fig. 4 Spontaneous oligomerization in solution. Samples (1 mg/ml)
of o-toxin and the 32.5-kD toxin fragment were incubated in TBS, pH
7.4, at room temperature (24°C) for 6 h. During incubation the
samples were mildly repeatedly vortexed. To prevent disruption of the
oligomers, two-thirds of the final sample (70 pl) was applied without
heating (—), while the other one-third (35 pul) was heated to 80°C for
5 min (4) before electrophoresis. HMW, high molecular weight
standards (200,000, 116,250, 97,400, 66,200, 45,000); LMW, low
molecular weight standards (97,400, 66,200, 45,000, 31,000)
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32.5-kD fragment formed oligomers readily in solution
much more efficiently than the intact toxin (Fig. 4). Also,
some of our original samples employed in previous experi-
ments had contaminations of preformed oligomers, although
the samples were always kept on ice during the experiments
and repeated thawings were avoided (data not shown). After
extended incubation at 37°C and repeated vortexing, a
double band of oligomers, slightly smaller than the oligo-
meric bands of the intact toxin, could be seen (data not
shown). The 32- and 31-kD fragments formed oligomers of
uniform sizes but with a very low efficiency. The 26-kD
fragment did not form any oligomers in solution, even when
incubated for longer periods such as overnight (Fig. 4).

Discussion

Understanding of the membrane-binding and channel-
forming mechanisms of staphylococcal o-toxin greatly
enhanced our possibilities to construct useful tools for
biotechnological applications (Bayley and Cremer 2001).
Therefore it is important to clarify the assembly mechanism
and channel function of a-toxin. Also, a-toxin plays a major
role in Staphylococcus aureus infections as a bacterial
determinant, associated with changes in virulence (Kahl
et al. 1996). In both aspects, knowledge about «-toxin
fragments, occurring after cleavage with co-expressed
proteases, may contribute to the production of membrane
channels with new properties and/or the construction of new
antibacterial treatments.

Here we have presented four spontaneously occurring o-
toxin fragments that retain their oligomerizing and chan-
nel-forming ability. Fragments with an intact C terminal,
but missing more than 8 aa from their N-terminal part,
required acidification of the medium to insert and form
channels in EPG vesicles. In a model system it was

previously shown that channel formation, but not oligo-
merization, on the liposome membranes was protonation
dependent (Vecsey-Semjen et al. 1996).

A model for membrane insertion and pore formation is
generally accepted: the membrane insertion of the central
loop, encompassing about 15 residues (Song et al. 1996;
Valeva et al. 1996), underlies pore formation. Part of the
energy of oligomerization is probably coupled to the pro-
cess in which the central loop is driven into the lipid
bilayer. Low pH and protonation drive the necessary con-
formational changes that result in pore formation and,
consequently, release of chloride from EPG vesicles.

Induction of chloride release from EPG vesicles by the
26-kD a-toxin fragment indicates the formation of effective
transmembrane pores. These pores were built by a varying
number of protomers (Fig. 2a), resulting in large multimers
of different sizes. The inner diameter of the transmembrane
channels is likely to be smaller than the a-toxin channels
because previously we found that they are not permeable to
nucleotides (Kwak et al. 2010). While intact o-toxin forms
heptamers in lipid bilayers, the 26-kD fragment oligo-
merized into decamers and dodecamers on RRBC mem-
branes and octamers, nonamers, and decamers on EPG
membranes, more similar to leukocidins (Menestrina et al.
2003; Miles et al. 2006). It seems that not only does the
oligomerization process of the 26-kD fragment lead to
multimers of varying numbers of subunits, but also the
process is membrane and lipid composition dependent.
Thus, the first 71 aa of o-toxin are not essential for mem-
brane binding and pore formation to occur but are needed
for the formation of uniform oligomers. It is of consider-
able importance to analyze the 26-kD fragment’s proper-
ties, as it seems to be the smallest channel-forming entity
of a-toxin described so far. Truncation of residues 1-71
removes a large part of the native protomer-protomer
interface of the full-length heptamer (Fig. 5). This suggests

Fig. 5 Structural features of the heptameric pore and the N-terminal
segment. Left, middle structure of the intact o-toxin heptamer (Song
et al. 1996). Each subunit is shown in a different color. Amino acids
1-71, absent in the 26-kD fragment, are shown as spheres. Right
Molecular surface of one protein monomer; the surface contributed by
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amino acids 1-71 is shown in red, and three interacting monomers in
the heptameric pore are also shown. The figure shows the major role
that the N-terminal segment plays in protomer interaction in the
heptameric pore and the drastic differences that must occur in the
26-kD fragment when residues 1-71 are absent
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that the protomer interactions in the cap domain of the 26-
kD fragment oligomers must be fundamentally different
from those in the heptamers of the full-length protein.
Moreover, while the full-length protein forms heptamers,
the 26-kD fragment forms multimers of different sizes,
indicating that the truncation affects both the mechanism of
oligomer formation and preference for various multimeric
states. Even though higher multimers could be expected to
form larger pores, one must also take other structural fea-
tures into account. First, the truncated cap domain is sig-
nificantly smaller than that of the full-length protein.
Second, the different interactions between the protomers in
the 26-kD fragment multimer compared to the full-length
heptamer will influence the geometry of the cap domain
multimer and are likely to influence the permeability
properties. In the full-length heptameric structure the nar-
rowest part is in the interface region between the stem and
the cap domains; structural changes in this area are thus
likely to affect permeability of the membrane channel. The
triangle region, connecting the solvent-exposed pf-sand-
wich structure with the membrane inserted stem domain
(Meesters et al. 2009; Song et al. 1996), was shown to play
a crucial role in protomer—protomer interactions between
intact o-toxin monomers and was suggested to play a role
in the conformational changes leading to an open channel.
The fact that the oligomers formed by the 26-kD fragment
induce chloride release but very little nucleotide release
(Kwak et al. 2010) suggests that these possess a more
narrow channel than the full-length protein. The smaller
size of the pore is most likely caused by the now much
smaller cap domain packing to form a smaller central pore.
This will also influence the relative orientation of the cap
domain to the stem domain, which may induce additional
structural changes throughout the channel.

Similarly to the 26-kD fragment, the 31-kD fragment
formed ion-transmissible channels in EPG vesicle mem-
branes. Though we could see only one single band in Coo-
massie-stained SDS-gel corresponding to heptamers, we
cannot exclude the formation of hexamers and octamers in
much lesser amounts. On RRBC membranes, all three
oligomeric species were formed (Kwak et al. 2010). The
maximal release from EPG vesicles induced by the 31-kD
fragment was only 53%, which corresponds well to previous
results measured on planar lipid bilayers. Surprisingly, the
32-kD fragment induced only 46% maximal release, despite
the fact that this fragment alone could cause irreversible
intoxication and nucleotide release from Y1 cells (Kwak
et al. 2010). The effectivity of channel formation was
comparable (43.6 and 46%, respectively). In the Luk pore, F
and S subunits are arranged in an alternating fashion to form
an octamer (Miles et al. 2002). Although the F and S proteins
share approximately 27% identity with each other and no
more than 30% identity with «-toxin, the similar structural

features of these proteins make the set of Luk monomers and
the a-toxin oligomer a powerful kit for studies of pore for-
mation. In contrast to the X-ray studies showing a strictly
heptameric stoichiometry for oligomers formed in deoxy-
cholate micelles (Song et al. 1996), hexamers were found in
phospholipids bilayers by atomic force microscopy studies
(Czajkowsky et al. 1998). Furthermore, an alternative olig-
omeric arrangement, based on observation of structures of
different sizes in EM studies, was suggested, which may be
of relevance to the mechanisms by which «-toxin damages
eukaryote cells (Ellis et al. 1997; Hebert et al. 1992).

All three isolated fragments with an intact C terminal had
considerable hemolytic activity on RRBC and some on
HRBC under acidic conditions. The fact, that the loss of eight
N-terminal amino acids led to strongly diminished haemo-
lytic activity on RRBC at neutral pH, is surprising. Our
results also reveal one more fact of the nature of the elusive
binding sites on RRBC membranes: it seems to require a
discontinuous epitope on the surface of intact a-toxin which
is sensitive to minor deletions and conformational changes.
In the light of our results, reduced hemolytic activity of the
fragments can only be explained by loss of the ability to bind
specifically to clustered phosphocholine head groups on the
RRBC surface (Valeva et al. 2006). Our present results
support the dual mechanism of «-toxin RRBC hemolysis as it
has been previously described (Hildebrand et al. 1991).
o-Toxin reached its maximal hemolytic activity on RRBC at
pH 7.4, compared to pH 5.5 on HRBC, i.e., at the same pH
value at which we observed a minor peak. Also, we measured
maximal hemolytic activity for the fragments at the same pH.
The second, common peak mirrors nonspecific binding to
clustered phospholipid head groups and disruption of the
RRBC membrane for «-toxin and fragments. The phenom-
enon might be a consequence of «-toxin going through minor
conformational changes at acidic pH, thereby losing essen-
tial epitopes for receptor binding. Similarly, the fragments’
inability to attach to specific binding sites on RRBC might be
explained by minor conformational changes due to loss of
the N-terminal end and, consequently, loss of specificity as
human erythrocytes lack surface receptors (Hildebrand et al.
1991). Alternatively, the specific receptors at the RRBC
surface are sensitive to acidification of the medium.

Proteolytic degradation in the amino latch had little
influence on the 32-kD fragment’s capacity to irreversibly
intoxicate Y1 cells and induce nucleotide release. In con-
trast, the fragment’s ability to lyse RRBC was drastically
diminished. This result was both unexpected and intrigu-
ing. The N-terminal latch of z-toxin had never been sup-
posed to be the binding site either to RRBC or lipid
membranes. Also, the 32.5-kD fragment, with an intact N
terminal, failed to bind and lyse RRBC. Thus, proteolytic
cleavage at the N-terminal of intact «-toxin results in
fragments that are not biologically inactive, but highly
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dependent on protonation for their action. The fact that the
fragments’ channel-forming ability was improved by a
slightly acidic pH in experiments with erythrocytes, while
the same changes in buffer pH had no effect on nucleotide
release from Y1 cells, can be explained by differences
between the erythrocyte and the nucleated cell membranes.

The isolated 32.5-kD fragment (1-288 aa), lacking the C
terminal, has a tendency to aggregate in the absence of
membranes (Fig. 4). Under acidic conditions, the fragment
binds to membranes but forms detectable oligomers on EPG
membranes only at pH 4.0, i.e., at the same pH at which
chloride release could be measured. Because no traces of
oligomers were obtained with the 32.5-kD fragment either on
RRBC membranes (Kwak et al. 2010) or on EM images (data
not shown) under neutral conditions, we can only conclude
that the fragment adapts a partially unfolded structure as the
near UV-CD spectrum previously indicated (Sangha et al.
1999). Protonation due to acidification of the medium and
negatively charged phospholipid head groups, such as PG,
seems to lead to further unfolding into a membrane-inser-
tion-competent molten globule state and so enable it to form
transmembrane channels (van der Goot et al. 1991). The
channel-forming process was protonation dependent for all
isolated fragments, in agreement with previous results with
intact o-toxin (Forti and Menestrina 1989; Harshman et al.
1989; Vecsey-Semjen et al. 1996, 1997).

We have shown that native o-toxin goes through pro-
teolysis by simultaneously expressed staphylococcal exo-
proteases (Kwak et al. 2010). The obtained fragments,
cleaved at the N-terminal end, are able to go through
oligomerization and after conformational changes, trig-
gered by protonation, can form transmembrane pores. The
process may have implications in the pathophysiological
role of a-toxin in staphylococcal infections. Staphylococ-
cus aureus can invade, survive, and replicate in many
different cell types (Jarry et al. 2008; Menzies and
Kourteva 1998). Phagocytosed bacteria are usually elimi-
nated in the lysosome by hydrolytic enzymes. In contrast,
S. aureus escapes from the phagolysosome by activating
RNA 1II transcription and exotoxin expression (Novick
2003). Thus, not only «-toxin expression but also toxin
insertion into the endosome membrane is triggered by low
pH (Jarry et al. 2008). In this process naturally occurring
fragments may play a role, as they are biologically active
and may enhance the tissue damage caused by the bacteria.
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See Fig. 6.
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Fig. 6 Comparison of SDS-PAGE (a) with BN-PAGE (b) for the
analysis of o-toxin and 26-kD fragment
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