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ABSTRACT: Ostreolysin, a pore-forming protein from the edible oyster mushroom (Pleurotus ostreatus),
is a member of the aegerolysin protein family, a novel group of small acidic proteins found in bacteria,
molds, mushrooms, and plants. It binds to lipid rafts and interacts specifically with cholesterol-rich lipid
domains. In this study, ostreolysin was classified as a single-domain all-â-structured protein on the basis
of cDNA sequencing. pH-induced and thermally induced unfolding of ostreolysin was studied by means
of CD, UV absorption, and intrinsic tryptophan fluorescence to characterize conformational transitions
associated with its functional properties, i.e., binding to lipid membranes, pore forming activity on lipid
vesicles, and hemolysis. At 25°C and between pH 6 and 9, ostreolysin adopted a monomeric and
thermodynamically stable nativelike conformation, characterized by rigid tertiary structure and predomi-
nantlyâ-sheet secondary structure. Between pH 2 and 3, the protein underwent an irreversible transition
to a partially unfolded, molten globule-like state which bound ANS, and exhibited disrupted tertiary structure
and enhanced non-nativeR-helical structure. Functional studies showed that, unlike colicins and some
other bacterial pore-forming toxins, the acid-induced molten globule-like state of ostreolysin is not relevant
for lipid binding and pore formation. Instead, the compact native state was necessary for binding to
cholesterol/sphingomyelin multilamellar vesicles, optimally in the pH range from 6 to 7, and for pore
formation and hemolysis, maximally between pH 7 and 8.

Characterization of ostreolysin and aegerolysin (1, 2), ∼15
kDa acidic proteins from the edible mushroomsPleurotus
ostreatus(oyster mushroom) andAgrocybe aegerita(black
poplar mushroom), respectively, led to them being assigned
to a novel aegerolysin protein family (PF06355 and IPR
009413). Other family members are Asp-hemolysin from the
pathogenic mouldAspergillus fumigatus(3), pleurotolysin
A (PlyA) from P. ostreatus, an ostreolysin isoform (4, 5),
two Clostridium bifermentanshemolysin-like proteins (6),
a hypothetical protein PA0122 fromPseudomonas aerugi-
nosa(7), a putative protein fromNeurospora crassa(8), and
proteins predicted from the expressed sequence tag (EST)1

and genomic nucleotide sequences (Figure 1). Aegerolysin
and ostreolysin are expressed specifically during the forma-
tion of primordia and fruiting bodies (1, 2). Immunolocal-
ization showed that they are concentrated in the growing
regions of the basidiocarp, especially in basidia and spores
(9). It has been proposed that aegerolysin is involved in the
compaction of hyphae during the formation of fruiting body
primordia (2), and that C. bifermentanshemolysin-like

proteins are related to bacterial sporulation (6). However,
the exact biological function of aegerolysins remains to be
resolved.

Interaction with lipids and pore forming activity are
characteristic of certain aegerolysins. Asp-hemolysin was
suggested to bind specifically to lysophosphatidylcholine, a
component of oxidized low-density lipoprotein (3, 10, 11).
Aegerolysin, ostreolysin, and PlyA were reported to lyse
erythrocytes and several transformed cell lines by creating
transmembrane pores (1, 4, 12). Binding and pore forming
activity of ostreolysin, inhibited by the presence of unsatur-
ated glycerophosphatides and lysophospholipids (12, 13),
were found to be specific to liquid-ordered microdomains,
structures emerging in cholesterol- and ergosterol-rich lipid
membranes, and lipid rafts (13). PlyA has been suggested
to be a sphingomyelin-specific cytolysin, acting as a bicom-
ponent cytolysin in concert with 59 kDa pleurotolysin B
(PlyB). On erythrocyte membranes, PlyA and PlyB (when
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coupled, termed pleurotolysin) assemble into a ring-shaped
transmembrane pore with a functional diameter ranging from
3.8 to 5.0 nm (4, 5). In contrast, ostreolysin alone was found
to form pores∼4 nm in diameter (12).

Certain cell proteins need to be actively unfolded from
their native conformation to be translocated across mem-
branes into a specific compartment by translocons or to be
degraded by ATP-dependent proteases (14). On the other
hand, pore-forming proteins (toxins, complement proteins,
and pro-apoptotic proteins) are examples of proteins with a
defined native conformation, which, upon an environmental
trigger, is changed spontaneously to enable formation of a
transmembrane pore consisting of several protein monomers
(15). Although high-resolution three-dimensional structures
of such pores are lacking, there is indirect evidence that these
proteins undergo several structural changes during membrane
binding, oligomerization, insertion, and translocation of
certain polypeptide segments across the lipid bilayer (15, 16)
to reach a thermodynamically more favorable membrane-
resident protein conformation. In our previous study, we
noted that ostreolysin permeabilization of lipid vesicles was
pH-dependent, with the highest activity around pH 8.
Moreover, FTIR spectroscopy showed that ostreolysin is a
predominantlyâ-structured protein whose content ofR-struc-
ture increased by∼10% on association with the vesicles (12).

Here, we address the question of how conformational
changes of ostreolysin are related to pH and temperature,
and whether the induced protein unfolding is relevant to its
pore forming activity in cells and artificial lipid membranes.

MATERIALS AND METHODS

Materials

Ostreolysin was isolated from fresh fruiting bodies ofP.
ostreatus, as described previously (1). Its purity was checked

by polyacrylamide gel electrophoresis. The protein concen-
tration was determined spectrophotometrically using the BCA
Protein Assay Reagent (Pierce, Rockford, IL).

Total sheep erythrocyte lipids (SEL) were extracted from
pelleted erythrocyte ghosts as described previously (12).
Extracted lipids were dried under argon and dissolved in
chloroform at a concentration of 10 mg/mL. Wool grease
cholesterol (Chol) and porcine brain sphingomyelin (SM)
were from Avanti Polar Lipids (Alabaster, AL).

ANS (1-anilinonaphthalene-8-sulfonic acid ammonium
salt) and guanidine hydrochloride (GnHCl) were from Fluka
(Buchs, Switzerland). ANS was used without additional
purification. GnHCl was recrystallized from hot ethanol, and
a 5.0 M solution (pH 5.0) was prepared in doubly distilled
water. Dithiothreitol (DTT), oxidized glutathione, Triton
X-100, 2-morpholinoethanesulfonic acid (MES), and calcein
were from Sigma. NaOH and HCl used in the pH titration
experiments were from Merck (Darmstadt, Germany).

For the thermal stability studies, the following 10 mM
buffers were used: citrate (pH 3.0), carbonate (pH 6.0, 10.0,
and 11.0), HEPES (pH 7.0 and 8.0), and borate (pH 9.0).
For assaying the pore forming activity of ostreolysin and its
binding to lipids in the pH range from 7.0 to 9.0, vesicle
buffer (140 mM NaCl, 20 mM Tris-HCl, and 1 mM EDTA)
was used; for pH values ranging from 4.0 to 6.0, MES was
used instead to prepare the buffer. All chemicals were
analytical grade.

Methods

Cloning of Ostreolysin cDNA.Freshly collected young (1.5
cm) fruiting bodies of the oyster mushroom were ground
under liquid nitrogen to a medium-fine powder. Total cellular
RNA was extracted from 30 mg of ground tissue by using
the SV Total RNA Isolation System (Promega, Madison,

FIGURE 1: Sequence alignment of the aegerolysin family. The family comprises ostreolysin (GenBank entry AY818435) and 11 other
members. Protein and nucleotide databases were searched with BLAST using the ostreolysin sequence as a query. Hits withe values of less
than 2e-9 are presented. Strictly conserved residues are shown in black and similar residues in gray. The numbering is according to the
ostreolysin sequence. The PHD secondary structure prediction (25, 26) is shown above the alignment (E, extended strand; C, random coil).
Uppercase letters are predicted at better than 82%. Proteins are abbreviated as follows: PriA, putative protein fromP. ostreatus(GenBank
entry AAL57035), identical to PlyA, protein fromP. ostreatus(DDBJ, GenBank entry AB177869); Aa-Pri1, aegerolysin precursor (Swiss-
Prot entry O42717); Asp-HS, Asp-hemolysin precursor (GenBank entry Q00050); Paracoccidioides and Coccidioides, predicted proteins
from pathogenic fungiPa. brasiliensis(GenBank entry CN242319) andC. immitis(cid07143); Neurospora, hypothetical protein fromN.
crassa(GenBank entry XP_322733); Lolium, predicted protein fromLolium multiflorum(GenBank entry AU250367); Clostridium 1 and
2, hemolysin-like proteins fromC. bifermentas (GenBank entries CAA71483 and CAA71484, respectively); Beta, predicted protein from
B. Vulgaris (GenBank entry BQ583143); Pseudomonas, conserved hypothetical protein fromPs. aeruginosa(GenBank entry NP_248812).
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WI). 3′ RACE was performed essentially as described in the
FirstChoice RLM-RACE kit (Ambion). RT-PCR was con-
ducted with the 3′ RACE Adapter (5′-GCGAGCACA-
GAATTAATACGACTCACTATAGGT12VN-3′) and M-
MLV Reverse Transcriptase, using 1µg of total RNA. The
ostreolysin cDNA was produced in a PCR using 1µL of
RT-PCR mixture, 3′ RACE inner primer (5′-CGCGGATCC-
GAATTAATACGACTCACTATAGGT12VN-3′), AYAQWV-
BAM gene-specific primer (5′-CGCGGATCCGCNTAYGC-
NCARTGGGTNAT-3′), VentR (exo-) DNA polymerase
(New England BioLabs Inc.), and ThermoPol reaction buffer
(New England BioLabs Inc.). An AYAQWV-BAM coding
oligonucleotide was designed according to the six conserved
N-terminal amino acids of proteins of the aegerolysin family.
Both the 3′ RACE inner primer and AYAQWV-BAM gene-
specific primer contained aBamHI site to enable cloning
after amplification. The PCR mixtures were heated at 94°C
for 3 min (hot start), and amplification was then carried out
in 25 cycles as follows: denaturation for 1 min at 94°C,
annealing for 45 s at 60°C, and extension for 1 min at 72
°C. A final extension was conducted for 10 min at 72°C.
The resulting PCR products were gel purified using a
Qiaquick extraction kit (Qiagen), digested withBamHI (New
England BioLabs Inc.), and ligated into pUC19. The nucle-
otide sequence of ostreolysin cDNA was determined in both
directions and the amino acid sequence deposited in GenBank
under accession number AY818435.

pH Measurements.The pH titration experiments at 25°C
were performed using a 10µL Hamilton syringe (Hamilton
Co., Reno, NV) equipped with a Chaney adapter. The pH
of protein solutions was measured separately using a pH-
meter (model MA 5705, Iskra) and an Ag/AgCl combination
microelectrode (Mettler Toledo). The absolute error of the
pH measurements was(0.01 pH unit.

Electrophoresis.SDS-PAGE was performed with a
PHAST system (Amersham Pharmacia Biotech, Uppsala,
Sweden) according to the manufacturer’s instructions (17),
using PhastGel Gradient 8-25 gels at 25°C. The protein
samples were diluted with an equal volume of the non-
reducing SDS sample buffer [0.20 M Tris-HCl (pH 8.0), 5%
(w/v) SDS, 2 mM EDTA, and 0.1% (w/v) bromophenol
blue], heated at 100°C for 5 min, and applied to the gel.
Gels were stained with Coomassie Brilliant Blue or silver-
stained. Images were documented and processed using
Image-Pro Plus software (Media Cybernetics).

In some experiments, ostreolysin was treated with DTT
(20 mM) for 30 min or with oxidized glutathione (10 mM)
overnight, all at room temperature. Oxidized protein samples
were submitted to SDS-PAGE. Hemolytic activity and
binding of oxidized glutathione-treated ostreolysin to Chol/
SM multilamellar vesicles were assessed as described below.

Pore Forming ActiVity. The pore forming activity of
ostreolysin was assayed by determining the hemolytic activity
and by calcein release from large unilamellar vesicles (LUV)
composed of sheep erythrocyte lipids (SEL). The hemolytic
activity of ostreolysin toward sheep, bovine, and human
erythrocytes was closely similar (12). In this study, the
hemolytic activity on bovine red blood cells (BRBC) was
measured turbidimetrically (18) at 25 °C using a kinetic
microplate reader (MRX, Dynex Technologies, Denkendorf,
Germany). Typically, 25µL of ostreolysin (4µg/mL) was
added to 75µL of BRBC buffer (140 mM NaCl and 20 mM

Tris-HCl buffer, with a pH ranging from 6.0 to 10.0) and
the mixture incubated at room temperature for 30 min; 100
µL of bovine erythrocyte suspension at the same pH as the
ostreolysin solution was then added. The initial optical
density of the solution at 630 nm (OD630) was 0.5. The
decrease in OD630 was recorded for 20 min to determine the
time necessary for 50% hemolysis (t0.5). In control experi-
ments without ostreolysin, spontaneous lysis of the eryth-
rocyte suspension was observed at pH values below 6 and
above 10.

The effect of pH on permeabilization of SEL LUV by
ostreolysin was measured as described previously (12). At
a final concentration of 4 mg/mL, lipids were swollen in an
aqueous solution of calcein (80 mM), and vortexed to obtain
multilamellar vesicles (MLV). The suspension of MLV was
subjected to eight cycles of freezing and thawing, and
pressure-extruded through 0.1µm polycarbonate filters
(Millipore). Extravesicular calcein was removed by gel
filtration on a Sephadex G-50 (medium) column. Vesicle
permeabilization was assayed in a fluorescence microplate
reader (Tecan Genios) with excitation and emission at 485
and 535 nm, respectively. Ostreolysin at the desired con-
centration in MES or Tris-HCl vesicle buffer (100µL) was
dispensed into a multiwell microplate, followed by an
appropriate amount of calcein-loaded LUV. The rate of
release of calcein was then recorded for 45 min at 25°C.
The maximal (100%) rate of calcein release was obtained
by solubilization of LUV with Triton X-100 at a final
concentration of 1 mM, and the percentage of calcein release
was calculated for each well (19).

Ostreolysin Binding to Lipids.The effect of pH on the
binding of ostreolysin to multilamellar lipid vesicles (MLV)
was determined semiquantitatively by using SDS-PAGE of
lipid-bound and free ostreolysin, and densitometry of silver-
stained gels. MLV were prepared from Chol and SM (1:1
molar ratio) after evaporation of the solvent under reduced
pressure and vortexing the lipid film in water to obtain a
lipid concentration of 20 mg/mL. Aliquoted MLV suspen-
sions were titrated using 1 M HCl or NaOH to adjust the
pH to the desired value. Ostreolysin (1.2 mg/mL in water)
was then added to obtain a lipid:protein molar ratio of 450,
and the pH was checked. After incubation for 8 h at 25°C,
the mixture was centrifuged at 29000g for 30 min at room
temperature. After removal of the supernatant containing
unbound ostreolysin, the MLV were resuspended in MES
or Tris-HCl vesicle buffer having the same volume as the
supernatant. The fractions containing free or bound ostre-
olysin were subjected to SDS-PAGE and semiquantification
of the protein using gel densitometry. In parallel, ostreolysin
treated with oxidized glutathione was assayed for lipid
binding. Control experiments without MLV showed no
sedimentation of ostreolysin in the tested pH range.

Denaturation Studies.pH- and temperature-induced de-
naturation of ostreolysin were monitored using UV absor-
bance, circular dichroism (CD), and fluorescence.

UV Spectrophotometry.The UV absorbance was measured
with a Hewlett-Packard 8453 UV-vis spectrophotometer
(Hewlett-Packard GmbH, Waldbronn, Germany) equipped
with an electro-thermal temperature controller, using a 1 cm
path length quartz cuvette. Absorbance versus temperature
profiles of ostreolysin (0.4-0.6 mg/mL) were obtained at
245 and 280 nm in the temperature range from 20 to 95°C.
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The temperature was increased in 1°C increments, and
protein samples were allowed to equilibrate for 1 min at each
temperature.

Circular Dichroism Spectroscopy.Ellipticity was measured
using an AVIV model 62A DS spectropolarimeter (AVIV
Associates, Lakewood, NJ) equipped with a thermoelectri-
cally controlled cell holder. Cuvettes with path lengths of 1
mm were employed for far-UV (200-260 nm) and 10 mm
for near-UV (240-310 nm) measurements, with ostreolysin
concentrations of 1 and 1.5 mg/mL, respectively. CD spectra
were recorded as a function of temperature between 20 and
95 °C with a 5 °C step and as a function of pH at 25°C.
Spectra were corrected for solvent dichroism. The mean
residue ellipticity, [Θ]λ, was calculated by using the relation

whereMo is the mean residue molar mass (109.5 g/mol for
ostreolysin),Θλ is the measured ellipticity in degrees,c is
the concentration in grams per milliliter, andl is the path
length in decimeters. [Θ]λ was expressed in degrees square
centimeter per decimole.

Secondary structure content was calculated from the far-
UV CD spectra using the CONTIN software package (20).

Fluorescence Measurements.Fluorescence spectra were
recorded with a Jasco FP-750 spectrofluorometer (Jasco Ltd.,
Essex, U.K.) equipped with a water-thermostated cell holder
using a 1 cmpath length quartz cuvette. Slit widths with a
nominal band-pass of 5 nm were used for both excitation
and emission. Intrinsic fluorescence emission spectra of
ostreolysin were recorded from 300 to 500 nm as a function
of pH. An excitation wavelength of 293 nm was used to
follow tryptophan fluorescence. The emission spectra of
ostreolysin, corrected for the solvent blank, were normalized
for dilution and corrected for PM-tube response. The
wavelengths at maximum emission intensity,λmax, and the
fluorescence intensity at 330 nm were determined.

ANS fluorescence was excited at 365 nm, and emission
spectra were recorded from 400 to 600 nm as a function of
temperature between 5 and 90°C with a step of 5°C, and
as a function of pH between 1 and 13.

The steady-state intrinsic fluorescence of ostreolysin, either
alone or combined with sheep erythrocyte LUV (in a 3.25
w/w ratio in MES or Tris-HCl vesicle buffer), was measured
at 25 °C. Excitation and emission slits were set at 5 nm.
Samples were excited at 295 nm. Fluorescence emission
spectra of ostreolysin (320 nM) were recorded and corrected
for the dilution factor, and the background was subtracted
using appropriate blanks.

RESULTS

cDNA for ostreolysin was sequencedand shown to encode
a 137-amino acid protein (calculatedMr ) 14 854, pI) 4.8)
that belongs to the aegerolysin family (Figure 1). It contains
13 positively (Arg, Lys, and His) and 16 negatively (Asp
and Glu) charged residues, a relatively high content of
aromatic residues (six Trp, four Tyr, and two Phe residues),
and two cysteine residues. Protein and nucleotide databases
were searched with the ostreolysin amino acid sequence as
a query, and 11 proteins withevalues of less than 2e-9 were
retrieved (Figure 1). Besides proteins belonging to the

aegerolysin family, additional putative proteins or protein
modules were obtained as translated from EST clones or
predicted from genomic sequences (fromPs. aeruginosa,
Paracoccidioides brasiliensis, Coccidioides immitis, N.
crassa, Lolium multiflorum, andBetaVulgaris). The cDNA-
derived primary structure of ostreolysin is 79% identical with
ostreolysin isoform PlyA (5), and 62% identical with the
aegerolysin sequence derived from theAa-Pri1gene (2). The
least similar member (protein fromN. crassa) is 27%
identical and 40% similar to ostreolysin. The cysteines, 61
and 93 in ostreolysin, and tryptophan residues (5, 27, 91,
95, 102, and 111) are conserved, implying their possible
structural and/or functional roles. Intact cysteine residues
have been reported to be indispensable for the hemolytic
activity of ostreolysin (1) and Asp-hemolysin (21). The
region of residues 91-102 contains three tryptophans and
Cys93. Tryptophan-rich regions have been reported in some
other pore-forming proteins and shown to be responsible for
the initial attachment to the membrane (22, 23). Combined
aromatic residues and a cysteine residue have been suggested
to be involved in sterol binding of cholesterol-dependent
bacterial pore-forming toxins (24).

Analysis of the secondary structure preferences of the
ostreolysin polypeptide chain by the neural networks method
PHD (25, 26) gave 40% extendedâ-strand and 60%
aperiodic secondary structure. The secondary structure
prediction algorithms that were tested reported zero or less
than 10%R-helix. Moreover, using 3D-PSSM (27), members
of the aegerolysin family were predicted to be all-â proteins,
and ostreolysin exhibited some structural resemblance to the
lectin domain CATH Domain 1jlxA1.

Pore Forming ActiVity and Binding to Lipids. The
dependence on pH of ostreolysin pore forming activity was
studied on red blood cells and on lipid vesicles made of
erythrocyte lipids. Figure 2 shows hemolytic activity com-
pared with the rate of calcein release from SEL LUV. Below
pH 6, spontaneous hemolysis was observed. Maximum
hemolytic activity was observed at pH 7.8, while the rate of
calcein release was maximal at pH 8.0.

Preincubation of ostreolysin with Chol/SM (1:1) LUV
inhibited its hemolytic activity most efficiently at pH∼6.0
(not shown). We therefore studied binding of ostreolysin to

[Θ]λ )
MoΘλ

100cl
(1)

FIGURE 2: pH dependence of ostreolysin hemolytic activity and
permeabilization of SEL LUV. The rate of hemolysis of bovine
red blood cells (O), 1/t0.5, and the percentage of calcein release
(9) were determined at 25°C using 30 and 18 nM ostreolysin,
respectively, as described in Materials and Methods.
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the vesicles as a function of pH in more detail. After
incubation with Chol/SM (1:1) MLV, fractions of free
(Figure 3A) and lipid-bound (Figure 3B) ostreolysin were
analyzed by SDS-PAGE and densitometry. Binding was
maximal at pH 6-7 (Figure 3C). Increasing the pH induces
formation of an ostreolysin dimer that is not capable of
binding to the vesicles (Figure 3A).

It has been suggested that the microheterogeneity seen in
SDS-PAGE may be ascribed to formation of an intra-
molecular disulfide bond between the two cysteine residues
(1). If so, it could alter the protein conformational stability
and consequently modify its biological activity. To eliminate
this possibility, we treated ostreolysin with oxidized glu-
tathione and with DTT. Neither of them affected the
hemolytic activity of ostreolysin, suggesting that the disulfide
bonds are not crucial for it.

Far-UV CD Spectra of Ostreolysin.In the pH range from
3.6 to 6, significant protein precipitation occurred. This was
most probably due to isoelectric precipitation rather than
conformational changes since (i) even at pH 7 and 8
ostreolysin solubility has been found to be rather low (up to
∼2 mg/mL or∼130µM) and (ii) the near-UV CD spectrum
of ostreolysin at pH 3.5 was similar to those recorded at pH
>6.

Representative far-UV and near-UV CD spectra of ostre-
olysin are compared to those recorded in 5 M GnHCl(Figure
4). A spectrum at pH 7.8 (Figure 4A) is characterized by a
negative CD band near 218 nm, which is typical of
â-structure (28). On the basis of CONTIN analysis, ostre-
olysin in aqueous solution at pH 7.8 contains 10( 3%
R-helix, 60 ( 8% â-sheet, 6( 3% â-turn, and 24( 10%
aperiodic secondary structure. These values agree reasonably
with those predicted and obtained from FTIR spectroscopy
(12).

Reducing the pH from 7.8 to 1.1 caused a decrease in
ellipticity, and two isodichroic points were observed at 208
and 210 nm (not shown), suggesting the existence of three
spectroscopically different states of the protein. At low pH,
there was a slight increase in the level ofR-structure. For
example, at pH 1.1, ostreolysin had 14( 1% R-helical
structure, 49( 4% â-structure, and 37( 3% aperiodic
secondary structure.

Increasing the pH from 7.8 to 13.0 was accompanied by
an alteration of the shape and intensity of the far-UV CD
spectrum, typical of a base-induced conformational transition.
The spectra were blue-shifted, and the amount of aperiodic
structure increased at the expense ofâ-structure. For
example, at pH 12.1, ostreolysin had 7( 1% R-helix, 48(
3% â-structure, and 45( 3% aperiodic structure. Three
isodichroic points were observed in the alkaline pH range
(not shown), implying the presence of four different spec-
troscopic states of ostreolysin, probably due to deprotonation
equilibria of basic amino acid side chains accompanied by
conformational transitions. The spectrum at pH 12.7 re-
sembled that of the unfolded polypeptide chain in 5 M
GnHCl.

Near-UV CD Spectra of Ostreolysin. These spectra (Figure
4B), dominated by tryptophans and tyrosines, did not change
significantly in the pH range from 3.2 to 9.2, as observed in
far-UV CD spectra, suggesting stable tertiary and secondary

FIGURE 3: pH dependence of ostreolysin binding to Chol/SM
multilamellar vesicles. Ostreolysin was incubated with Chol/SM
(1:1 molar ratio) MLV at a lipid:protein molar ratio of 450 at the
indicated pH, and centrifuged. Free ostreolysin (A) and ostreolysin
bound to the pelleted MLV (B) were analyzed with SDS-PAGE;
triangles indicate the molecular mass standards in kilodaltons.
Densitometry was used to determine semiquantitatively the ratio
of bound to free protein (B:F) in panel C.

FIGURE 4: Dependence of CD spectra of ostreolysin on pH. Far-
UV CD spectra of 66.7µM ostreolysin (A) and near-UV CD spectra
of 100µM ostreolysin (B) were recorded at representative pH values
at 25°C. Guanidinium chloride (5 M GnHCl) was used to unfold
the protein.
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structure of ostreolysin. In the same pH range, two strong
bands appeared, with maxima at 293 and 268 nm, together
with a relatively weak band between 275 and 285 nm. At
pH <2.6, the spectra closely resembled those for unfolded
ostreolysin obtained in the presence of 5 M GnHCl,
indicating the lack of defined tertiary structure. At pH>9.2,
the intensity of the peak at 293 nm decreased, reflecting a
reduced tryptophan contribution, probably due to increased
protein dynamics. At pH>11.0, only one peak with a
maximum at 245 nm appeared (Figure 4B), which can be
ascribed to an ionized form of exposed tyrosine residues (29).

CD and Fluorescence Titration of Ostreolysin.Titration
curves, derived from single spectra recorded at indicated pH
values, are presented in Figure 5A. Changes in molar
ellipticity followed at 222 nm in the pH range from 8 to 10
(Figure 5A) are not significant. The corresponding contents
of secondary structure differed only moderately from those
at pH 7.8 (for example, at pH 10, ostreolysin still retained
9% R-helical structure, 57%â-structure, and 34% aperiodic
structure). In contrast, the changes in molar ellipticity
followed at 293 nm over the same pH range are marked.
These changes in the tertiary structure coincide with the
deprotonation-protonation equilibria of two Cys residues
(pKa ) 8.2), the-NH3

+ terminus of the Ala residue (pKa )
9.7), four Tyr residues (pKa ) 10.1), and nine Lys residues

(pKa ) 10.5); the pKa values in parentheses refer to the free
amino acids. A further increase in pH from 10 to 12 caused
sharp changes in molar ellipticity at 222 and 293 nm, as a
consequence of disruption of the secondary and tertiary
structure. The loss of most of the secondary structure and
the complete loss of tertiary structure at pH>12 are most
probably due to the deprotonation of four Tyr (pKa ) 10.1),
nine Lys (pKa ) 10.5), and two Arg (pKa ) 12.5) residues.

It is expected that acid titration results in protonation of
two His (pKa ) 6.0), five Glu (pKa ) 4.3), and 11 Asp (pKa

) 3.7) residues. The decrease in pH from 7.8 to 6.0 was
accompanied by a reduction in the molar ellipticity at 222
nm but no change at 293 nm (Figure 5A). At pH 3.2, the
near-UV CD spectrum can almost be superimposed on the
one obtained at pH 7.8 (Figure 4B), indicating that ostreol-
ysin still has a large portion of native tertiary structure.
However, in the vicinity of the protein pI value, CD
absorption data may be uncertain due to the protein-protein
associations prior to precipitation, and the resulting flattening
of spectra (30).

In the pH range from 2 to 3, ostreolysin contains a high
level of secondary structure (17%R-helix, 45%â-structure,
and 38% aperiodic structure) but no persistent tertiary
interactions (Figure 4A,B). At pH<2.0, the proportion of
aperiodic structure gradually increased; however, even at pH
1.1, ostreolysin still retained some secondary structure, unlike
in 5 M GnHCl (Figure 4A).

Fluorescence emission spectra of ostreolysin in aqueous
solution (data not shown) were typical of those generally
observed for Trp-containing proteins (31). The fluorescence
emission intensity followed at 330 nm in the alkaline pH
range shows two transitions at pH 9 and 10.5 (pH of the
transition midpoint), and one in the acid pH range at pH 3
(Figure 5B), which is in good agreement with the CD data
(Figure 5A). Significantly different results can be observed
by following the changes in the position ofλmax. In the pH
range from 6 to 7,λmax is practically constant (332( 1 nm).
A slight red shift of 2 nm was observed in the pH range
from 7 to 8, while a remarkable red shift, from 334( 1 to
348 nm, was observed in the pH range from 8 to 12. The
fluorescence intensity decrease and red shifting suggest that
the Trp indolyl nuclei are becoming exposed to the aqueous
environment and ostreolysin adopts a fully denatured state.
However, a further increase in pH above 12 caused a blue
shift to 343 nm, suggesting partial rearrangement of the
polypeptide chain into a conformational state, with certain
Trp residues in a more hydrophobic environment. To
summarize, the observed changes in the position ofλmax in
the alkaline pH range suggest the existence of four pH-
dependent spectroscopically distinguished states of ostreol-
ysin.

A steep red shift ofλmax from 332( 1 to 347( 1 nm is
observed by lowering the pH from 3.5 to 2.5, followed by a
blue shift to 342( 1 nm at pH 1.5 (Figure 5B), suggesting
two conformational transitions. The observed blue shift in
the position ofλmax at pH <2.5, in combination with the
far-UV CD data, reflects an increase in the amount of
secondary structure, and suggests that the polypeptide chain
is locally organized, with Trp residues buried in more
hydrophobic environments. This is typical for formation of
a molten globule-like state. Such a thermodynamically stable
intermediate conformation is characterized by the presence

FIGURE 5: Dependence of ostreolysin structure on pH. CD (A) and
fluorescence spectra (B) of 66.7 and 16.7µM ostreolysin, respec-
tively, were recorded at indicated pH values and 25°C as described
in Materials and Methods. (A) Changes in molar ellipticity at 222
(b) and 293 nm (O), indicating changes in secondary and tertiary
structure, are presented. (B) Changes in the intensity of ostreolysin
tryptophan fluorescence at 330 nm (O) and maxima of emission
spectra,λmax (b), at indicated pH values. Significant ostreolysin
precipitation is denoted in the pH range of 3.5-6.5.
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of secondary structure but a low content of tertiary structure
(32).

pH-induced conformational changes of ostreolysin were
also monitored using UV absorption spectroscopy (not
shown). The resulting titration curve was qualitatively in
good agreement with the CD and fluorescence data.

ANS Binding to Ostreolysin. To provide additional evi-
dence for the molten globule-like state of ostreolysin, we
employed the external fluorescent probe ANS (31, 32). The
fluorescence of ANS was quenched by the bulk polar solvent.
However, if bound to protein hydrophobic surfaces, it
fluoresces as noticed with acid-denatured ostreolysin (data
not shown). Both the increased ANS fluorescence intensity
and the blue shift from 520 to 490 nm indicated that
ostreolysin adopted a conformational state with hydrophobic
sites accessible to the dye. The molten globule-like confor-
mation appeared to be most populated at pH∼2.5 (data not
shown). The absence of ANS fluorescence during base-
induced denaturation of ostreolysin (data not shown) suggests
the formation of a more expanded conformational state (e.g.,
pre-molten globule-like state). In contrast, some proteins form
the molten globule-like state at high pH, but only in the
presence of high salt concentrations (33-35).

Fluorescence Titration of Lipid-Bound Ostreolysin. Bind-
ing of ostreolysin to SEL LUV resulted in a slight increase
in the intensity of tryptophan fluorescence (∼10-15%) (12),
but not to Chol/SM (1:1) LUV (unpublished results). Thus,
it appears that ostreolysin tryptophan residues are neither
involved in binding to the lipid bilayer nor translocated into
the membrane hydrophobic core. This enabled us to compare
the tryptophan fluorescence of free and lipid-bound ostre-
olysin without interference of a lipid-induced increase in
intrinsic tryptophan fluorescence as reported for some pore-
forming proteins (36-39). Figure 6 shows that certain
tryptophan residues, in either free or bound protein, became
more solvent-exposed at pH 7-8. However, the degree of
fluorescence quenching with an increase in pH was enhanced
in the lipid-bound ostreolysin. This suggests that when
ostreolysin is lipid-bound its conformation is changed more
extensively relative to the free form since some tryptophan
residues are more accessible to the bulk polar solvent.

Heat-Induced Conformational Transitions of Ostreolysin.
The melting profile of ostreolysin was followed at 245 nm,
the wavelength at which the difference in absorbance
between the native and denatured states of the protein was
maximal (data not shown). Assuming that the heat-induced
conformational transition of ostreolysin is a reversible two-
state transition, the van’t Hoff enthalpy of denaturation,
∆H°vH, was determined as a function of pH (Table 1). The
thermal stability was highest at pH 8.0, with a denaturation
enthalpy of 584 kJ/mol, and lower at pH 6.0 and 9.0, where
Td differed by approximately 1°C (Table 1). In the pH range
from 6 to 11, the heat-induced transition was cooperative,
suggesting that, in this range, the protein retains its globular
structure. At pH 3, however, a monotonic increase in
absorbance with temperature was observed, suggesting that
the transition was noncooperative (data not shown). At pH
7.0, the denaturation profile of ostreolysin monitored at 245
nm exhibited a biphasic transition (data not shown), the first
at 47.2°C and the second at 54.6°C.

The values of∆H°vH obtained in the ostreolysin solution
at different pHs (Table 1) increase linearly with the tem-
perature of half-transition,Td, and the slope ofδ(∆H°vH)/
δTd coincides quantitatively with the apparent standard heat
capacity difference between the denatured and native state
of the protein,∆Cp° (40). The value of∆Cp° was 12.0(
0.9 kJ mol-1 K-1. Experimental determination of∆H°vH, Td,
and∆Cp° allows us to calculate the temperature dependence
of the denaturation enthalpy,∆H°d(T), entropy,∆S°d(T), and
Gibbs free energy,∆G°d(T). Assuming that in the temper-
ature range between 20 and 80°C, ∆Cp° is constant and
independent of the media in which ostreolysin conformational
transitions take place and provided that an aggregation of
the unfolded protein molecules at higher temperatures does
not occur, one obtains (40, 41)

The values of∆H°d(T), ∆S°d(T), and∆G°d(T) calculated
at 25°C for ostreolysin at different pH values are listed in
Table 2. They show that ostreolysin has a∆G°d(T) value of
∼30 kJ/mol in the pH range from 6 to 9 and the highest
stability at pH 8. At pH 11, the value of∆G°d(T) is 4-fold
lower than that at pH 8.0. At pH 7.0, the transition of
ostreolysin was biphasic (data not shown), and the thermo-
dynamic quantities cannot be calculated on the basis of the
model we applied. The inspection of Table 2 reveals that
the enthalpic contribution that favors the stability of the
native form increases with pH (from pH 8 to 11), like the
entropic contribution that favors the denatured form. Our
thermodynamic data (Table 2) reveal that correlation between
∆H°d(T) and ∆G°d(T) is very poor, indicating no mutual
dependence between the two variables (42). The enthalpy-

FIGURE 6: Effect of pH on the steady-state intrinsic fluorescence
of ostreolysin (5.13µg/mL) in the absence (O) or presence (b) of
SEL SUV at a lipid:protein ratio of 3.25 (w/w). Data are normalized
to the fluorescence intensity of the protein at pH 8.0 (Fo). Excitation
was at 295 nm, and emission was at 339 nm.

∆H°d(T) ) ∆H°vH - ∫T

Td∆Cp° dT )

∆H°vH - ∆Cp°(Td - T) (2)

∆S°d(T) )
∆H°vH

Td
- ∫T

Td
∆Cp°

T
dT )

∆H°vH

Td
- ∆Cp° ln(Td

T ) (3)

∆G°d(T) ) ∆H°d(T) - T∆S°d(T) (4)
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entropy compensation is more pronounced at higher pH
values, resulting in a smaller net free energy change. This
behavior was proposed to result from water molecule
reorganization, which contributed significantly to the en-
thalpy and entropy changes (42). The thermodynamic profile
of ostreolysin reported at 25°C (Table 2) is based on the
model-dependent determination of∆H°vH at Td from UV
melting experiments. To gain insight into the mechanism of
ostreolysin unfolding, some additional experiments, by using
differential scanning calorimetry (DSC) and applying model-
independent determination of∆H°d, are required. Neverthe-
less, the thermodynamic profile obtained from the UV
absorbance melting experiments of ostreolysin supports the
observations from CD and fluorescence measurements
(Figure 5A,B) and indicates that ostreolysin loses its globular
structure at pH>11 and<3.5.

Heat-Induced Denaturation of Ostreolysin at pH 7 and 8
Studied by CD Spectroscopy.To characterize the biphasic
behavior of ostreolysin unfolding at pH 7 (data not shown)
in more detail, we recorded far- and near-UV CD spectra in
the range from 20 to 95°C at pH 8.0 (Figure 7A) and 7.0
(Figure 7B). The melting profiles differed at these two pHs.
The values forTd, determined from the molar ellipticity at
pH 8.0 at 293 and 210 nm (Figure 7A, inset), were very
similar (50( 1 °C), while at pH 7.0, they were 50( 1 and
54 ( 1 °C, respectively (Figure 7B, inset). Moreover, at pH
7, secondary structure appeared to be more thermally stable
than at pH 8 (note the broader interval of inducedR-helical
structure, insets of panels A and B of Figure 7). For
comparison, the amount ofR-helical structure at 80°C is
∼20% at pH 7 and∼5% at pH 8. These data suggest that

ostreolysin at pH 7 in the temperature interval from 65 to
80 °C exists in a high-temperature intermediate state
characterized by a lack of tertiary structure and induced, non-
nativeR-helical structure. A similar high-temperature inter-
mediate state with a lack of tertiary structure and induced
non-nativeR-helical secondary structure was observed for
cytolytic pore-forming protein equinatoxin II in the acidic
pH range (43).

DISCUSSION

Our main objective was to correlate conformational states
of ostreolysin with its function of binding to lipids and pore
formation. For a number of pore-forming proteins, it has been
reported that their action is dependent on their specific
conformational states. The protein unfolding, leading to lipid
insertion and/or to induction of an oligomerization-competent
form, could be provoked by low pH, chemical denaturants,
detergents, electrostatic and/or hydrophobic interaction of the
protein with lipid membrane surface, limited proteolysis, or
binding to a specific membrane receptor (see, for example,
refs 37 and44-50). Here, we demonstrate that (i) ostreol-
ysin, a smallâ-structured protein, binds to membrane lipids
with a pH optimum of∼6-7 in a nativelike conformation
[∆G°d(25 °C) ) 30.4 kJ/mol], (ii) its pore forming activity
on both natural and artificial lipid membranes is maximal at
pH ∼7.8-8, coinciding with a maximal conformational

Table 1: Denaturation Temperature (Td) and Thermodynamic
Characteristics of the Thermally Induced Transitions of Ostreolysin
at Different pH Values Obtained from UV Absorbance Melting
Experimentsa

pH Td (°C) ∆T (°C) ∆H°vH (kJ/mol)

11.0 34.6( 0.5 8.0 393
10.0 39.4( 0.5 7.6 426
9.0 47.2( 0.5 6.3 543
8.0 51.2( 0.5 6.0 584
7.0

first transition 47.2( 0.5 - -
second transition 54.6( 0.5 - -

6.0 48.6( 0.5 6.3 546
a UV absorbance was monitored at 245 nm.Td is the temperature

midpoint of denaturation.∆T is the width of the transition.∆H°vH is
the van’t Hoff enthalpy of denaturation assuming a reversible two-
state transition. The estimated error of our measurements is 10%.

Table 2: Thermodynamic Profile of Ostreolysin Stability at 25°C
at Different pH Values Calculated from UV Melting Results by
Using eqs 2-4a

pH ∆H°d
b (kJ/mol) ∆S°d

b (kJ mol-1 K-1) ∆G°d
b (kJ/mol)

11.0 278 0.90 9.7
10.0 253 0.80 14.5
9.0 277 0.83 29.5
8.0 270 0.79 37.4
7.0 - - -
6.0 263 0.78 30.4
a The value of the difference in standard molar heat capacities

between the native and denatured state,∆Cp°, used in all calculations
was 12.0 kJ mol-1 K-1. b The relative error is estimated to be
(10-20%.

FIGURE 7: Far- and near-UV CD spectra of 66.7µM ostreolysin at
pH 8 (A) and 7.0 (B) at selected representative temperatures, and
in the presence of 5 M GnHCl. Insets show changes in the molar
ellipticity of ostreolysin at 293 (b) and 210 nm (O) as a function
of temperature. The buffer solution was 10 mM HEPES.
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stability [∆G°d(25 °C) ) 37.4 kJ/mol], and (iii) the acid-
induced molten globule-like conformation is important for
neither lipid binding nor pore formation.

Interpretation of denaturation-function studies relies on
knowledge of the protein conformational structure. In
general, a protein multidomain structure, known for a number
of bacterial pore-forming toxins (see, for example, ref16),
may result in a complex unfolding pathway due to individual
domain behavior, as found forBacillus thuringiensisCry1Ab
toxin (51). Our interpretation of the conformational changes
of ostreolysin and their relevance for the activity is based
on the assumption that it is a single-domain protein. This is
consistent with the rather low molecular weight (137 amino
acid residues) [more than 80% of proteins with fewer than
220 amino acid residues have one domain (52, 53)] and with
our 3D-PSSM prediction for ostreolysin (see Results).

Another issue to be clarified was the potential role of the
two cysteine residues in stabilizing the protein conformation
by formation of a disulfide bond, with possible consequences
for the protein function. In SDS-PAGE (in the absence of
reducing agents) of ostreolysin, two closely positioned bands
have been regularly observed (1, 12, and 13, and Figure 3
herein), despite a single species being confirmed by ESI-
MS (13) and N-terminal microsequencing (unpublished data).
It has been suggested that two conformational isoforms are
ascribed to a partial intramolecular S-S bonding of the
cysteines (1). The use of DTT and oxidized glutathione
strongly suggests that there is no intramolecular disulfide
bonding, or if there is some, it is far from complete. It appears
rather that cysteine(s) should be free in the active protein as
proven previously by the use of thiol-reactive agents (1, 21),
and that spontaneous intramolecular disulfide formation could
not be affecting the observed changes in protein conforma-
tion.

The combined unfolding results suggest that ostreolysin
at 25°C can take on several spectroscopically distinct states
due to deprotonation equilibria of ionic amino acid side
chains (Figure 5A,B), but only four thermodynamically stable
conformational states as summarized by the scheme

where Da denotes the acid-denatured state, MG the molten
globule, N the native state, and Db the base-denatured state.
The characteristics of acid unfolding of ostreolysin are similar
to those found for type I proteins (54), with the appearance
of a molten globule-like state at pH∼2-3. The acid-induced
molten globule state of ostreolysin is characterized by a
complete absence of tertiary structure, well-pronounced non-
native secondary structure, and high affinity for ANS (55).
The pH and thermal denaturation data reveal that ostreolysin
is in the most thermodynamically stable, native conformation
N, near pH∼8. Isoelectric precipitation observed below pH
6 precluded recording of reliable reporting spectra and
conformational characterization at low pH values; however,
we found ostreolysin bound (Figure 3) and active on lipid
vesicles at higher ostreolysin concentrations at pH 4-6
(unpublished). At pH∼12, we suspect that ostreolysin might
adopt a conformational state exhibiting some similarities with
the acid-induced molten globule state, but it is more
expanded as based on the estimated amount of secondary
structure and does not bind the ANS. At pH>12, ostreolysin

adopted a base-denatured conformation, which is character-
ized by the loss of tertiary structure and residual of secondary
structures, which corresponded to a complete loss of the
protein function.

The pH optima of ostreolysin pore forming activity,
measured as the rate of calcein release from vesicles and
hemolysis (Figure 2), do not overlap with the pH for
maximum binding to lipid vesicles (Figure 3). The base-
shifted pH optimum of calcein release from SEL LUV as
compared to hemolysis could be ascribed to differences in
the membrane composition, with more negative charges on
the erythrocytes due to the presence of sialylated proteins
such as glycophorin. In contrast to several pore-forming
proteins, binding of ostreolysin to lipid membranes does not
involve either an acid- or a base-induced molten globule-
like state, but a thermodynamically stable nativelike con-
formation. This suggests that binding to the lipid bilayer
should evoke further conformational transition(s) necessary
for insertion and pore formation. In fact, this is supported
by the results of tryptophan fluorescence pH titration of free
and lipid-bound ostreolysin (Figure 6), which shows some
indolyl residues to be more exposed if ostreolysin is
combined with lipids. Moreover, the similar pattern of the
titration curves, with and without lipid, implies a very similar
pattern of subtle unfolding of the protein, which is, however,
more extensive on the lipid membrane. This lipid-enhanced
transition may be related to the spectroscopically observed
local changes between pH 7 and 8. Additionally, at pH 7,
ostreolysin exhibits a biphasical thermal transition as can
be observed from UV (data not shown) and CD melting
profiles (Figure 7B). This may be related to deprotonation
of two histidine residues governed by a pKa ranging from
6.7 to 7.4 as expected in proteins, and/or deprotonation of
cysteines with a pKa of ∼8. However, further experiments
are required to clarify if and how these conformational
changes, and their resulting conformational states, relate to
the activity.

In conclusion, our study suggests that ostreolysin, and
probably other proteins of the aegerolysin family (including
those from the pathogenic mouldsA. fumigatus, Pa. brasil-
iensis, andC. immitis), binds to the lipid membrane surface
in a compact, nativelike conformation. Further conforma-
tional transition(s), necessary for translocation of a particular
part of the polypeptide chain, are subtle, preserving very
likely the â-fold structure intact. In general, this mechanism
is similar to the one observed for another family of small,
single-domain, pore-forming proteins, the actinoporins from
sea anemones. These pore-forming toxins, with dominant
â-structure, perforate the lipid bilayer with an N-terminal
amphiphilicR-helix. This is the only part of the polypeptide
chain dislocated from a stableâ-sandwich structure, which
resides meanwhile on the membrane surface (22, 56-58).
Other similarities to actinoporins are the appearance of a
molten globule-like state at low pH and the optimum of pore
forming activity at pH∼8 (59, 60). We suggest that, in
addition to the class of pore-forming proteins which act
through a “molten globule mechanism”, introduced by van
der Goot et al. (61), there is a separate group, exemplified
by equinatoxin and ostreolysin. These proteins differ in being
characterized structurally by a dominantâ-structure scaffold
that keeps a constant global domain tertiary structure, while
the polypeptide elements needed for membrane penetration

Da T MG r N f Db
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are provided by minor local conformational changes. This
mechanism, using a more or less compact scaffold, may play
a role even in multidomain proteins. In such a case, however,
a coordinated interplay of changes in other domains is
expected, as shown for bacterial perfringolysin O (62).
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