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The mushroom Pleurotus ostreatus has been reported to produce the hemolytic proteins ostreolysin
(OlyA), pleurotolysin A (PlyA) and pleurotolysin B (PlyB). The present study of the native and recombi-
nant proteins dissects out their lipid-binding characteristics and their roles in lipid binding and mem-
brane permeabilization. Using lipid-binding studies, permeabilization of erythrocytes, large unilamellar
vesicles of various lipid compositions, and electron microscopy, we show that OlyA, a PlyA homolog,
preferentially binds to membranes rich in sterol and sphingomyelin, but it does not permeabilize them.
The N-terminally truncated A48PlyB corresponds to the mature and active form of native PlyB, and it has
a membrane attack complex-perforin (MACPF) domain. A48PlyB spontaneously oligomerizes in solution,
and binds weakly to various lipid membranes but is not able to perforate them. However, binding of
A48PlyB to the cholesterol and sphingomyelin membranes, and consequently, their permeabilization is
dramatically promoted in the presence of OlyA. On these membranes, A48PlyB and OlyA form pre-
dominantly 13-meric oligomers. These are rosette-like structures with a thickness of ~9 nm from the
membrane surface, with 19.7 nm and 4.9 nm outer and inner diameters, respectively. When present on
opposing vesicle membranes, these oligomers can dimerize and thus promote aggregation of vesicles.
Based on the structural and functional characteristics of A48PlyB, we suggest that it shares some features
with MACPF/cholesterol-dependent cytolysin (CDC) proteins. OlyA is obligatory for the A48PlyB per-
meabilization of membranes rich in cholesterol and sphingomyelin.

© 2013 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The white-rot fungus Pleurotus ostreatus is a non-pathogenic
wood-decaying basidiomycetous species. Like other Pleurotus
spp., this is a massively cultivated mushroom worldwide as it is

Abbreviations: CDC, cholesterol-dependent cytolysin; Hg-OlyA6, N-terminally
hexa-histidine-tagged OlyA6; He-A48PlyB, N-terminally hexa-histidine-tagged N-
truncated precursor of PlyB (Acc. code AB177872, lacking 48 amino acids at N-
terminus); OlyA6, ostreolysin A6; OlyA6-Hg, C-terminally hexa-histidine tagged
OlyA6; nOlyA, native ostreolysin A; nPlyB, native pleurotolysin B; POPC,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine.
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considered safe for human and animal nutrition, and to provide
medical benefits. It also serves in biotechnological and environ-
mental applications, which exploit its high potential for degrada-
tion of ligno-cellulose materials [1].

Basidiocarps of P. ostreatus were originally reported to contain
pleurotolysin, a cytolytic, ~12-kDa protein that is inhibited by
sphingomyelin [2]. A ~15-kDa cytolytic protein belonging to the
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aegerolysins (reviewed in Ref. [3]) and known as ostreolysin (Oly)
was later isolated from P. ostreatus [4,5]. However, it was reported
by Tomita et al. [6] that a P. ostreatus protein, the native 15-kDa
pleurotolysin A (PlyA) that is very similar to ostreolysin, is not
hemolytic unless supplemented with another mushroom protein,
~59-kDa pleurotolysin B (PlyB). Neither PlyA nor PlyB were he-
molytic per se, even at up to 100 pg/mL [6,7]. Another difference
reported for Oly and PlyA is their lipid-binding selectivity. In
contrast to Oly, PlyA and PlyB have been reported to form a
sphingomyelin-dependent binary cytolysin [6]. Other aegerolysin-
like proteins that have been reported to be cytolytic include
eryngeolysin from Pleurotus eryngii [8] and Asp-hemolysin from
Aspergillus fumigatus [9]. In contrast to Oly and PlyA, Asp-hemolysin
and a non-cytolytic aegerolysin, PA0122, from the bacterium
Pseudomonas aeruginosa have been shown to interact with oxidized
low-density lipoprotein (LDL) and with lysophosphatides [10—12].
However, most of the aegerolysins (Pfam06355) have not been
functionally characterized neither is understood their biological
role. These 15—17 kDa proteins are distributed among bacteria,
fungi, plants, and were also found in one insect and viral species.
They are characterized biochemically as all-f structured proteins
with low isoelectric points and stability in a wide pH range [3].

There have been ambiguous reports on the cytolytic and lipid-
binding characteristics of aegerolysins and PlyB. PlyB contains a
predicted membrane attack complex-perforin (MACPF) domain
[13,14], which is typical of MACPF/cholesterol-dependent cytolysin
(CDC) pore-forming proteins [15]. Similarities in the three-
dimensional (3D) structures of PlyB and the MACPF/CDC proteins
stimulated us to reinvestigate the hemolytic activity of the native
proteins purified de novo. This included investigating the binding
and membrane-permeabilizing properties of a recombinant
ostreolysin isoform, named OlyA6 (95% identity with PlyA), and of
the N-terminally truncated precursor of PlyB (A48PlyB). A48PlyB
corresponds to the purified mature form of the native PlyB (475
amino acids) that has been reported to be much more hemolytic
than the recombinant full-length precursor of PlyB (523 amino
acids) [6,7].

We clarify here that the observed hemolytic activity of the
native ~15-kDa ostreolysin, isolated previously [4], was due to
incomplete separation from the native PlyB. We show that OlyA6
interacts exclusively with membranes rich in cholesterol and
sphingomyelin. However, OlyA6 does not permeabilize these
membranes, although it induces significant changes in the shape of
these lipid vesicles. In solution, OlyA6 is monomeric, and does not
interact with A48PlyB. Although A48PlyB forms SDS-resistant
oligomers per se in solution and in the presence of vesicle mem-
branes, we confirm that A48PlyB cannot efficiently bind to and lyse
red blood cells and cholesterol-rich cholesterol/sphingomyelin
vesicles without assistance of the native OlyA or recombinant
OlyA6 variants. As seen with electron microscopy (EM), A48PlyB
oligomers are ring-like structures while the 13-meric rosette-like
structures are formed on the vesicles by A48PlyB in the presence
of OlyA6. In agreement with their cholesterol/sphingomyelin
preference, A48PlyB and OlyA6 are non-toxic to Arabidopsis thali-
ana and only weakly toxic to Caenorhabditis elegans; i.e. organisms
that do not synthesize sphingomyelin or sterols, respectively. Since
the biological role of these proteins is completely unknown the
data presented herein may provide some clues for further studies.

2. Materials and methods
2.1. Reagents and materials

The FastDigest® restriction enzymes BamHI, Miul, Ndel, Xhol,
and rapid DNA ligation kits, GeneJET™ PCR purification Kits,

GeneJET™ Gel extraction Kkits, Transformaid™ bacterial trans-
formation kits, GeneJET™ plasmid miniprep kits, and PageRuler™
prestained protein ladder were all from Fermentas. The pET plas-
mids were from Novagen. Oligonucleotide primers and the gene
coding for A48PlyB, the N-truncated form of PlyB (GI: 54312023,
accession number AB177870.1), were synthesized by MWG Operon.
Biacore SPR chips were from GE Healthcare. Murine anti-penta-
histidine antibodies were from Qiagen (Germany), and secondary
goat anti-mouse IgG-horse radish peroxidase antibodies were from
Santa Cruz Biotechnology. Sphingomyelin (porcine brain), choles-
terol, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
and 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (16:0)
(lysophosphatidylcholine) were from Avanti Polar Lipids (USA).
Total lipids from bovine erythrocyte membranes were extracted
using a Bligh and Dyer method [16], as described previously [17]. All
lipids were stored under nitrogen at —80 °C.

Protein concentrations were determined using the Pierce BCA
protein assay reagents (Thermo Scientific). Protein size and purity
were analyzed using SDS-PAGE, with homogenous 10% or 12%
acrylamide gels. The proteins were stained with silver or Coomassie
blue. When transferred to PVDF membranes (Millipore, USA) for
Western blotting, the proteins were detected with anti-penta-his-
tidine antibodies (Qiagen, Germany) or anti-Oly antibodies, when
appropriate. Thrombin was from Novagen (USA). Other materials
and analytical grade chemicals were from Sigma—Aldrich and
Merck. MonoQ and PD-10 desalting columns were purchased from
GE Healthcare (USA), and Amicon® Ultra-4 centrifugal filter units
were from Millipore (USA).

2.2. Preparation of native and recombinant OlyA and PlyB

Native OlyA (nOlyA) and PlyB (nPlyB) were purified from
P. ostreatus (Plo5 strain) using a modified procedure of Berne et al.
[4] (see Supplementary material).

An OlyA6 clone from a cDNA library prepared from the total
mRNA of P. ostreatus (strain Plo5 from the ZIM collection of the
Biotechnical Faculty, University of Ljubljana, Slovenia) [5] was used
to construct the recombinant OlyA variants. The genes coding for
OlyA6 and A48PlyB were cloned into the pET8c vector using the
BamHI and Mlul sites, and the pET21c(+) vector using the Ndel and
Xhol sites. This provided expression constructs with or without C-
terminal or N-terminal hexahistidine (Hg) tags, a thrombin cleavage
site (LVPR), and linkers. Nucleotide sequences were determined by
MWG Operon. The oligonucleotide sequences and the protein
designations and their relative molecular masses are presented in
Supplementary material (Table S1) and Fig. 1, respectively.

tcs
H;-OlyA6 [H S
tcs
OlyA6-Hg (e
tcs C439
He-A48PlyB MACPF (1-308) A48PlyBl )

Fig. 1. Domain structure and tags of the OlyA6 and A48PlyB proteins investigated in
this study. OlyA6, ostreolysin A6; Hg-OlyA6, N-terminally hexa-histidine tagged OlyA6;
OlyA6-Hg, C-terminally hexa-histidine-tagged OlyA6; He-A48PlyB, N-terminally hexa-
histidine-tagged N-truncated PlyB (Acc. code AB177872, without 48 amino acids at the
N-terminus); He, hexa-histidine; S,, di-serine and EGKSSGSGLE, peptide linkers; tcs,
thrombin cleavage site; C439, single cysteine 439. Calculated relative molecular
masses, M;: OlyA6, 14,961.6; Hg-OlyA6, 16,699.5; GS-OlyA6, 15,236.9; OlyA6-Hg,
17,326.1; OlyA6-LVPR, 15,427.2; A48PlyB, 52,078.6; Hg-A48PlyB, 53,685.3; GS-A48PlyB,
52,222.7. For nOlyA, the M; of 14,854 was taken from Ref. [5].
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The OlyA6 and A48PlyB variants were expressed in the
BL21(DE3) Escherichia coli strain, and purified as detailed in
Supplementary material. When appropriate, the Hg tag was
removed with thrombin (Novagen, EMD4 Biosciences, EMD Milli-
pore, USA) using 1 U/mg thrombin at 22 °C for 16 h. Prior to this
thrombin cleavage, the Ni**-NTA elution buffer was exchanged for
thrombin cleavage buffer (20 mM Tris—HCI, 150 mM Nadl, 2.5 mM
CaCly, pH 8.4) on a PD-10 desalting column (GE Healthcare, USA).
After cleavage, the sample buffer was exchanged for 20 mM Tris—
HCl, pH 8.0, and used in further purification on a MonoQ anion-
exchange column. The protein was eluted with a 0—100 mM NacCl
gradient in the same buffer. Isolation of the non-tagged variant,
OlyA6, required the MonoQ re-chromatography.

The A48PlyB proteins were expressed insoluble in inclusion
bodies and the active proteins were seen to be refolded, as
described in Supplementary material. The purified proteins (yield,
~1 mg/L culture) were aliquoted and stored in 140 mM NadCl,
20 mM Tris—HCI, 5% (v/v) glycerol, pH 8.0, at —80 °C. Freshly
thawed aliquots were used in the functional studies, to minimize
spontaneous protein degradation.

2.3. Mass spectrometry and LC—MS/MS amino-acid sequencing

The nOlyA isoforms and nPlyB were analyzed using a 1200 series
HPLC-Chip-LC/MSD Trap XCT Ultra mass spectrometer (Agilent
Technologies, Germany) and a MALDI-TOF/TOF UltrafleXtreme III
mass spectrometer (Bruker, USA). Prior the LC—MS/MS analysis, the
MonoQ-purified nOlyA peak was separated on a Cs-reverse-phase
HPLC column using a 0—90% acetonitrile gradient in 0.1% (v/v) tri-
fluoroacetic acid, and digested with proteomics grade trypsin (Sigma,
USA). The Econo HighS fraction containing nPlyB was separated by
SDS-PAGE on 12.5% (w/v) polyacrylamide gels. The Coomassie blue
stained protein band at ~59 kDa was excised and destained in a
siliconized tube. The protein in the gel was then reduced with
dithiothreitol, alkylated with iodoacetamide, and digested overnight
with trypsin. The resulting peptides were extracted from the gel in
50% (v/v) acetonitrile/5% (v/v) formic acid, and concentrated for LC—
MS/MS analysis. Mass spectrometry data were analyzed using the
Spectrum Mill software Rev A.03.03.084 SR4 (Agilent Technologies,
Santa Clara, CA, USA) on the National Center for Biotechnology In-
formation (NCBI) protein database, and the Joint Genome Institute
(JGI) raw genome data (P. ostreatus PC15 v2.0) [18].

2.4. Preparation of large unilamellar vesicles

Lipids extracted from bovine erythrocytes, and mixtures of
cholesterol:sphingomyelin 1:1 or 1:4 (mol/mol ratio), or cholester-
ol:POPC 1:1, or POPC were dissolved in CHCl3:MeOH (3:1, v/v) at
~10 mg/mL. Large unilamellar vesicles (LUVs) of ~100-nm diam-
eter were prepared in 20 mM Tris—HCl, 140 mM NacCl, 1 mM EDTA,
pH 8.0 (vesicle buffer) at room temperature, by extruding multi-
lamellar vesicles through a 0.1-um polycarbonate filter (Millipore)
mounted in a small-volume extruder (Avestin, Canada), as described
previously [17,19]. The cholesterol and choline-lipid content of the
LUVs was determined using cholesterol C and phospholipid Lab-
Assay™ kits, respectively. For calcein-loaded LUVs, 60 mM calcein in
water (MQ-grade) was used instead of vesicle buffer. Extra-vesicular
calcein was removed by gel filtration on a 0.7 cm x 7 cm Sephadex G-
50 column, which was eluted with vesicle buffer. These LUVs were
stored at 4 °C and used within 2 days.

2.5. Hemolytic assay

Hemolytic activity was measured on a kinetic microplate reader
(MRX, Dynex) at ~25 °C, as described previously [20]. The density

of the bovine erythrocyte suspension in 140 mM NacCl, 20 mM Tris—
HCl, pH 7.4 (erythrocyte buffer) was adjusted to an apparent
absorbance at 630 nm (Ag30) of 0.5. After the addition of the serially
diluted proteins, the decrease in Ag3g was measured for 30 min at
7 s intervals, to determine the tsp, as the time necessary for 50%
hemolysis. The hemolytic activities are expressed as 1/tso (min~1).

2.6. Calcein release from LUVs

Permeabilization of calcein-loaded LUVs of various lipid com-
positions (see Preparation of large unilamellar vesicles) was
assayed in a fluorescence microplate reader (Fluostar, SLT, Austria)
at ~25 °C. The calcein-loaded LUVs (synthetic lipid, 40 uM) in
vesicle buffer and the protein sample (1:1, v/v) were sequentially
dispensed into a multi-well microplate. The erythrocyte lipid LUV
concentration was adjusted to give a comparable maximal fluo-
rescence response. The LUVs were excited at 485 nm and the in-
tensity of the emitted light (F) of released (de-quenched) calcein at
538 nm was monitored at 30 s intervals for 30 min. The intensity of
the emitted light at t = 0 min was designated as Fy. The LUVs were
finally lysed with 1 mM Triton X-100, to determine the maximal
fluorescence intensity, Fnax, Which corresponded to 100% calcein
release. The percentage of calcein release, R (%), was then deter-
mined as:

F-F,

O = o= Fo

*100 (1)

2.7. Analysis of the interactions of proteins with membrane
components

The binding of OlyA6-Hg and/or Hg-A48PlyB to erythrocyte
membranes was monitored using Western blotting, and the inter-
action of OlyA6-LVPR with carbohydrates was assayed on a Con-
sortium for Functional Glycomics (CFG) printed glycan array [21], as
described in Supplementary material.

Formation of SDS-resistant protein oligomers was detected by
SDS-PAGE using precast 4—12% NuPAGE® Novex Bis-Tris gels.
OlyA6-LVPR and H6-A48PlyB, either alone or combined, were
incubated without or with cholesterol:sphingomyelin (1:1, mol/
mol) LUVs in 20 mM Tris—HCl, 140 mM NaCl, 1 mM EDTA, pH 8.0, at
various protein/protein and lipid/protein molar ratios. After incu-
bation on a Thermo Shaker at 400 rpm at 25 °C for 2 h, the samples
were analyzed by SDS-PAGE and silver staining. The optical den-
sities of the bands were analyzed using Image].

2.8. Surface plasmon resonance measurements

The kinetics of the interactions were monitored on BiacoreX and
Biacore T100 surface plasmon resonance (SPR)-based re-
fractometers, and the data were processed with BlAevaluation
software (GE Healthcare). Binding of proteins to lipid membranes
was determined using LUVs of various lipid compositions and lipid
molar ratios (see Preparation of large unilamellar vesicles). The
LUVs were prepared and captured on an L1 sensor chip, and the
experiments were run as described previously [22,23] (for details,
see Supplementary material).

We also studied the interactions of immobilized OlyA6-LVPR,
with OlyA6-LVPR, Hg-A48PlyB, lysophosphatidylcholine, and the
detergent SDS as analytes. OlyA6-LVPR was coupled to a CM5
chip at up to 120 RU using the standard N-hydroxysuccinimide/N-
ethyl-N'-[3-dimethyl aminopropyl]-carbodiimide coupling proce-
dure recommended by the manufacturer. For protein—protein
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interactions, two different concentrations of OlyA6-LVPR or Hg-
A48PlyB (5 pM, 20 pM) were injected over the chip, as for lyso-
phosphatidylcholine (4 pM, 400 puM) and SDS (1 mM, 10 mM). The
samples were injected at a flow rate of 30 puL/min for 60 s, in
phosphate buffered saline (20 mM Nap;HPO4/NaH;PO4, 140 mM
NaCl, pH 7.4) as the running buffer. Sensorgrams were corrected for
the untreated surface flow-cell response.

2.9. Electron microscopy

Erythrocyte lipid LUVs or cholesterol:sphingomyelin 1:1 LUVs
were incubated with the proteins in 140 mM NaCl, 20 mM Tris—
HCI, 1 mM EDTA, pH 8.0, at room temperature. A 4 pL sample was
left for 60 s on a carbon-grid that had been previously glow-
discharged for 30 s, and excess solution was removed with What-
man filter paper. To reduce salt effects, three droplets of deionized
water were adhered to the grid for 1-2 s. After removal of the
excess fluid, the grid was negatively stained with 2% (w/v) uranyl
acetate for 30 s, with the excess staining solution blotted and the
grid allowed to dry. The specimens were examined with a Tecnai
Spirit electron microscope operated at 80 kV. The data were
collected at a magnification of 48,000x, with a 4000 x 4000 FEI
Falcon CCD camera. EM images were processed with EMAN2 [24].

3. Results
3.1. Modeling of 3D structures

Modeling of the 3D structure and the 3D alignment predicted
PlyB as a MACPF/CDC-type protein, with the highest similarity to
mouse perforin (PDB: 3NS]) with regard to the MACPF domain. The
homology modeling predicted a f-sandwich fold for OlyA6, the 3D
structure to be most similar to that of sea anemone fragaceatoxin C
(PDB: 3LIM) (see Supplementary material, Fig. S1).

3.2. Native and recombinant proteins

Separation of the ammonium-sulfate-precipitated proteins is
shown in Fig. S2 (Supplementary material). SDS-PAGE of the
MonoQ P3.1 and P3.2 fractions indicated the presence of two pro-
teins (Fig. S2D) with an apparent molecular mass of ~17 kDa, and
with both hemolytically active only when combined with purified
nPlyB or recombinant A48PlyB variants. Further analysis revealed
the presence of an ~25-kDa contaminant in P3.1; therefore, we
used the P3.2 fractions as the source of purified nOlyA in further
experiments. C4-reverse-phase HPLC of nOlyA demonstrated two
separate isoforms, designated nOlyA1 and nOlyA2, that are highly
homologous to the recombinant variant OlyA6 and PlyA [6], as
confirmed by LC-MS/MS sequencing (Supplementary material,
Fig. S3). In contrast to nOlyA, the final yield of nPlyB, which
showed an apparent molecular mass of ~60 kDa and was located in
the Econo HighS P2.2 fraction, was much lower and contained some
impurities (Supplementary material, Fig. S2F). The presence of
nPlyB was confirmed by LC-MS/MS sequencing (40% coverage with
PlyB; NCBI acc. number BAD66667.1). As nPlyB was unstable and
degraded during storage the recombinant variant A48PlyB, which
corresponds to the mature form of nPlyB [6,7], was used exclusively
in the functional studies.

We prepared and characterized recombinant protein variants of
OlyA6 and A48PlyB, and their thrombin-cleaved derivatives (see
Fig. 1 for structures and nomenclature, and Fig. S4 for SDS-PAGE
analysis). The relative molecular masses (M;) of Hg-OlyA6 and
OlyA6-Hg were determined using MALDI-TOF MS, and were
17,327.6 and 16,700.0, respectively. These values are in good
agreement with the calculated M. As with nPlyB, Hg-A48PlyB and

GS-A48PlyB were prone to spontaneous degradation in solution.
The preparation of Hg-A48PlyB for MALDI-TOF MS (concentration,
buffer change, reverse-phase HPLC), for example, resulted in its
almost complete degradation into several fragments. The M; could
be determined for only two of these (17,743.7, 17,758.7). The dis-
solved proteins were more stable when kept frozen in buffers
containing 5% (v/v) glycerol. It is of note that, in contrast to C-ter-
minal tags, N-terminal tags completely prevented the binding of
the recombinant OlyA6 variants to lipids (Fig. 4B), and as such,
these proteins did not promote hemolysis when combined with the
A48PlyB variants (Fig. 2A) It is not clear whether this was due to
improper folding or whether the tags obstructed the binding of the
protein to the lipid surface. In most functional studies we used C-
terminally tagged OlyA6 variants with or without the hexahistidine
tag due to their easy purification. The A48PlyB variants, although
their hemolytic activities were not identical, were functional in
combination with functional OlyA variants.

3.3. Membrane permeabilization and binding studies

The purified native and recombinant proteins, both individually
and combined, were initially assayed for hemolytic activity with
bovine red blood cells. Typically, a sigmoidal time-course of he-
molysis was observed, as reported previously [4,17]. All of the OlyA
proteins were not hemolytic per se, even at >10 pM, unless com-
bined with Hg-A48PlyB or its thrombin-cleaved form. The potency
of the OlyA proteins to promote Hg-A48PlyB-induced hemolysis

0.04 nM A48PlyB + OlyA variant

0.6 [S—
/ \\\\\\\\
o———©
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0 100 200 300
OlyA variant (nM)

1.5- B
H,-248PlyB (nM)
M=—48

/./l\
u
24

j./’\. 12
05 i T 0%

1.04

Hemolytic activity, 1/t., (min™)

— ® 030
\'\V\A 0.15
. T 007
0.0- }2*:;;. — 0.04

0 100 200 300
OlyA6-LVPR (nM)

Fig. 2. Hemolytic activity of Hg-A48PlyB in combination with OlyA variants. Time
courses of hemolysis (as 1/tso) were monitored with a microplate reader at 630 nm, to
determine time to 50% hemolysis, t5o. (A) Hemolytic activity of 2.4 nM Hg-A48PlyB
supplemented with native (nOly) and recombinant OlyA6 proteins. (B) Dependence of
hemolytic activity of He-A48PlyB on OlyA6-LVPR concentration. Inset numbers indicate
nM Hg-A48PlyB.
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decreased in the order of: nOlyA > OlyA6 > OlyA6-LVPR > OlyA6-
Hg, while Hg-OlyA6 and its thrombin-cleaved derivative completely
lacked any effect (Fig. 2A). Although less effective in these hemo-
lytic assays than the OlyA6 variant, OlyA6-LVPR was mostly used in
further experiments for two reasons: (i) its preparation was rather
easy by using conventional Ni>*-NTA chromatography, and (ii) in
preliminary experiments OlyA6-LVPR exhibited qualitatively the
same mode of action as nOly or recombinant OlyA6.

The hemolytic activity was dependent on the concentrations of
both of the proteins, as illustrated in Fig. 2B for the Hg-A48PlyB plus
OlyA6-LVPR mixture. The apparent inhibition of hemolysis at
increasing concentrations of nOlyA or its recombinant variants
with constant Hg-A48PlyB is shown in Fig. 2.

We also tested the permeabilizing activity of these proteins on
calcein-loaded LUVs with various lipid compositions. In addition to
being hemolytic, Hs-A48PlyB combined with the OlyA variants also
released encapsulated calcein from the erythrocyte lipid LUVs in a
concentration-dependent manner, as illustrated in Fig. 3A for the
combination of Hg-A48PlyB plus OlyA6-LVPR. With regard to the
lipid composition of the LUVs, this permeabilizing activity of these
combined proteins was greater for LUVs prepared from the eryth-
rocyte total lipid extract, lower for cholesterol:sphingomyelin 1:1,
poorly detected for cholesterol:sphingomyelin 1: 4, and not seen
for cholesterol:POPC 1:4 (Fig. 3B) and POPC LUVs (data not shown).

Western blotting showed that OlyA6-Hg alone readily binds to
the erythrocyte membranes, while the binding of Hg-A48PlyB alone
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Fig. 3. Permeabilization of LUVs of various lipid compositions, with combined Hg-
A48PlyB and OlyA6-LVRP. Fluorescence intensity of calcein released from LUVs of
various lipid compositions as indicated prepared in 20 mM Tris—HCl, 140 mM NacCl,
1 mM EDTA, pH 8.0, monitored as described in Experimental procedures. (A) Per-
meabilization of LUVs made of total erythrocyte lipids by 250 nM OlyA6-LVPR and Hg-
A48PlyB at various nM concentrations as indicated. (B) Effect of 150 nM Hg-A48PlyB
combined with 250 nM OlyA6-LVPR on the permeabilization of LUVs of various lipid
compositions, as indicated.

was minimal, and was detected only when greater amounts of
membranes with bound Hg-A48PlyB were analyzed. However,
when these proteins were combined, OlyA6-Hg bound to a similar
extent as seen without Hg-A48PlyB, while this significantly stim-
ulated the binding of Hg-A48PlyB to the membranes (see Supple-
mentary material, Fig. S5).

SPR studies of the interactions of these proteins with on-chip
immobilized LUVs provided additional data on the avidity of
these proteins for membrane lipids, as shown in Fig. 4. The differ-
ence in the binding properties of GS-A48PlyB with the LUVs as
compared to the OlyA proteins was remarkable (Fig. 4B, C).
Consistently with the hemolysis results we found nOly and the
non-tagged OlyA6 variant most effective in the lipid binding. The C-
terminal tags obviously decreased avidity for the tested lipids; as
longer the tag slower was lipid binding. In contrast to nOlyA and
the non-tagged or C-terminally tagged OlyA, GS-A48PlyB showed a
lower affinity and less selectivity for the lipids tested. As shown in
Fig. 4A, B, the binding of 1—4 uM GS-A48PlyB to the erythrocyte
lipid LUVs resulted in 25 RU to 100 RU, while for 1.0 uM of the OlyA
proteins (except those that were N-terminally tagged), the
response reached was more than 4000 RU. This difference between
the proteins was the lowest with the cholesterol:sphingomyelin 1:1
LUVs (Fig. 4C, D). In contrast to OlyA, GS-A48PlyB bound to all of the
LUVs tested (Fig. 4D), while OlyA bound only to the erythrocyte
lipid LUVs and the cholesterol:sphingomyelin 1:1 LUVs (Fig. 4B, D).
The OlyA proteins, except those that were N-terminally tagged,
markedly promoted the binding of both variants of A48PlyB in the
case of the erythrocyte lipids, and less so with cholesterol:-
sphingomyelin 1:1, but not with the other LUVs (e.g., see nOlyA and
GS-A48PlyB in Fig. 4D). None of the association—dissociation ki-
netics traces could be fitted to the kinetics models provided by the
BlAevaluation package.

In the SPR study of the interactions of immobilized OlyA-LVPR,
there was no binding with OlyA-LVPR, Hg-A48PlyB or lysophos-
phatidylcholine as analytes, while the SDS control bound weakly
and reversibly (data not shown). These results suggest that OlyA6-
LVPR, and so most likely other OlyA variants, does not oligomerize
spontaneously in solution neither it interacts with Hg-A48PlyB
without assistance of lipids. The screening for OlyA6-LVPR binding
to an array of 611 human glycans also showed no significant in-
teractions (data not shown).

As has been seen for several pore-forming proteins, Hs-A48PlyB
can form SDS-resistant oligomers in solution, which can be
enhanced by the cholesterol:sphingomyelin 1:1 LUVs, as shown in
Fig. 5. OlyA6-LVPR alone did not result in protein aggregates,
regardless of the presence of the LUVs (Fig. 5A, B). In contrast, with
Hg-A48PlyB either alone or in combination with OlyA6-LVPR in
solution, there were regularly formed SDS-resistant oligomers with
molecular masses greater than 433 kDa. Two or three sizes of
oligomer can be seen in the SDS-PAGE analysis shown in Fig. 5B.
The band density of these oligomers positively correlated with the
amounts of each of the lipids and of OlyAG6-LVPR. Of note, the higher
density of oligomer bands corresponded to the consumption of
monomeric Hg-A48PlyB. Moreover, Western-blot analysis of SDS-
resistant oligomers by using anti-OlyA6 and anti-Hg-A48PlyB
monoclonal antibodies revealed the presence of Hg-A48PlyB but
not OlyA6 in the oligomers (Supplementary material, Fig. S6).

3.4. Electron microscopy

The EM images of the erythrocyte lipid LUVs and the choles-
terol:sphingomyelin 1:1 LUVs exposed to OlyAg-LVPR and/or Hg-
A48PlyB were very similar. Erythrocyte lipid LUVs treated with
OlyAg-LVPR and/or Hg-A48PlyB are shown in Fig. 6. OlyAg-LVPR
alone induced a marked change of the LUV shape, as seen in Fig. 6A.
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Fig. 4. SPR analysis of the interactions of A48PlyB and the OlyA variants with LUVs. Vesicles were immobilized on a Biacore L1 chip to 10,000 + 1000 RU and analytes injected at a
flow rate of 10 pL/min in running buffer (140 mM NaCl, 20 mM Tris—HCl, 1 mM EDTA, pH 8.0) at 25 °C. Representative sensorgrams of triplicates are shown. (A) Association-
desorption kinetics of GS-A48PlyB at the indicated concentrations. (B) Sensorgrams for 1 pM OlyA variants binding to erythrocyte lipid LUVs. (C) Effect of various lipid compo-
sitions of LUVs on the association-desorption kinetics of 4.0 uM GS-A48PlyB. (D) nOlyA (5.0 uM), either alone (A) or mixed with 200 nM GS-A48PlyB (A + B), was injected over LUVs

of varied lipid composition.

Membrane ruffling and budding resulted in various LUV shapes,
and even vesicle scission was seen. These effects of OlyAg-LVPR
alone were much less pronounced, or not seen, when these LUVs
were exposed to the OlyAg-LVPR plus Hg-A48PlyB mixture. In
contrast to OlyAg-LVPR alone, Hg-A48PlyB alone (Fig. 6B) did not
result in changes in the vesicle shapes, but with two types of
oligomers seen: ring-like and rosette-like structures in solution,
and rosette-like structures on the vesicle membranes. The di-
mensions of these membrane-attached Hg-A48PlyB rosettes were
19.8 £ 0.5 nm in diameter, with a thickness of 9.2 4- 0.2 nm from the
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Fig. 5. Formation of SDS-resistant oligomers in solution and with the choles-
terol:sphingomyelin 1:1 LUVs. Representative experiments for He-A48PlyB (B), at a
constant 4 pM, and OlyA6-LVPR (A), alone or combined, were incubated without
(—LUVs) or with cholesterol:sphingomyelin 1:1 LUVs (+LUVs) in 20 mM Tris—HCl,
140 mM NaCl, 1 mM EDTA, pH 8.0, at varied lipid/protein molar ratios (300, 200, 100),
and protein/protein ratios (A/B), and analyzed on silver-stained 4—12% SDS-PAGE gels
(see Experimental procedures). M, molecular mass markers (kDa; as indicated).

membrane surface (means + s.d.; n = 6). When the proteins were
combined, no ring-like oligomers were seen, although the number
of rosette-like structures was markedly increased on the LUVs
(Fig. 6C). On these LUV membranes, the dense packing of these
structures resulted in a hexagonal array, as shown in Fig. 6C (bot-
tom panel). When combined with OlyAg-LVPR, Hg-A48PlyB pro-
duced significant aggregation of the LUVs. Inspection of these LUV
aggregates revealed that the rosette-like structures can associate in
a top-surface to top-surface manner, to form dimeric rosette-like
structures that can thus connect opposing LUV membranes (see
Fig. 6C, top panel, and Fig. 6D, right panel). Image averaging of the
dominating rosette-like oligomers produced by the combined
OlyAg-LVPR plus Hg-A48PlyB proteins (Fig. 6D, left panel) revealed
a 13-meric structure with ~19.7 nm in outer diameter, and with a
central circle of diameter ~4.9 nm with a higher density. The
thickness of these single rosette-like oligomers was ~9 nm, as can
be seen in the side-view of the dimeric structure in Fig. 6D (right
panel).

4. Discussion

Our investigation here of the cytolytic properties of these native
and recombinant OlyA and PlyB variants provides evidence that the
smaller OlyA protein alone does not permeabilize erythrocyte or
LUV membranes. This has already been reported for the OlyA close
homologs of pleurotolysin A from P. ostreatus [6,7] and erylysin A
from P. eryngii [25]. Thus, the previously reported cytolytic activity
of Oly (and most likely also of aegerolysin from Agrocybe aegerita)
[4] can be ascribed to its incomplete separation from PlyB. As
shown here and by Tomita et al. [6], the presence of <1 nM PlyB
renders a mixture with OlyA (or its homolog) hemolytic. Moreover,
the modified purification of the native proteins used here shows
that P. ostreatus produces several isoforms of nOlyA, two of which
have been partially sequenced. This is in agreement with reports
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Fig. 6. Representative EM images of erythrocyte lipid LUVs treated with OlyA6-LVPR and Hg-A48PlyB. OlyA6-LVPR and Hg-A48PlyB, individually or combined, were incubated with
LUVs in 140 mM Nacl, 20 mM Tris—HCl, 1 mM EDTA, pH 8.0, and transferred to carbon EM grids, with 2% uranyl acetate for contrast. Scale bars given in nm. (A) LUVs treated with
4 uM OlyA6-LVPR. b, vesicle budding; c, vesicle constriction; e, evagination; v, “volcano-like” structure. (B) LUVs treated with 4 pM Hg-A48PlyB; 04, ring-like structures, o,, rosette-
like structures. (C) Top: LUVs treated with the combination of 533 nM OlyA6-LVPR and 266 nM Hg-A48PlyB; do, dimeric rosette-like oligomer, so, single rosette-like oligomer.
Bottom: Single LUV treated with the combination of 8 uM OlyA6-LVPR and 4 uM Hg-A48PlyB, showing hexagonal array of rosette-like oligomers obtained. (D) Left: Averaged image
(n = 9) of a 13-meric rosette-like oligomer formed on LUVs treated with OlyA6-LVPR and Hg-A48PlyB. Right: Detail of dimeric rosette-like oligomers (do), ~18 nm in height,
connecting two opposing LUV membranes (see also C). Bars and numbers indicate dimensions in nm.

that some fungi can synthesize numerous mRNAs that encode
various aegerolysin isoforms [26,27].

Our SPR studies reveal that in contrast to Asp-hemolysin and the
P. aeruginosa protein PA0122 [10—12], OlyA does not interact with
lysophosphatidylcholine. The interaction of PA0122 with lyso-
phospholipids has been suggested to have a pleiotropic function;
i.e., a modulatory role in microbial film formation and host innate
immunity [19]. However, it appears that the properties and bio-
logical roles of the aegerolysins are diverse and are dependent on
their organism of origin, as is also the case for the MACPF/CDC
proteins [14]. In organisms reported or predicted to produce both
aegerolysins and PlyB orthologs (i.e., Aspergillus chrysogenum,
Aspergillus flavus, Penicillium chrysogenum, Neosartorya fischeri,
P. ostreatus, P. eryngii, Agrocybe cylindracea, Trametes versicolor, and
Heterobasidion annosum), one of the possible roles of these aeger-
olysins might be the modulation of the activity of PlyB-like
proteins.

Membrane permeabilization by A48PlyB is in line with its pre-
dicted 3D structural similarity to MACPF/CDC proteins [14,28]. The
MACPF domain is crucial for the formation of transmembrane
pores, through its restructuring of particular helices into hairpin -
strands, which then insert into the membrane lipid bilayer
[14,28,29]. However, PlyB differs from perforin and CDCs in the C-
terminal region. BLAST search reveals that the C-terminal amino
acid sequence of A48PlyB is unique and clearly different from the
perforin C2 domain [29] or the CDCs domain 4 [30] that enable lipid

binding of these proteins. Only the single cysteine 439, which is
proximal to the C-terminus of A48PlyB, may resemble the charac-
teristics of CDCs [14,15,30—32] to some extent. The 3D similarity
features also in the EM-imaged oligomeric structures of A48PlyB on
the membranes. However, in contrast to other MACPF/CDCs that
mostly use a higher number of monomers (>30), A48PlyB pre-
dominantly forms oligomers with 13-fold symmetry. Another dif-
ference is that in contrast to CDCs that require cholesterol for
binding (excepted those that use a membrane protein receptor for
attachment) and are partially inhibited by sphingomyelin [33],
A48PlyB per se binds, although weakly and without membrane
perforation, to the range of lipids assayed here, including to pure
POPC, albeit that increased membrane cholesterol is preferred.
Previous experiments with partially purified ostreolysin [4]
that will have containing minor amounts of PlyB, as discussed
above, have revealed that the binding and membrane per-
meabilization are exclusively dependent on erythrocyte lipids,
containing both cholesterol and sphingomyelin [34], and artificial
sterol/sphingomyelin-rich membranes [17,35,36]. We have shown
here that A48PlyB alone, although at relatively high concentra-
tions, also interacts with LUVs that do not contain cholesterol; i.e.,
POPC LUVs. However, A48PlyB does not permeabilize these LUVs,
even in the presence of the OlyA variants. Hence, it can be seen
that the affinity of OlyA for the erythrocyte lipid LUVs and
cholesterol:sphingomyelin LUVs dictates efficient membrane
attachment of A48PlyB, and subsequently the efficient
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permeabilization of these lipid membranes. This resembles the
recruitment of the membrane attack complement component
(MAC) (9 to targeted membranes [37,38]. The higher avidity of
OlyA variants for the erythrocyte lipid LUVs as compared to the
cholesterol:sphingomyelin LUVs might arise because of specific
lipid microdomains inherent to the lipid composition of the
erythrocyte membrane, which can include glycosphingolipids [39].
It is less likely that these erythrocyte glycosphingolipids serve
directly as (co)acceptors, as binding of OlyA to mammalian glycans
has not been shown. In line with the significance of the combi-
nation of a sterol and sphingomyelin for membrane binding of
these proteins is the result of toxicity assays.

Another interesting feature of the cholesterol and sphingo-
myelin dependence of OlyA binding, which promotes the efficient
binding of A48PlyB and the subsequent membrane permeabiliza-
tion, is that the cholesterol needs to exceed a threshold of >30 mol
%, as also seen previously with Oly [35]. This is also a property of the
CDCs [30], such as, for example, perfringolysin [40] and listeriolysin
[41]. These CDCs, however, do not require the supplement of
sphingomyelin. Taken together, it appears that OlyA binds prefer-
entially to membranes that are rich in sterol and sphingomyelin, as
has been observed previously for the ‘impure’ Oly [35,36].

The pathways of pore-forming proteins from being in solution
to the formation of the final transmembrane pore that involves
the assembly of B-hairpins and/or a-helices can be diverse.
Generally, one process might involve single molecules that attach
to the membrane first, which can be followed by a downstream
process of oligomerization, formation of the pre-pore, and finally
the formation of the full transmembrane pore. Alternatively,
oligomers might already be assembled in solution and then they
can attach to the membrane to form a pre-pore that then rear-
ranges to punch through the membrane [42]. Our data suggest
that A48PlyB can already oligomerize to some extent in solution,
forming SDS-resistant oligomers. This process is independent of
the presence of OlyA. However, in the presence of the cholester-
ol:sphingomyelin 1:1 LUVs, the amount of SDS-resistant oligomers
significantly increased. This is also in agreement with the
appearance of the ring-like and rosette-like oligomers on the
vesicles, as we have seen from our EM. In contrast, OlyA does not
form SDS-resistant oligomers in solution or in the presence of
lipids, but it does increase the amount of A48PlyB SDS-resistant
oligomers in the presence of the LUVs, along with the number
of rosette-like structures in the absence of SDS. At present, it is not
clear whether these ring-like structures represent the pre-pore
assembly, whereby the rosette-like structure represents the final
pore. Ring-like structures rather than rosette-like oligomers have
already been observed before on erythrocytes [6]. In contrast to
this previous study [6] we cannot detect OlyA in SDS-resistant
oligomers. We suggest that either our mix of three anti-OlyA
monoclonal antibodies could not access binding epitopes when
OlyA was included in the SDS-resistant oligomers or OlyA asso-
ciation with oligomerized PlyB was only loose, and thus broken
upon the SDS treatment. Solving this ambiguity is in progress by
the use of Ni®"-NTA-Nanogold particles to label OlyA6-Hg in the
on-membrane rosette-like oligomers in order to be visualized
with EM. Preliminary results (to be published elsewhere)
confirmed the previous observation of Tomita et al. [6] who
detected PlyA as a part of the SDS-resistant PlyB/PlyA oligomers
by using polyclonal anti-PlyA antibodies.

Although there are some differences, the EM images of the
rosette-like structures of the A48PlyB oligomers are like the cir-
cular pre-pore/pore structures formed by perfringolysin and
pneumolysin on membranes [43,44]. An unprecedented pecu-
liarity is, however, the top-surface to top-surface dimerization of
the A48PlyB rosette-like oligomers on the membrane, which can

thereby connect opposing membranes, to result in vesicle aggre-
gation. Consistent with the number of monomers in the oligo-
mers, the diameter of the perfringolysin pore that is formed by 32
monomers is 37 nm, while that of the most abundant 13-meric
PlyB rosette is 19.7 nm. Similarly, the diameter of the 38-meric
pneumolysin pore is 40 nm. The calculated width of a per-
fringolysin monomer in its pore is 2.44 nm, which is comparable
to the 2.34 nm of A48PlyB. The dimensions of the monomers in
the pore axial direction are also comparable, as seen by the
thickness of the protein ring, which is 8 nm for perfringolysin,
8.5 nm for pneumolysin, and 7.9 nm for A48PlyB. The different
numbers of monomers in these pore assemblies also results in an
inner diameter of the pneumolysin pore of ~18 nm, while that of
the A48PlyB rosette is ~4.9 nm. This value for the A48PlyB
rosette is in good agreement with a previous estimation of a
hydrodynamic (inner) diameter of ~4 nm for the Oly pores
(which was contaminated with PlyB; see above) [17]. This dimeric
rosette-like A48PlyB oligomer extends to a height of ~9 nm
above the membrane, which is intermediate between the
~11.3 nm and 7.3 nm of the perfringolysin pre-pore and pore
complex, respectively [45], or the 10 nm and 7 nm for pneumo-
lysin, respectively [44].

The effects of OlyA on the susceptible membranes and its role
in the recruitment of A48PlyB to membranes that we have seen
here are intriguing. However, the present study does not provide
enough evidence for any firm conclusions on an underlying mo-
lecular mechanism to be made. The EM images of the LUVs
exposed to OlyA suggest that its binding evokes stress in the
targeted membrane leaflet. This in turn leads to local changes in
the membrane curvature, and consequently, to membrane
bending and the appearance of various membrane and vesicle
shapes. Of note, no such bending was observed with the combi-
nation of OlyA and A48PlyB, which suggests that when A48PlyB
binds to and inserts into the membrane, this relaxes the OlyA-
induced membrane stress. Proteins that bind to membranes can
induce membrane remodeling that can result in membrane
budding and blebbing, and even in the scission of vesicles [46,47].
This is dependent on the lipid composition, and on the presence of
sterols in particular [48]. It is not clear whether such membrane
remodeling by OlyA increases the affinity of A48PlyB for the
membrane simply via changes in the membrane curvature, or
whether the consequence of the membrane stress with OlyA in-
duces the creation of specific lipid microdomains that are more
susceptible to the insertion of A48PlyB. Furthermore, as discussed
above, OlyA might recruit A48PlyB in a way that is similar to that
observed for the MAC proteins. In this respect, it is interesting to
note that the excess concentrations of OlyA suppress hemolytic
activity, which implies that membrane curvature does not have a
crucial role here. The inhibition was clearly dependent on the
protein molar ratios. This suggests instead that the excess OlyA,
which has a much higher affinity for the lipids than A48PlyB, can
compete with A48PlyB for membrane binding sites. Such a
tentative mechanistic scenario is also compatible with the obser-
vation that A48PlyB itself may assemble into SDS-resistant oligo-
mers on membranes. However, the role of sterol/sphingomyelin-
rich membrane domains in both protein binding and pore for-
mation, along with the protein composition, remain to be
elucidated.

The biological roles of PlyB and OlyA are not known. OlyA6-LVPR
and Hg-A48PlyB had no effect on the germination and development
of A. thaliana seedlings, while these proteins are only slightly toxic
to C. elegans. This might correlate with the (co)occurrence of the
OlyA and/or A48PlyB acceptors, and in particular with cholesterol,
or other sterols, and sphingomyelin in these organisms. In contrast
to vertebrates and plants, nematodes are sterol auxotrophs, and
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they require dietary cholesterol or other sterols for reproduction,
growth and development [49,50]. C. elegans acquires cholesterol
from food supplies and accumulates it differentially along the in-
testine [43], while nematodes can produce sphingomyelin [51]. On
the other hand, sphingomyelin is not typical for plants, which
synthesize other membrane sphingolipids instead [52]. Assuming
that the glycans are not the acceptors for OlyA, as seen on the CFG-
glycan array, the weak toxicity of OlyA and PlyB in C. elegans might
be because of the co-occurrence of dietary cholesterol and sphin-
gomyelin in C. elegans but not in A. thaliana. However, we cannot
exclude the possibility that the low toxicity results at least in part
from the eventual decay of A48PlyB during the toxicity trial. It
seems that rather having a defensive role PlyB and OlyA might play
some other roles such as i.e. signaling, cell adhesion, or develop-
ment as suggested for some other MACPF/CDC proteins [14,15,53].
Indeed, the mixture of nOly and nPlyB interacted with vesicles
made of P. ostreatus total lipids, but did not permeabilize them [17].
This is therefore suggestive that the dimeric PlyB rosette-like
structures can also be formed in the fungus.

5. Conclusions

We have provided evidence here that A48PlyB, which is pre-
dicted structurally to be a MACPF/CDC-like protein, may oligo-
merize in the presence of lipids, however, it permeabilizes very
selectively cholesterol/sphingomyelin-rich membranes only if
supplemented with OlyA. The poor and rather non-selective
binding of A48PlyB to lipid membranes is dramatically stimulated
by OlyA, a sterol/sphingomyelin-binding protein. The present study
also clarifies that OlyA alone cannot permeabilize membranes as
reported before [4] but appears to instead induce membrane stress
that leads to considerable remodeling of the membrane. However,
exact molecular mechanism of its assistance in the formation of
transmembrane pores by A48PlyB remains to be elucidated. We
have also shown for the first time that the 13-meric rosette-like
assembly of A48PlyB is similar to the perfringolysin and pneumo-
lysin pores. We suggest that the OlyA and PlyB proteins, not known
to be secreted, have unknown intracellular roles, and that dimer-
ization of the membrane-based A48PlyB oligomers represents a
functional part of the role of A48PlyB.
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