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Pneumolysin (PLY), an important virulence factor of
treptococcus pneumoniae, is one of the members of
hiol-activated cytolysins (TACYs) consisting of four
omains. TACYs commonly bind to membrane choles-
erol and oligomerize to form transmembrane pore.
e have constructed full-length and various trun-

ated PLYs to study the role of domains of PLY in the
ytolytic activity. Full-length PLY had binding ability
o both cell membrane and immobilized cholesterol. A
runcated PLY which comprised only domain 4 mole-
ule, the C-terminal domain of PLY, sustained the
inding ability to cell membrane and cholesterol,
hereas domain 1–3 molecule had no binding ability

o them. Furthermore, the domain 4 molecule inhib-
ted both the membrane binding and the hemolytic
ctivity of full-length PLY. Accordingly, the present
esults provided the direct evidence that domain 4
as essential for the initial binding to membrane cho-

esterol and the interaction led to the subsequent
embrane damage process. © 2001 Academic Press

Key Words: pneumoylsin; Streptococcus pneumoniae;
ytolytic activity; hemolysis; membrane cholesterol;
hiol-activated cytolysins.

Pneumolysin (PLY), produced by Streptococcus
neumoniae, is a 53 kDa protein toxin consisting of 471
mino acids (1). PLY has been regarded as one of the
ssential virulence factors of this bacterium causing
neumonia, bacterial meningitis, otitis media, and so
n (2–6). This protein toxin may be one of the candi-
ates for vaccine development against S. pneumoniae
nfection since it is produced by virtually all clinical

1 To whom correspondence should be addressed at Department of
icrobiology, Kyoto University Graduate School of Medicine, Yo-

hida konoe-cho, Sakyo-ku, Kyoto 606-8501, Japan. Fax: 181-75-
53-4446. E-mail: mituyama@mb.med.kyoto-u.ac.jp.
37
solates of S. pneumoniae irrespective of their sero-
ypes (7–9).

PLY is a pore-forming toxin and one of the members
f the family of structurally related thiol-activated
ytolysins (TACYs). TACYs are produced by over 20
pecies of different gram-positive bacteria and are
haracterized by the presence of highly conserved un-
ecapeptide in the C-terminal region (10, 11). These
oxins are also known to bind commonly to cholesterol
n cell membrane and oligomerize to form transmem-
rane pore. A recent study using X-ray crystallography
evealed that perfringolysin O (PFO), another member
f TACYs, is an elongated molecule consisting of four
omains rich in b-sheet (12). It has been suggested that
he structure of PLY is conformationally similar to that
f PFO (13).
In terms of the lytic activity of TACYs, several steps

re known to be involved in the lytic process. First,
ACY binds to membrane of erythrocytes via choles-
erol. Next self-association of monomeric molecules re-
ults in the oligomerization and the formation of ulti-
ate pore, which leads to the membrane lysis (11). In

his process, de los Toyos et al. showed by using various
LY-specific monoclonal antibodies that C-terminal
ortion is critical for the binding to the membrane (14).
runcation of the C-terminal portion also led to cause
defect of the binding activity of PLY (15) and PFO

16). These reports emphasized that the binding site to
he membrane was in the C-terminal portion and that
-terminal domain (domain 4) was functionally asso-
iated with the initial binding of PLY to the erythro-
ytes. However, there has been so far no direct evi-
ence indicating the binding of domain 4 to the
embrane.
In the present study, we constructed full-length and

arious truncated forms of PLY to analyze the
tructure-function relationship with special reference
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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TABLE 1
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o the role of the domain 4. The results obtained in this
tudy show that domain 4 molecule of PLY was capable
f binding to the membrane and cholesterol, and block-
ng the binding of full-length PLY to erythrocytes, and
hat direct binding of PLY to membrane cholesterol via
omain 4 was the essential process to exert the lytic
ctivity.

ATERIALS AND METHODS

Bacterial strains, plasmids, and media. Streptococcus pneu-
oniae IID553 (serotype 2), one of the standard strains of Japanese
ociety for Bacteriology, was obtained from Laboratory Culture Col-

ection, Institute of Medical Science, University of Tokyo, Tokyo,
apan, and grown in brain heart infusion broth (Difco Laboratories,
etroit, MI) at 37°C for preparation of chromosomal DNA. Esche-

ichia coli M15 (Qiagen, Hilden, Germany) harboring pREP4 plas-
id which contains lacI and kanamycin resistant genes was used as
host cell. Expression vector pQE-31 (Qiagen) which is designed to

lace a tag of six histidines (6 3 His) at the N-terminus of the protein
f interest was used. In order to express recombinant proteins E. coli
arboring recombinant plasmid was grown in tryptic soy broth
Difco) containing 100 mg/ml of ampicillin and 25 mg/ml of kana-
ycin.

Production and purification of recombinant PLYs. Chromosomal
NA was extracted from S. pneumoniae IID553. The gene encoding

ull-length and truncated PLYs was amplified by PCR using specific
rimer sets described in Table 1. The primers were designed accord-
ng to the sequence of ply gene (1) and contained modifications to add
ppropriate restriction enzyme sites for insertion into the vector,
here BamHI site in the forward primer and the KpnI site in the

everse primer are underlined, respectively. The sequences of all
CR products were confirmed by DNA sequencing using ABI PRISM
10 Genetic Analyzer (PE Applied Biosystems, Foster City, CA).
oth PCR product and pQE-31 expression vector were cut with
amHI and KpnI enzymes (New England Biolabs, Beverly, MA) and

igated with T4 ligase (New England Biolabs). The recombinant
lasmid was transformed into E. coli M15 by electroporation using
ene Pulser II Electroporation System (Bio-Rad Laboratories, Her-

ules, CA). Transformants were cultured in tryptic soy broth (Difco)
ontaining ampicillin and kanamycin, and isopropyl-b-D-thio-
alactopyranoside (IPTG) was added to induce the expression of
ecombinant protein at the middle of log phase of the culture. Puri-
cation was performed under native condition according to the man-
facturer’s instructions with slight modifications. Briefly, transfor-
ants of 1 liter culture were harvested by centrifugation at 4°C after

Oligonucleoti

Recombinant protein

PLY1–471 (full-length) forw
reve

PLY1–437 forw
reve

PLY1–426 forw
reve

PLY22–471 forw
reve

PLY1–359 (domain 1–3) forw
reve

PLY360–471 (domain 4) forw
reve
38
n appropriate period of the induction and resuspended in 50 ml of
hosphate buffer (50 mM Na2HPO4, pH 8.0, 300 mM NaCl) contain-
ng 20 mM imidazole. The cells were lysed on ice by homogenization
ith zirconia/silica beads (BioSpec Products, Inc., Bartlesville, OK)
fter treatment with 1 mg/ml lysozyme. Lysate was centrifuged at
0,000g for 30 min at 4°C. The clarified supernatant was mixed with
ml of nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) and

ncubated for 60 min at 4°C with rotation. The agarose was packed
nto a 15 ml column and washed with 10 volumes of phosphate buffer
ontaining 40 mM imidazole. Bound protein was eluted with 250 mM
midazole in phosphate buffer. Purified recombinant protein was
esalted by a passage through PD-10 column of Sephadex G-25 M
Amersham Parmacia Biotech, Buckinghamshire, UK). The purity
as analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
horesis (SDS–PAGE) and immunoblotting using anti-His-tag mono-
lonal antibody (Penta z His Antibody; Qiagen).

Hemolytic activity of recombinant PLYs. Hemolytic activity of
ull-length and truncated PLYs was measured as follows. Sheep
rythrocytes were washed three times with PBS and resuspended at
.0% (v/v) in PBS. Fifty microliter of the suspension was added to the
qual volume of serially diluted recombinant PLY and the suspen-
ion was incubated at 37°C for 30 min. Hemolysis was estimated by
he amount of hemoglobin released in the supernatant as measured
y absorbance at 415 nm. Hemolytic unit (HU) was defined as the
mount of hemolysin required for 50% lysis of 1 ml of 0.5% sheep
rythrocytes. Based on HU/mg of full-length PLY, the relative he-
olytic activity of each hemolysin was calculated as follows. The

elative hemolytic activity 5 (HU/mg of truncated PLY)/(HU/mg of
ull-length PLY) 3 100.

Binding of recombinant PLYs to sheep erythrocytes. Binding abil-
ty of full-length and truncated PLYs to erythrocytes was determined
y the method of Owen et al. (15) with slight modifications. Each
ecombinant PLY was incubated at the concentration of 5 nM with
.5% (v/v) sheep erythrocytes in PBS at 4°C for 30 min. To determine
he inhibitory effect of domain 4 molecule on the binding of full-
ength PLY to the erythrocytes, cells were incubated with domain 4
t 37°C for 60 min, and then with 5 nM full-length PLY at 4°C for 15
in. The cells were washed three times with ice-cold PBS and then

ysed in distilled water. The membrane was harvested by centrifu-
ation at 15,000g, washed twice with distilled water and treated at
5°C for 5 min in SDS–PAGE loading buffer. Proteins were sepa-
ated by SDS–PAGE and transferred to polyvinylidene difluoride
PVDF) membrane (Millipore Corp., Bedford, MA). The membrane
as treated with Block Ace (Dainippon Pharmaceutical Co., Ltd.,
saka, Japan) for 60 min to block the non-specific binding, washed

wice with PBS containing 0.1% Tween 20 (PBS-T), and incubated
ith mouse anti-His-tag monoclonal antibody in PBS-T with 10%

Primer Sets

Sequence of primers

59-CGATGGATCCTATGGCAAATAAAGCAGTAAAT-39
59-ACGCGGTACCCTAGTCATTTTCTACCTTATC-39
59-CGATGGATCCTATGGCAAATAAAGCAGTAAAT-39
59-ACGCGGTACCCTAACGCCACCATTCCCAGG-39
59-CGATGGATCCTATGGCAAATAAAGCAGTAAAT-39
59-ACGCGGTACCCTATCTAATTTTGACAGAGAGAT-39
59-CGATGGATCCTACCCATCAGGGAGAAAGT-39
59-ACGCGGTACCCTAGTCATTTTCTACCTTATC-39
59-CGATGGATCCTATGGCAAATAAAGCAGTAAAT-39
59-ACGCGGTACCCTATCTGTAAGCTGTAACCTTAG-39
59-CGATGGATCCTAACGGAGATTTACTGCTGG-39
59-ACGCGGTACCCTAGTCATTTTCTACCTTATC-39
de

ard
rse
ard
rse
ard
rse
ard
rse
ard
rse
ard
rse
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lock Ace for 60 min. The membrane was washed twice and incu-
ated with horseradish-peroxidase-conjugated rabbit anti-mouse
gG antibody for 60 min. After extensive washes, the hemolysin
ound to the erythrocytes was detected by ECL Western blotting
etection reagent (Amersham) according to the manufacturer’s in-
tructions.

Binding of recombinant PLYs to cholesterol on TLC plate. Bind-
ng ability of full-length and truncated PLYs to cholesterol was
etermined by the method of Sekino-Suzuki et al. (17) with slight
odifications. Graded amounts (0.125 mg, 0.5 mg, and 2.0 mg) of free

holesterol were spotted at a regular interval on plastic thin layer
hromatography (TLC) plates (Polygram Sil G; Machery-Nagel, Dü-
en, Germany). The plate was dried and soaked in buffer A (50 mM
ris–HCl, 200 mM NaCl, pH 7.4, 3% BSA, and 0.3% gelatin) at 4°C

or 60 min and then the plate was incubated with each recombinant
LY diluted at 100 nM in buffer A for 60 min at room temperature.
he plate was washed six times with buffer A and incubated with
ouse anti-His-tag monoclonal antibody in buffer A for 60 min at

oom temperature. After being washed, the plate was incubated with
orseradish-peroxidase-conjugated rabbit anti-mouse IgG antibody
Zymed Laboratories, Inc., San Francisco, CA) for 60 min and
ashed six times with buffer A. The spots were developed with
eroxidase Stain Kit for Immuno-blotting (Nacalai tesque, Inc.,
yoto, Japan).

Inhibition of hemolysis caused by full-length PLY. Inhibitory ef-
ect of domain 4 molecule on the hemolysis caused by full length PLY
as determined as follows. Sheep erythrocytes were suspended in
BS to give 1% (v/v) and incubated with domain 4 or domain 1–3 of
LY at 37°C for 60 min. The suspension was added with the same
olume of full-length PLY and incubated at 37°C for 30 min. Inhibi-
ion of hemolysis was estimated by measurement of hemoglobin
elease in the supernatant.

ESULTS

Construction of full-length PLY and truncated PLYs.
n order to determine the structure-function study of
LY, various truncated PLYs were used in this study.

FIG. 1. The construction of full-length and five truncated PLYs.
illed boxes indicate the portion of PLY comprising domain 1
hrough domain 3 and gray boxes indicate the domain 4 region of
LY. Hatched boxes indicate the region of conserved undecapeptide.
he area surrounded by dotted line indicates the region deleted from

ull-length PLY.
39
chematic illustration of full-length and truncated
LYs was depicted in Fig. 1. PLY1–471 is the full-

ength protein of PLY consisting of 471 amino acids.
ince conserved undecapeptide which is located close
o C-terminus of PLY has been shown to be important
or the membrane lytic activity (18), two truncated
roteins with the deletions of C-terminal amino acids
ere designed. One was named as PLY1–437 which
as deleted for 34 amino acids and contained unde-

apeptide. The other, PLY1–426 was deleted for 45
mino acids of C-terminus including undecapeptide. To
now the role of N-terminus in the function of PLY, a
runcated protein with a deletion of N-terminal 21
mino acids (PLY22–471) was also produced. Further-
ore, based on the tertiary structure of PFO (12) and

omparison of the alignment of amino acid sequence
etween PFO and PLY (13), we designed two recombi-
ant proteins. One comprised 1 to 359th amino acid of
LY (PLY1–359), which represented domain 1–3 of
LY and the other comprised 360 to 471st amino acid

PLY360–471), which represented the domain 4.
enes encoding full-length and these parts of PLY
ere amplified and inserted into the pQE-31 vector.
he recombinant protein expressed in E. coli host was
xtracted and purified by Ni-agarose column chroma-
ography. SDS–PAGE analysis showed that highly pu-
ified recombinant PLYs were obtained by the one step
hromatography (Fig. 2).

Hemolytic activity of recombinant PLYs. Hemolytic
ctivity of recombinant PLYs against sheep erythro-
ytes was measured. The purified full-length PLY ex-
ibited a strong hemolytic activity (Fig. 3A). The com-
lete hemolysis was observed by the treatment with at
east 1 nM of full-length PLY and the hemolytic activ-
ty was estimated to be 3.9 3 104 HU/mg. PLY22–471
eleted for 21 amino acids at N-terminus also caused
emolysis, whereas the activity decreased to 0.06% of

FIG. 2. SDS–PAGE analysis of the recombinant PLYs. An equal
mount of the purified recombinant PLYs was loaded in 10–20%
radient SDS–PAGE gel. After electrophoresis the gel was stained
ith coomassie brilliant blue solution. Lane 1, PLY1–471; lane 2,
LY1–437; lane 3, PLY1–426; lane 4, PLY22–471; lane 5, PLY1–
59; lane 6, PLY360–471.



t
c
c
t
c
c
h
s
c
P
p
n
t
p
r

r
t
o
t
H
n
i
P
a
t
o
a
b
r
f
(
i
4
m
C
P
e
w

n
c
h
F
m
e
t
a
P
P
t
a
C
b
o
m

c
d
a
e
c
b
a
l
t
m
4
T
w
T

R
1
i
P
(
s

Vol. 281, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
hat of full-length PLY. These hemolytic activities were
ompletely inhibited by the treatment with 10 mg/ml of
holesterol, indicating that recombinant PLY retained
he actual hemolytic activity of native PLY (Fig. 3B). In
ontrast, neither PLY1–437 nor PLY1–426, the trun-
ated PLYs with C-terminal deletions, exhibited the
emolytic activity. The hemolytic activity was not ob-
erved in PLY1–359 (domain 1–3). These data indi-
ated that domain 4, especially C-terminal portion of
LY may be critical for the lytic activity as shown
reviously (15). However, PLY360–471 (domain 4) did
ot cause hemolysis by itself. These data indicated that
he whole molecule of PLY was required for the com-
lete hemolysis and domains of PLY played a distinct
ole in the course of hemolysis.

FIG. 3. Hemolytic activity of full-length and truncated PLYs.
ecombinant PLYs were incubated in the absence (A) or presence of
0 mg/ml of cholesterol (B) and mixed with sheep erythrocytes. After
ncubation at 37°C for 30 min, hemolytic activity was measured for
LY1–471 (open circles), PLY1–437 (closed squares), PLY1–426

open triangles), PLY22–471 (closed circles), PLY1–359 (open
quares), and PLY360–471 (closed triangles).
40
Binding ability of recombinant PLYs to sheep eryth-
ocytes and cholesterol. From the previous findings
hat cholesterol pretreatment abrogated the hemolysis
f PLY, binding of PLY to cell membrane via choles-
erol is believed to be essential for the lytic activity.
ere we examined the binding ability of each recombi-
ant PLYs to both erythrocytes and cholesterol. After

ncubation of erythrocytes with 5 nM recombinant
LYs that caused complete hemolysis, cells were lysed
nd PLYs bound to erythrocyte membrane were de-
ected by immunoblotting (Fig. 4A). The band on lane C
f each sample represented recombinant PLYs before
pplication to the experiment. The intensity of those
ands was almost at the same level. After incubation of
ecombinant PLYs with the erythrocytes, the band of
ull-length PLY was detected in the membrane fraction
lane B), indicating that full-length PLY has the bind-
ng ability to the erythrocyte membrane. Both PLY22–
71 and PLY360–471 (domain 4) also bound to the
embrane. However, three truncated PLYs with
-terminal deletions, PLY1–437, PLY1–426, and
LY1–359 (domain 1–3), had no binding ability to
rythrocyte membrane at all, which was consistent
ith their loss of hemolytic activity.
We next determined the binding ability of recombi-

ant PLYs to cholesterol spotted on TLC plate. Be-
ause the sensitivity of this assay was rather low,
igher concentration (100 nM) of PLYs was applied.
ull-length PLY, PLY22–471, and PLY360–471 (do-
ain 4) all of which had the binding ability to the

rythrocytes did bind to cholesterol, while the ability of
wo truncated PLYs (PLY22–471 and PLY360–471)
ppeared to be slightly weaker than that of full-length
LY (Fig. 4B). However, PLY1–437, PLY1–426, and
LY1–359 (domain 1–3) in which the C-terminal por-
ion has been truncated could not bind to cholesterol at
ll. The results clearly showed that the complete
-terminal amino acid sequence was required for the
inding to membrane and cholesterol, and truncation
f N-terminal peptide affected the consequence of he-
olysis, but not the binding ability.

Inhibitory effect of domain 4 molecule on hemolysis
aused by full-length PLY. Based on the fact that
omain 4 molecule did bind to erythrocyte membrane
nd cholesterol, we examined whether domain 4 mol-
cule exerts an inhibitory effect on the hemolysis
aused by full-length PLY. Erythrocytes were preincu-
ated with graded doses of PLY360–471 (domain 4),
nd challenged with a varying concentration of full-
ength PLY. Complete hemolysis was caused by the
reatment with over 1 nM of full-length PLY. The he-
olysis was inhibited by pretreatment with PLY360–

71 (domain 4) in a dose-dependent manner (Fig. 5A).
reatment with 400 nM of PLY360–471 (domain 4)
as required for complete inhibition of the hemolysis.
o define the role of PLY360–471 (domain 4) in the
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emolytic process, PLY1–359 (domain 1–3), the other
-terminal fragment of PLY, was applied to the same

xperiment. Pretreatment of PLY1–359 (domain 1–3)
id not exert any inhibition even if erythrocytes were
reated with 400 nM (Fig. 5B). These data indicated
hat domain 4, but not domain 1–3, interfered with the
emolytic process to be induced by full-length PLY.

Domain 4 molecule inhibits binding of full-length
LY to sheep erythrocytes. To confirm that the inhi-
ition of full-length PLY-induced hemolysis by domain
molecule was due to the blocking of binding, we

FIG. 4. Binding ability of recombinant PLYs to erythrocytes and
holesterol. (Panel A) Binding ability of PLYs to sheep erythrocytes.
ull-length and truncated PLYs (5 nM) were incubated with 0.5%

v/v) sheep erythrocytes at 4°C for 30 min, washed in PBS, and lysed
n water. The membranes were harvested and washed by centrifu-
ation. Each recombinant PLY preparation before incubation with
rythrocytes (C) or after incubation (B) was analyzed on SDS–PAGE.
he protein was detected by immunoblotting. (Panel B) Binding of
ecombinant PLYs to cholesterol immobilized on TLC plates. Cho-
esterol was spotted on TLC plates at the indicated doses. The plate
as incubated with 100 nM of each recombinant protein for 60 min
nd protein bound to cholesterol was detected by immunostaining.
41
xamined the effect of domain 4 molecule on the bind-
ng of full-length PLY to erythrocytes. The binding of 5
M of full-length PLY to sheep erythrocytes in the
bsence of PLY360–471 (domain 4) was observed by
DS–PAGE and immunoblotting (Fig. 6). By pretreat-
ent with increasing doses of PLY360–471 (domain

), additional band corresponding to the PLY360–471
domain 4) bound to the erythrocytes became detect-
ble in an increasing manner. Interestingly, treatment
ith 400 nM of PLY360–471 (domain 4) caused block
f the binding of full-length PLY to the erythrocytes.
his dose of PLY360–471 (domain 4) was consistent
ith that required for the complete block of hemolysis.
onsequently, this study demonstrated direct evidence

FIG. 5. Inhibitory effect of domain 4 molecule on the hemolysis
nduced by full-length PLY. (Panel A) Sheep erythrocytes were
reated with 100 nM (closed circles), 200 nM (open triangles), and
00 nM (closed triangles) of PLY360–471 (domain 4) or PBS (open
ircles). (Panel B) Erythrocytes were treated with graded concentra-
ions of domain 4 (closed triangles) and domain 1–3 (open squares).
egree of hemolysis induced by 5 nM full-length PLY was deter-
ined.
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hat domain 4, but not domain 1–3, was the primary
inding site to cell membrane and this initial binding
as essential to complete the lytic process.

ISCUSSION

One of the unique characteristics common to all the
ACYs is the abrogation of cytolytic activity by a low
oncentration of cholesterol (10). Recombinant full-
ength PLY with His-tag at the N-terminus exhibited a
igh level of cytolytic activity as well as binding to both
rythrocyte membrane and cholesterol immobilized on
LC plate (Table 2). The binding of recombinant full-

ength PLY to solid phase cholesterol and the blockade
f lytic activity by free cholesterol were consistent with
he activity of native PLY.

TAB

Characteristics of Full-le

Recombinant protein
Hemolytic unit/mga

(relative hemolytic activity)

LY1–471 (full-length) 3.9 3 104 (100)
LY1–437 No hemolysis (0)
LY1–426 No hemolysis (0)
LY22–471 2.3 6 10 (0.06)
LY1–359 (domain 1–3) No hemolysis (0)
LY360–471 (domain 4) No hemolysis (0)

a Sheep erythrocytes suspended to give 0.5% (v/v) were incubated w
s the amount of protein required for 50% lysis of 1 ml of 0.5% sheep e
as calculated.
b Each recombinant protein was incubated with 0.5% (v/v) sheep e

ound to cell membrane was detected by SDS–PAGE and immunob
c The plates on which cholesterol was spotted were incubated with

y immunostaining.

FIG. 6. Inhibitory effect of domain 4 molecule on the binding of
ull-length PLY to erythrocytes. Sheep erythrocytes were incubated
n PBS (lane 2) or with 50 nM (lane 3), 100 nM (lane 4), 200 nM (lane
), and 400 nM of PLY domain 4 (lane 6). The erythrocytes were then
ncubated with 5 nM of full-length PLY for 15 min, washed three
imes with PBS, and lysed in water. The membrane fraction was
ollected and washed twice with water. The PLY bound to mem-
ranes was detected by SDS–PAGE and immunoblotting. The sam-
le obtained by an incubation of the erythrocytes with 5 nM full-
ength PLY for 0 min was loaded on lane 1.
42
Based on the homology in amino acid sequence and
he structural relatedness to PFO of which the tertiary
tructure has been demonstrated, PLY is proposed to
e consisting of four domains (13). It has been shown
hat several steps are included in the process of mem-
rane lysis caused by PLY (binding to cell membrane,
nsertion into the membrane, and oligomerization) and
hat each domain plays the distinct role in this process
o form transmembrane oligomer. Domain 1 is struc-
urally associated with domain 3 and is suggested to be
mportant for the oligomerization. Domain 2 has
-sheet structure and is a junctional region between
omain 1 and domain 4. Domain 4 is distant from
omain 1 and domain 3 and has been regarded as the
ite for binding to the membrane (14–16, 19). Morgan
t al. reported that 37 kDa, 329 amino acid fragment
btained by proteolytic cleavage of PLY, which repre-
ented C-terminal part of PLY, was able to bind lipo-
omes containing cholesterol (20). Iwamoto et al. (21)
nd Tweten et al. (22) reported that an inhibitory effect
f C-terminal fragment of PFO on hemolysis by using a
96 amino acid fragment prepared by the proteolytic
leavage of full-length PFO. Though their reports im-
lied that C-terminal part was important for the bind-
ng to cell membrane, it was not still clear whether the
inding ability of the fragment was attributable only to
omain 4 because the fragments included the part
ther than domain 4. In this study, we constructed
is-tagged domain 4 molecule to determine the role for

he expression of membrane binding and subsequent
emolysis.
The results of this study with recombinant proteins

f domain 1–3 (PLY1–359) and domain 4 (PLY360–
71) have shown that domain 4 is capable of binding to
holesterol as well as erythrocyte membrane by itself
hile domain 1–3 never binds to them, indicating that
omain 4 is a critical part for the membrane binding.

2

th and Truncated PLYs
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abilityc
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1 1

recombinant PLYs at 37°C for 30 min. Hemolytic unit was defined
hrocytes. The relative hemolytic activity of each recombinant protein
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ing.
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ased on the crystallographic analysis, Rossjohn et al.
roposed that cholesterol bound to a hydrophobic
ocket which was formed by the long side-chains of
yr376, Lys424, Asp426, and Gln374 of PLY (13). The

act that all these four residues are present in the
omain 4 molecule (PLY360–471) is consistent with
he present finding that domain 4 is the portion re-
uired for binding to membrane cholesterol.
On the other hand, it has been reported that trun-

ated PLY deleted for 21 amino acids at the C-terminus
acked the binding ability to membrane (15). A reduced
ctivity of binding to membrane and cholesterol has
lso been reported in PFO truncated for the last 21
mino acids (16). In the present study, cytolytic activ-
ty was completely lost when C-terminal region was
eleted as shown by the truncated proteins, PLY1–437
nd PLY1–426 (Table 2). It appears that truncation of
-terminal region of PLY may lead to the conforma-

ional change of overall domain 4 resulting in a loss of
he binding ability, as suggested for PFO (16).

Pretreatment of erythrocytes with domain 4
PLY360–471) resulted in a dose-dependent inhibition
f the hemolysis caused by full-length PLY. The com-
lete inhibition was observed when the erythrocytes
ere pretreated with high dose (400 nM) of domain 4

PLY360–471) (Fig. 5). Concomitantly, the complete
nhibition of the binding of full-length PLY to the mem-
rane was also accomplished with 400 nM of domain 4
PLY360–471) (Fig. 6). The requirement of a much
igher dose of domain 4 (PLY360–471) relative to the
ose of full-length PLY may be due to the presence of a
arge number of binding sites (membrane cholesterol).
t is highly plausible that even if most of the binding
ites have been occupied by domain 4 (PLY360–471)
dded first, the binding of any minute amount of full-
ength PLY to remaining binding sites may cause the

embrane lysis. Alternatively, there is a possibility
hat the affinity to membrane cholesterol is different
etween full-length PLY and domain 4 (PLY360–471),
ince the result of spot blot (Fig. 4B) shows a difference
o some extent in the ability to bind to solid phase
holesterol on TLC plate.

Domain 4 (PLY360–471) did not inhibit the binding
f full-length PLY apparently at the concentrations up
o 200 nM, whereas the hemolysis was inhibited at that
oncentration of domain 4 (PLY360–471). This finding
ay indicate that domain 4 which bound to cell mem-

rane interfere with the formation of the intact pores
hich are usually formed by full-length PLY as sug-
ested for the C-terminal fragment of PFO (21, 22).
PLY22–471 is one of the truncated toxins in which

1 amino acids, a part of domain 1, have been deleted
rom the N-terminus. The hemolytic activity of this
rotein was significantly reduced while the binding
bility to cell membrane and cholesterol was not (Table
and Fig. 4). One paper has also reported that the

roteolytic cleavage of 142 amino acids from the
43
-terminus resulted in the loss of the cytolytic activity
ut not the binding to liposome containing cholesterol
20). These data indicated that truncation of
-terminal peptides did not affect the binding of do-
ain 4 to cholesterol whereas it caused a significant

eduction in the hemolytic activity. Studies using X-ray
rystallography or monoclonal antibody specific to do-
ain 1 have suggested the important role of domain 1

or the oligomerization of monomeric toxin (12–14),
herefore, the observed reduction in the hemolytic ac-
ivity of PLY22–471 could be ascribed to the impaired
ligomerization after the binding to membrane. How-
ver, it cannot be ruled out that the deletion of only 21
mino acids caused some conformational change of do-
ain 1–3 because overall molecular structure is quite

omplicated due to the discontinuous folding of
olypeptides.
Thus, the present study clearly demonstrated that

he domain 4, which is approximately 1
4 the size of

ull-length PLY molecule, is capable of binding to the
embrane. The cholesterol binding ability and block-

ng effect have confirmed that domain 4 itself is essen-
ial for the binding of the entire molecule to be followed
y oligomerization and pore formation. Though the
ytolytic activity of PLY has been implicated in the
irulence expression of S. pneumoniae from the study
f in vivo virulence of mutants in ply encoding PLY, a
recise mechanism for the involvement of PLY in the
irulence remains to be determined (4). In addition to
he cytolytic activity, PLY is known to exert comple-
ent activation (23) or stimulation of immune system

t a sublytic concentration (24–27). The various mu-
ant proteins constructed in our study should be useful
or the further study of the biological function of PLY
ther than hemolytic activity.
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