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Murine monoclonal antibodies were generated against streptolysin 0. One out of 10 tested immunoglobulin
clones exhibited strong neutralizing activity; in solution, the presence of approximately two to four antibody
molecules per toxin monomer effected 50% neutralization of hemolytic toxin activity. An enzyme-linked
immunosorbent assay performed with target cell membranes that were treated with streptolysin 0 in the
presence and absence of neutralizing antibodies showed that the antibodies did not block primary binding of
the toxin to the cells. When membranes were solubilized in deoxycholate detergent and centrifuged in sucrose
density gradients, those lysed with streptolysin 0 contained detergent-resistant, high-molecular-weight
oligomers identical to the pore lesions, whereas those given toxin and neutralizing antibody contained the toxin
exclusively in low-molecular-weight, nonoligomerized form. The process of pore formation by streptolysin 0
must thus involve two distinct steps, i.e., the primary binding of toxin molecules to the membrane followed by
oligomerization of bound toxin monomers by lateral aggregation in the lipid bilayer to form the transmembrane
pores.

Streptolysin 0 (SLO) is the prototype of a large group of
bacterial cytolysins that have been denoted sulfhydryl-
activated toxins (1, 3, 28). These proteins bind to choles-
terol-containing target membranes and irreversibly damage
bilayers of erythrocytes and nucleated mammalian cells.
Several of these toxins have been shown to generate circular
and semicircular "lesions" that can be visualized by elec-
tron microscopy (4, 13, 14, 16, 25, 28, 29).

In the course of our studies on the mode of membrane
damage by SLO, we have recently demonstrated that the
ultrastructural lesions represent noncovalently bonded toxin
oligomers that can be isolated in delipidated form in deoxy-
cholate detergent solution and reincorporated into artificial
bilayers of phosphatidylcholine (11). Negative staining and
freeze-etch electron microscopy were used to show that
these toxin oligomers most probably are embedded in the
target bilayer and generate true transmembrane pores, which
we believe represent the primary toxin lesion in erythrocyte
membranes. This concept stands in agreement with func-
tional data on the toxin lesion (12, 15). Cholesterol mole-
cules, although required for initial binding of the toxin to the
cells, do not appear to significantly contribute to the forma-
tion of the pore structures (11). It seemed probable that
other, if not all, sulfhydryl-activated toxins damage target
membranes via a similar mode of action. In another study,
morphologically identical lesions composed of alpha-
listeriolysin oligomers were isolated and shown to be immu-
nologically related to SLO (26).
The mode of membrane damage by sulfhydryl-activated

toxins fits into the general concept of transmembrane pore
formation through hydrophilic-amphiphilic transitions of
protein molecules accompanying their oligomerisation on
and in a membrane (9). Other proteins that damage bilayers
via this process include staphylococcal alpha-toxin (6, 18),
the terminal C5b-9 complement complex (7, 9), and cytolytic
proteins of T lymphocytes (20). In view of the widespread
occurrence of pore-forming proteins, it is of general interest
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to analyze the process of transmembrane pore formation in
the available models.

Basically, there are two ways in which pore-forming
oligomers might be generated. First, initial binding of one
protein molecule to the membrane could lead to a
conformational change that exposes a binding site for a
second protomer, etc. In this case, binding of the first
molecule would trigger the binding of the next protomers
within a given pore. There is good evidence that such a
mechanism is operative in the formation of the complement
pore (8-10, 27). In the case of oligomeric bacterial
cytolysins, studies conducted with both staphylococcal al-
pha-toxin and SLO indicate that a second mode of pore
formation may dominate, i.e., the initial binding of mono-
mers to the membrane, followed by lateral aggregation and,
thereafter, oligomerization in the bilayer. Thus, some evi-
dence exists that high levels of Ca2 + can inhibit pore
formation by alpha-toxin (2, 19, 24), and it has been sug-
gested that this is due to inhibition of the hexamerization
process in the membrane (19) (however, this contention is
not supported by data obtained with black lipid membranes
[24]). In the case of SLO, it has been reported that nonlytic
binding of toxin occurs at 0°C, and that erythrocytes treated
with toxin at 0°C will subsequently lyse if warmed to 37°C
(summarized in reference 1). These experiments are sugges-
tive, but they were conducted at a time when methods for
quantifying and characterizing cell-bound toxin were not
available. As will be reported in this paper, it is also not
possible to avoid hemolysis at 0°C at higher toxin doses.
For these reasons, we sought another approach that would

permit clear dissection of the pore-forming process by SLO.
With the use of a monoclonal antibody, we demonstrate that
this toxin first binds in monomer form to erythrocyte targets.
Oligomerization follows in a second step, which can be
selectively inhibited by the monoclonal antibody. The re-
sults establish that pore formation by SLO, although phe-
nomenologically similar to that elicited by complement,
follows a distinct and different pattern of events.
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MATERIALS AND METHODS

SLO was generally used in partially purified form, ob-
tained by polyethylene glycol precipitation of concentrated
culture supernatants of Streptococcus sp. strain Richards
and one passage through a DEAE-column at pH 7 (5). The
toxin preparations were concentrated to yield solutions with
hemolytic activities of 25,000 to 100,000 hemolytic units
(HU) per ml, corresponding to toxin protein concentrations
of 30 to 120 jig/ml. Titrations for hemolytic activities were
performed as described previously (5) at 0 or 37°C.
The membrane form of SLO was isolated from target

erythrocytes as described previously (11). Toxin solutions
recovered from sucrose density gradients were chromato-
graphed over Sephadex G-25 (commercially available PD 10
columns; Pharmacia Fine Chemicals, Uppsala, Sweden) to
remove detergent and sucrose and concentrated to approx-
imately 0.2 mg/ml. The toxin thus obtained was used to
immunize mice for the production of monoclonal antibodies.
Production of monoclonal antibodies. BALB/c,

C57BL/6Han, and the F1 hybrids of these mouse strains
were obtained from the Zentralinstitut fur Versuchstiere,
Hannover, Federal Republic of Germany. The immunization
procedure followed a published schedule (30). For primary
immunization, antigen was admixed with Freund complete
adjuvant and injected into both hind footpads and subcuta-
neously at different sites of the ventral surface. They were
boostered 3 to 5 weeks later with subcutaneous injections of
the antigen in incomplete Freund adjuvant. Final immuniza-
tions were performed approximately 4 weeks later with the
antigen applied without adjuvant intraperitoneally and intra-
venously 4, 3, and 2 days before fusion of the cells.
The myeloma cell line X63-Ag 8.6.5.3. was chosen as the

fusing partner for the spleen lymphoid cells. These myeloma
cells were cultured in RPMI 1640 medium supplemented
with 10% fetal calf serum, 2 mM glutamine, 100 U of
penicillin per ml, and 100 ,ug of streptomycin per ml (all from
Biochrom, Berlin, Federal Republic of Germany). The my-
eloma cells and the spleen cells from immunized mice were
fused in the conventional manner (21, 22) with a 50% PEG
4000 solution (E. Merck AG, Darmstadt, Federal Republic
of Germany) as the fusing agent. Fused cells were diluted in
culture medium containing 1 ,uM hypoxanthine, 0.4 ,uM
aminopterin, and 16 ,uM thymidine and distributed into 4 by
96-well Nunc trays (Nunc, Wiesbaden, Federal Republic of
Germany). Hybrid cultures producing specific antibodies
were cloned thrice by limiting dilution (23). Large-scale
production of monoclonal antibodies was carried out in
culture plates of 14-cm diameter. Samples of approximately
1 liter of culture supernatants were concentrated 10-fold
(Amicon concentration chamber), and the immunoglobulins
were precipitated by the addition of sodium sulfate (18%
final concentration). Final purification of the antibodies was
achieved with the use of protein A affinity chromatography
(17). The purity of the immunoglobulin preparations was
checked by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, and the antibodies were concentrated to final
preparations containing 0.5 to 2.0 mg of protein per ml.

Neutralization tests. Initial experiments showed that un-
fractionated cell culture supernatants containing fetal calf
serum exhibited spontaneous toxin-neutralizing properties
due to the presence of serum proteins, probably lipo-
proteins. Therefore, it was essential to use purified immu-
noglobulin G (IgG) preparations in all neutralization tests.
Samples (50 ,ul) of antibody solutions containing 0.5 to 1 mg
of protein per ml were doubly diluted in microtiter plates or

Eppendorf tubes and incubated with 50 ,ul of SLO (20 ng of
toxin) for 30 min at 22°C. SLO preparations were passed
over a PD 10 column (Pharmacia) to remove dithiothreitol.
To each tube was added 50 ,ul of 2.5% rabbit erythrocytes,
and hemolysis was read after incubation for 60 min at 37°C.

Similar neutralization tests were performed with unfrac-
tionated culture supernatants of Listeria ivanovii and with
supernatants of Bacillus cereus containing 4 to 8 HU of the
respective toxins per ml.
ELISA for membrane-bound SLO. For the enzyme-linked

immunosorbent assay (ELISA), 1 ml of a 10% suspension of
rabbit erythrocytes in saline was incubated with 10 ,ul of
SLO (32,000 to 64,000 HU/ml) in Eppendorf tubes for 30 min
at 37°C, centrifuged, and washed thrice in 5 mM phosphate
(pH 8), and the membrane pellets were suspended in 1 ml of
saline containing 2% bovine serum albumin. Purified mono-
clonal antibodies were then added to a final concentration of
20 ,ug/ml. After 60 min at 37°C the membranes were washed
thrice and suspended in saline-bovine serum albumin, and
alkaline phosphatase-conjugated rabbit anti-mouse immuno-
globulins (Dakopatts immunoglobulins, Copenhagen, Den-
mark) were added at final dilution of 1:1,000. After 60 min at
37°C the membranes were washed thrice and suspended in 1
ml of substrate solution (1 mg of p-nitrophenylphosphate
dissolved in 1 ml of diethanolamine, pH 9.8). The reaction
was stopped with 3 N NaOH after 20 min, and the absor-
bance was read at 405 nm.

Neutralization experiments were performed by preincu-
bating the toxin with the monoclonal antibody for 10 min at
37°C, after which the erthrocytes were added. No hemolysis
ensued under these conditions. The erthrocytes were subse-
quently washed twice, lysed with 5 mM phosphate (pH 8),
and washed thrice in this buffer. The ELISA for membrane-
bound SLO was then performed as described above.

Characterization of membrane-bound SLO. Erythrocyte
membranes that had been treated with SLO in the presence
or absence of neutralizing antibody were washed thrice in
saline and thrice in 5 mM phosphate (pH 8). They were
solubilized with 10% deoxycholate and centrifuged through
sucrose density gradients containing 6.25 mM detergent as
described previously (11). Ten equal fractions were collected
and subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis with Western blotting. The immunoblots
were developed with polyclonal rabbit anti-SLO antibodies
as described previously (11).

RESULTS

Lysis of rabbit erythrocytes by SLO at 0 and 37°C. When a
toxin solution was assessed for hemolytic activity at 0 and
37°C, titers at 0°C were approximately 2% of those obtained
at 37°C. When erythrocytes were incubated with subcyto-
lytic toxin doses at 0°C (e.g., with 32 HU/ml) and the
supernatants were retested for hemolytic activity at 37°C, no
toxin activity could be found. This indirectly indicated that
toxin had bound to but not lysed the cells. When erythro-
cytes receiving 8 to 32 HU of toxin per ml at 0°C were
washed at 4°C and suspended in saline at 37°C, these cells
lysed. These results confirmed earlier reports that SLO can
bind to target erythrocytes at low termperature without
inducing hemolysis, and that functional toxin lesions become
apparent when such cells are warmed to 37°C (1). However,
hemolytic activity is not totally abolished at 0°C. The present
results also do not relate the observed functionality to a
defined molecular form of membrane-bound toxin mole-
cules. Even at 0°C, erythrocytes tolerated only rather low
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FIG. 1. Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis with Western blots of SLO probed with four monoclonal-
antibodies (clone designations given at top of respective lanes).
Three of the four antibody clones stained the sodium dodecyl
sulfate-denatured protein.

cated that the binding sites on SLO for the neutralizing
monoclonal antibody were not concealed on lytic toxin
oligomers.

Neutralizing monoclonal antibody inhibits formation of
SLO oligomers on the membrane. Cell membranes receiving
lytic doses of SLO in the presence and absence of the
protective antibody were washed, solubilized in detergent,
and centrifuged through sucrose density gradients. Western
blotting of the harvested fractions revealed the presence of
high-molecular-weight toxin oligomers in the positive con-
trols (Fig. 4A) (11). As anticipated from the results of Fig. 3,
toxin was also readily detected in solubilized membranes
that had been protected by the monoclonal antibody. How-
ever, the toxin molecules recovered in this experiment
sedimented exclusively to low-molecular-weight regions cor-
responding to approximately 8S, presumably as dimeric
antigen-antibody complexes (Fig. 4B). Hence, the observed
neutralization of bound toxin was directly correlated to the
absence of oligomer formation in the membrane. When
membranes were lysed in the presence of nonneutralizing
antibody 5-1B, oligomers were again observed (data not
shown).

DISCUSSION
Several basic conclusions may be drawn from these stud-

ies. First, the membrane-damaging function of SLO (1, 3, 5,
28) has clearly been shown to be related to the process of
oligomer formation in the membrane. This conclusion is
based on the observation that monoclonal antibody clone
2-5B totally inhibits hemolysis without detectably affecting

toxin levels. The amount of nonlytic, membrane-bound toxin
was too low to permit subsequent detection with the pres-
ently available methods.
Monoclonal antibodies to SLO. Ten monoclonal antibodies

were generated against the nontoxic, membrane-bound form
of SLO. Only four clones stained the SDS-denatured protein
in Western blots (Fig. 1). Only one antibody clone was found
to exhibit neutralizing properties, and the neutralizing ca-
pacity of these antibodies was approximated by titration
(Fig. 2). We found that approximately 2.5 ,ug of purified IgG
effected 50% neutralization of 0.4 ,ig of SLO. From the
known molecular weight of SLO (69,000 [5]), the antibody
toxin ratio required for 50% neutralization under the given
experimental conditions was thus in the order of 2:1 to 4: 1.
None of the tested monoclonal antibodies cross-reacted

with alpha-listeriolysin or cereolysin in Western blotting or
neutralized these toxins in the functional assay.

Neutralizing antibody does not inhibit SLO binding to
erythrocytes. Neutralization by the monoclonal antibody
could be due either to inhibition of toxin binding to the cells
or to inhibition of pore formation by bound toxin molecules.
An ELISA system for quantitation of membrane-bound
toxin was utilized to differentiate between these possibilities.

In the positive control experiment, cells were first lysed
with toxin, washed, and incubated with monoclonal antibod-
ies, and the amount of bound monoclonal antibody was
estimated by incubation of the membranes with phospha-
tase-conjugated second antibodies and measurement of sub-
strate formation. In parallel, cells were treated with SLO in
the presence of the same monoclonal antibody and proc-
essed similarly. Similar absorbance values were registered
irrespective of the monoclonal antibody used (Fig. 3). Thus,
the monoclonal antibody 2-5B, although it entirely inhibited
hemolysis in the depicted experiment, did not prevent bind-
ing of the toxin to the erythrocytes. The results also indi-
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FIG. 2. Neutralization of SLO-hemolytic activity by monoclonal
antibody clone 2-SB. Samples (50 ,ul) of a purified IgG preparation
were doubly diluted, and then 20 ng of SLO (0.4 jig/ml) was added
to each probe. After preincubation with the antibodies for 30 min,
erythrocytes were added, and the ensuing lysis was recorded. The
reciprocal values of percent hemolysis were taken as percent
neutralization. The lower panel shows a microtiter neutralization
assay performed in parallel with two other, nonneutralizing mono-
clonal antibodies.
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primary binding of toxin molecules to the membrane. How-
ever, all bound toxin is present in nonoligomerized form.
This finding provides direct support for the previously
advanced concept that SLO-induced membrane damage is
mediated through formation of toxin oligomers in the
bilayer, presumably because these oligomers generate
transmembrane pores. Whether the antibody directly inter-
acts with oligomerizing surfaces, or whether it acts more
indirectly by sterically hindering the apposition of toxin
molecules, cannot be answered at present. However, the
fact that the antibody binds to both oligomerized and
nonoligomerized, membrane-bound toxin tends to speak for
the latter case. It is of interest that the epitope reacting with
this (and other tested) monoclonal antibody is not present on
alpha-listeriolysin and cereolysin, despite the fact that alpha-
listeriolysin pores are micromorphologically indistinguish-
able from SLO oligomers (26).
Another point of interest relates to the mode of oligomer

formation by SLO and, by inference, by other bacterial
cytolysins that act similarly. Since toxin binding precedes
oligomerization, the latter process must be due to lateral
aggregation of toxin molecules in the membrane and not to
direct interaction of toxin monomers in the water phase with
membrane-bound primers. Monoclonal antibody 2-5B obvi-
ously inhibits the process of toxin aggregation. In this
respect, pore formation by SLO differs basically from that
induced by C9 (8, 10, 27). We also confirmed that toxin
binding can be dissociated from pore formation at low
temperature if toxin doses are limited. Lysis does ensue
when toxin levels exceed a critical threshhold corresponding
to approximately 50 to 100 HU/ml. If we consider that 1 HU
corresponds to approximately 100 molecules of SLO per cell
(5), we arrive at a rough estimate of approximately 5,000
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FIG. 3. ELISA for membrane-bound SLO with monoclonal an-
tibodies. Erythrocytes were lysed with SLO, and the washed
membranes were incubated with three monoclonal antibodies (clone
designations in figure; black columns). Alternatively, toxin was
preincubated with the antibodies at exactly the same concentra-
tions, and erythrocytes were added thereafter (white columns).
Preincubation of toxin with antibody clone 2-SB totally inhibited
hemolysis under the given experimental conditions, whereas no
neutralization occurred with clones 2-12G and 5-1B. When the
ELISAs were developed with enzyme-labeled second antibodies,
cell membranes protected by antibody clone 2-5B carried similar
amounts of toxin compared to those first lysed with toxin. Non-
neutralizing antibodies did not inhibit toxin binding to cells. C
indicates the control, which was hypotonically lysed membranes
probed with antibody clone 2-5B. A405nm, Absorbancy at 405 nm.
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FIG. 4. Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis with Western blotting of sucrose density gradient fractions of
deoxycholate-solubilized membrane samples. Membrane samples
(0.3 ml) were applied to each 5-ml gradient. A, Positive control
sample of membranes lysed with SLO in the absence of neutralizing
antibody; B, SLO preincubated with antibody clone 2-SB to neu-
tralize hemolytic activity and incubated with erythrocytes. Blots
were probed with polyclonal rabbit antibodies to SLO. Arrows
indicate SLO bands (5, 11). Higher-molecular-weight bands repre-
sent nonspecific background staining of erythrocyte emebrane pro-
teins, primarily the spectrins and band 3 protein. Note the presence
of SLO on membranes protected by the monoclonal antibody
exclusively in the low-molecular-weight, -8S form. In contrast,
membranes that had been lysed with the toxin presented the
high-molecular-weight oligomeric structures (11). The direction of
sedimentation and approximate s20m, values are indicated.

toxin molecules that may be bound at 0°C without causing
lysis. At high toxin levels, erythrocytes will also lyse at 0°C,
and toxin oligomers become detectable (data not shown).
Hence, collision, oligomerization, and membrane insertion
of SLO can basically take place at low temperature.

In closing, it should be noted that since SLO is known to
bind to cholesterol molecules (1, 3, 26a, 28), labeled com-
plexes of the toxin with the neutralizing antibody could
emerge as a very useful tool to probe the distribution,
orientation, and mobility of cholesterol molecules in biolog-
ical membranes.
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