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To resolve apparent discrepancies in the literature, N-terminal sequences of the active high- and low-
molecular-weight (high- and low-Mr) forms of native streptolysin O (nSLO) purified from Streptococcus
pyogenes culture supernatants and of the similar-size high- and low-Mr forms of recombinant SLO (rSLO)
found in the periplasm of Escherichia coli expressing a cloned slo gene were determined. The high-Mr forms of
nSLO and rSLO are identical, reflecting removal of a 31-residue signal peptide, but the similar-size low-Mr
forms are very different. Removal of C-terminal sequences by proteases in the E. coli periplasm produces an
inactive low-Mr form of rSLO. In contrast, an active low-Mr form of nSLO is produced by proteolytic cleavage
between the N-terminal residues Lys-77 and Leu-78, which was shown to correspond to an extremely sensitive
cleavage site for the pyrogenic exotoxin B-derived streptococcal cysteine protease.

Streptolysin O (SLO) is secreted by all strains of group A
streptococci (Streptococcus pyogenes) and is one of the best-
studied members of the family of thiol-activated pore-forming
cytolysins, which are produced by at least 15 different species
of gram-positive bacteria (for reviews, see references 2 and 5).
Proteolytic cleavage of secreted SLO produces a predomi-
nantly low-molecular-weight (low-Mr) form of the toxin in S.
pyogenes culture supernatants. The intact (68,000-Mr) and
cleaved (57,000-Mr) toxins possess identical specific activities,
and most studies have employed purified preparations consist-
ing predominantly of the low-Mr form (4). A very short N-
terminal sequence of SLO was reported by Alouf et al. (3), and
three of the four reported residues were subsequently found to
correspond to residues 101, 103, and 104 of the SLO primary
sequence that was deduced from the gene sequence (12). Al-
though these data were limited, it was noted that an active
low-Mr form produced by cleavage between residues 100 and
101 of the deduced SLO sequence would be consistent with the
relative sizes of the high- and low-Mr forms of SLO and the
distribution of sequence homology between SLO and other
thiol-activated cytolysins (2, 12). Recombinant SLO (rSLO)
expressed in Escherichia coli is secreted to the periplasm,
where it is also cleaved to produce a predominantly low-Mr
form that is similar in size to the low-Mr form of the native
toxin (11). Thus, a combination of limited N-terminal sequence
data and circumstantial evidence has led to the assumption
that proteolytic cleavage at or close to residue 100 produces
similar, active low-Mr forms of both the native and the recom-
binant toxins.
Gerlach et al. (8) recently reported the N-terminal se-

quences of high- and low-Mr forms of SLO purified from Strep-
tococcus equisimilis (Lancefield group C) culture supernatants.
Although larger (Mr, 75,000 and 68,000) than the equivalent
forms of SLO produced by S. pyogenes, their N-terminal se-
quences correspond very closely to deduced S. pyogenes SLO
sequences (8, 12). However, the N terminus of the low-Mr form
of S. equisimilis SLO corresponds to residue 79, rather than
residue 101, of the deduced SLO sequence (8). This could
reflect a species difference in proteolytic cleavage of secreted
SLO or a discrepancy in published amino acid sequencing data.
In order to resolve this and explore the susceptibility of S.
pyogenes SLO to streptococcal proteases in more detail, we
determined the N-terminal sequences of the high- and low-Mr
forms of the native and recombinant toxins and examined the
effect of pyrogenic exotoxin B (SPE B) protease on rSLO.
Native SLO (nSLO) from culture supernatants of S. pyo-

genesRichards was purified by ammonium sulfate precipitation
and chromatography on Thiopropyl-Sepharose 6B (Pharmacia
Biotech Europe GmbH, Freiburg, Germany) essentially as de-
scribed by Alouf and Geoffroy (1), followed by further purifi-
cation by hydrophobic-interaction chromatography on Alkyl-
Superose (Pharmacia). Briefly, pooled fractions from the
Thiopropyl-Sepharose 6B column were mixed with an equal
volume of 2 M (NH4)2SO4 in 50 mM Na2PO4 (brought to pH
6.5 with NaOH), and the mixture was centrifuged at 10,000 3
g for 5 min before being applied to an Alkyl-Superose 10/10
fast protein liquid chromatography column (Pharmacia) that
had been equilibrated with buffer A, consisting of 1 M
(NH4)2SO4 in 50 mM Na2PO4 (pH 6.5). After the column was
washed with 6 ml of buffer A, SLO was eluted with a linear
28-ml gradient of buffer A to buffer B (50 mM NaH2PO4, pH
6.5) at a flow rate of 0.5 ml/min. Fractions (1 ml) containing
SLO were identified as described above, pooled, and stored at
2708C. rSLO was purified from the periplasm of E. coli LE392
containing plasmid pMK206 essentially as described previously
(16), with the exception that the harvested cells were resus-
pended directly in a lysis buffer (pH 8.0) consisting of 25 mM
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Tris-HCl, 50 mM NaCl, 1 M sucrose, 1 mM EDTA, 5 mM
dithiothreitol, 2 mM phenylmethylsulfonyl fluoride, 10 mM
benzamidine, and 200 mg of lysozyme per ml. The high- and
low-Mr forms of purified nSLO or rSLO were separated by
electrophoresis on sodium dodecyl sulfate–12.5% polyacryl-
amide gels (13), blotted onto Hyperbond membranes (Beck-
man Instruments UK Ltd., High Wicombe, United Kingdom),
and stained with Coomassie blue, essentially as described by
Findlay and Geisow (6). The desired bands were excised with
a razor blade, cut into small segments, and subjected to Edman
degradation on a Beckman model LF300 protein microse-
quencer.
The high-Mr forms of nSLO and rSLO. The high-Mr forms

of nSLO and rSLO were found to possess identical N-terminal
sequences, with the determined sequences corresponding to
residues 32 to 51 of the previously described SLO sequence
deduced from the gene sequence (12). Although 2 residues
shorter than the signal peptide that had been predicted from
the gene sequence (12), the N-terminal 31 residues of SLO
retain the characteristic features of a signal peptide, including
a consensus signal peptidase cleavage site (18). Thus, S. pyo-
genes SLO possesses a 31-residue signal peptide that is re-
moved during toxin translocation across the cytoplasmic mem-
branes of both S. pyogenes and E. coli. Further, the N-terminal
sequence of the high-Mr form of S. equisimilis SLO reported by
Gerlach et al. (8) is almost identical to that described here,
with the only differences being aspartic acid in place of glu-
tamic acid and asparagine in place of serine at positions 32 and
40, respectively, of the S. pyogenes SLO sequence. These data
show that cleavage of SLO by signal peptidase during secretion
occurs at identical positions in S. pyogenes, S. equisimilis, and E.
coli expressing the recombinant toxin.
The low-Mr forms of nSLO and rSLO. The N-terminal se-

quence of the low-Mr form of nSLO was determined to be
Leu-Ala-Pro-Lys-Glu-Met-Pro-Leu-Glu-Ser-Ala-Glu-Lys,
which corresponds to residues 78 to 90 in the deduced S.
pyogenes SLO sequence (12). This is completely distinct from
the short N-terminal sequence of S. pyogenes SLO reported
previously (3). These results define the N-terminal end of the
low-Mr form of SLO that has been employed in most studies
and demonstrate that SLO is subject to very similar, though
not identical, proteolytic cleavage events in S. pyogenes and S.
equisimilis culture supernatants. In S. pyogenes, the low-Mr
form of secreted SLO is produced by cleavage between Lys-77
and Leu-78, whereas in S. equisimilis this cleavage event occurs
between Leu-78 and Ala-79 (8). Surprisingly, the N-terminal
sequence of the low-Mr form of rSLO purified from the
periplasm of E. coli was found to be identical to that of the
high-Mr form, indicating that proteases in the E. coli periplasm
remove a fragment from the C-terminal, rather than from the
N-terminal, end of SLO. Thus, the previous assumption that
similar low-Mr forms of SLO are produced in S. pyogenes
culture supernatants and in the periplasm of E. coli was mis-
taken, and the similarity in the sizes of these products is purely
coincidental.
The difference in the sizes of the high- and low-Mr forms of

rSLO suggested that at least 50 residues are missing from the
C-terminal end of the low-Mr form. Such a deletion would
remove sequences that studies of various thiol-activated toxins
have suggested to be functionally important (14–17), and this
was difficult to reconcile with previous assumptions that the
low-Mr form of rSLO is active (2, 12). To examine this more
directly, attempts to separate the high- and low-Mr forms of
rSLO were made. Unlike the low-Mr form of nSLO, it was
found that the low-Mr form of rSLO did not bind to Alkyl-
Superose, permitting its effective separation from the high-Mr

form (Fig. 1). The cytolytic activity of rSLO was found to be
associated exclusively with the high-Mr form, which has a spe-
cific activity identical to that of the native toxin (800,000 he-
molytic units/mg).
Cleavage of SLO by streptococcal cysteine protease. The

majority of S. pyogenes strains (and possibly all) secrete SPE B
(Mr, 40,000), which undergoes autoproteolytic cleavage subse-
quent to secretion to produce a 27,500-Mr streptococcal cys-
teine protease (7). Production of SPE B by S. pyogenes is
optimal at pH 6.0 and negligible above pH 7.0 (9). It has been
well documented that SLO activity in S. pyogenes culture su-
pernatants is rapidly lost if the pH drops below 6.8 (2), sug-
gesting that SLO may be degraded by the SPE B protease. To
test this, the SPE B protease was purified as described previ-
ously (10), and various concentrations of the purified protease
were incubated with rSLO (Fig. 2). Preliminary experiments
showed that at SPE B protease/rSLO molar ratios of .1:5, the
highly purified protease degrades both the high- and the
low-Mr forms of rSLO and completely abolishes cytolytic ac-
tivity (Fig. 2A). To examine the susceptibility of SLO to the
SPE B protease in more detail, various concentrations of the
protease were incubated with rSLO, and the reaction products
were analyzed by gel electrophoresis and hemolysis assays at
different intervals. Figure 2B shows the results of one of these
experiments. After 20 min of incubation at 378C, the loss of
hemolytic activity paralleled the protease concentration at pro-
tease/SLO molar ratios between 2:1 and 1:10 (Fig. 2B). How-
ever, at lower protease/SLO molar ratios, no loss of hemolytic
activity was observed, even though at molar ratios as low as
1:100 much of the original high- and low-Mr rSLO had clearly
been cleaved by the protease. It is apparent from Fig. 2B that
low concentrations of the SPE B protease rapidly reduce the
high-Mr form of rSLO to a 61,000-Mr product and reduce the
low-Mr form of rSLO to a 49,500-Mr product.
This retention of cytolytic activity and the similar reduction

in the sizes of the high- and low-Mr forms of rSLO after
incubation with very low concentrations of SPE B protease
suggested strongly that there is a particularly sensitive SPE B
protease cleavage site in the common N-terminal ends of these
molecules. This was confirmed by N-terminal amino acid se-
quencing of the 61,000- and 49,500-Mr cleavage products (Fig.
2B). Furthermore, the N-terminal sequences of these products
were found to be identical to the N-terminal sequence of the
active low-Mr form of SLO that was purified from S. pyogenes
culture supernatants.

FIG. 1. Separated high-Mr (lane 1) and low-Mr (lane 3) forms of rSLO. The
purified rSLO prior to separation of the high- and low-Mr forms by hydrophobic-
interaction chromatography is also shown (lane 2).
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FIG. 2. Cleavage of rSLO by the SPE B-derived streptococcal cysteine protease. In each panel, the cytolytic activity remaining after various stages of protease
digestion (top) and the polypeptides observed on sodium dodecyl sulfate–10% (wt/vol) polyacrylamide gel electrophoresis (bottom) are shown. Molecular size standards
(lanes MW) and rSLO that has not been incubated with the protease (lanes rSLO) are indicated. (A) SLO incubated for the various times indicated with purified SPE
B protease at a protease/SLO molar ratio of 1:5. (B) SLO incubated for 20 min with the SPE B protease (SCP) at the various molar ratios indicated. The cleavage
products resulting from cleavage of the high- and low-Mr forms of rSLO at the extremely sensitive SPE B protease cleavage site between Lys-77 and Leu-78 (arrows)
and the determined N-terminal sequence of these products are indicated on the right. The faint band which can be seen in all lanes just below the low-Mr form of
uncleaved rSLO was shown by sequencing to be a contaminating E. coli periplasmic ribose-binding protein. An active protease digestion product with an N terminus
corresponding to residue 101 of SLO was not identified.
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The studies reported here demonstrate that the N-terminal
end of SLO contains a site that is extremely sensitive to cleav-
age by SPE B protease but that cleavage at this site has no
apparent effect on specific cytolytic activity. This provides a
likely explanation for the origin of the active low-Mr form of
SLO found in S. pyogenes culture supernatants and confirms
that the N-terminal 46 residues of intact, secreted SLO are not
required for activity, whereas the C-terminal region of SLO
appears to be essential. Further studies will be required to
define more precisely the extent of the apparently redundant
sequences at the N-terminal end of SLO. It is interesting,
however, that very similar N-terminal sequences (only one
residue difference) are removed to produce the active low-Mr
forms of SLO in S. pyogenes and S. equisimilis culture super-
natants. SPE B has not been detected in culture supernatants
of group C streptococci, and hybridization or PCR experiments
with speB gene probes have failed to detect a gene for the
protease precursor among a wide range of group C strains
tested (10a). This suggests that the very rapid removal of very
similar N-terminal fragments from secreted SLO results from
the action of distinct proteases in S. pyogenes and S. equisimilis
culture supernatants. This could be coincidental, but it raises
the possibility that removal of the N-terminal 46 or 47 residues
of secreted SLO might have a currently unrecognized biolog-
ical significance. However, further studies will be required to
address this question.
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