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Recent work from several laboratories has demon-
strated that proteolytic mechanisms signi®cantly
contribute to the molecular interplay between
Streptococcus pyogenes, an important human patho-
gen, and its host. Here we describe the identi®cation,
puri®cation and characterization of a novel extra-
cellular cysteine proteinase produced by S.pyogenes.
This enzyme, designated IdeS for Immunoglobulin
G-degrading enzyme of S.pyogenes, is distinct from
the well-characterized streptococcal cysteine protein-
ase, SpeB, and cleaves human IgG in the hinge region
with a high degree of speci®city. Thus, other human
proteins, including immunoglobulins M, A, D and E,
are not degraded by IdeS. The enzyme ef®ciently
cleaves IgG antibodies bound to streptococcal surface
structures, thereby inhibiting the killing of S.pyogenes
by phagocytic cells. This and additional observations
on the distribution and expression of the ideS gene
indicate that IdeS represents a novel and signi®cant
bacterial virulence determinant, and a potential thera-
peutic target.
Keywords: cysteine proteinase/immunoglobulin/
Streptococcus pyogenes/virulence

Introduction

Streptococcus pyogenes is one of the most common and
signi®cant human bacterial pathogens. Streptococcal infec-
tions vary in severity from relatively mild diseases, like
impetigo and pharyngitis, to serious and life-threatening
conditions such as septicemia, necrotizing fascitis and
streptococcal toxic-shock syndrome (Bisno and Stevens,
1996; Cunningham, 2000). Clinically uncomplicated
S.pyogenes infections still cause substantial morbidity
and economic loss for society, and sequelae to skin and
throat infections include important and serious clinical
conditions such as acute rheumatic fever and post-
streptococcal glomerulonephritis.

Immunoglobulins are a central part of the adaptive
immune system that speci®cally recognize and mediate the
elimination of invading microorganisms. Ig consists of
antigen-recognizing Fab regions, linked through a ¯exible
hinge region with the constant Fc effector part. The Fc
region triggers the classical pathway of complement by
binding C1q. In addition, opsonizing immunoglobulin G
(IgG) antibodies bound to bacterial surface structures and

exposing their Fc region mediate contact with phagocytic
cells carrying receptors for IgGFc (FcgR) (Burton, 1985).

Streptococcus pyogenes expresses cell wall-anchored
surface proteins with the ability to interact with abundant
extracellular human proteins such as albumin, IgG, IgA,
®brinogen, ®bronectin and a2-macroglobulin (for a review
see Navarre and Schneewind, 1999). Many of these
protein±protein interactions are mediated by members of
the so-called M-protein family, proteins that contribute
to the virulence of the bacterium (Fischetti, 1989;
Cunningham, 2000). IgGFc-binding surface proteins are
common among Gram-positive bacteria (Forsgren and
SjoÈquist, 1966; BjoÈrck and Kronvall, 1984; Reis et al.,
1984; Heath and Cleary, 1987; Gomi et al., 1990). These
proteins have evolved convergently, suggesting that
IgGFc-binding adds selective advantages to the bacteria
(Frick et al., 1992). This view is supported by the ®nding
that repeated growth of S.pyogenes in human blood
increases the level of IgGFc-binding proteins (Raeder
and Boyle, 1993). Moreover, when bound to these surface
proteins, the interaction between IgG and complement
factor C1q is blocked, resulting in reduced surface
deposition of opsonic C3b (Berge et al., 1997). In contrast
to IgG bound to bacterial surface proteins via the Fc
region, speci®c IgG antibodies directed against surface
antigens expose their Fc region to Fcg receptors present on
phagocytes. Thus, S.pyogenes bacteria recognized by
speci®c IgG antibodies are rapidly eliminated from
human blood (Lance®eld, 1962).

The S.pyogenes cysteine proteinase, SpeB, was the
®rst cysteine proteinase isolated from a prokaryote
(Elliott, 1945), and several investigations have suggested
that SpeB might be an important virulence determinant.
SpeB has broad proteolytic activity and degrades a number
of different human proteins. In addition, the enzyme
activates interleukin-1b (Kapur et al., 1993a) and the
matrix metallo-proteinase MMP-2 (Burns et al., 1996), and
it releases active proin¯ammatory kinins from H-kinino-
gen (Herwald et al., 1996). A role in virulence has also
been suggested by in vivo experiments, as certain SpeB
mutant strains are signi®cantly less virulent in mice
compared with isogenic wild-type strains, and are also less
prone to disseminate than wild-type S.pyogenes
(Lukomski et al., 1997, 1998; Svensson et al., 2000).
However, contradictory results on the importance of SpeB
in severe infections have been reported (Ashbaugh et al.,
1998; Ashbaugh and Wessels, 2001), and the precise role
of SpeB remains elusive. Thus, patients with severe and
life-threatening S.pyogenes infections were reported to
have low antibody titers against SpeB (Holm et al., 1992),
suggesting that such antibodies are protective against
severe disease, whereas another study reported an inverse
correlation between disease severity and SpeB production
in vitro (Kansal et al., 2000).

IdeS, a novel streptococcal cysteine proteinase with
unique speci®city for immunoglobulin G
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The crystal structure of the 40 kDa precursor of SpeB
was recently determined, and revealed structural hom-
ology of SpeB to enzymes of the papain superfamily
(Kagawa et al., 2000). Papain has frequently been used to
cleave IgG in the ¯exible hinge region of the g-heavy chain
to generate Fab and Fc fragments. SpeB also cleaves IgG
in this region, but at a different site (Collin and OlseÂn,
2001a). In addition, SpeB modulates the amount of IgGFc-
binding surface proteins of S.pyogenes by cleaving and
releasing these proteins from the bacterial surface.
Released IgGFc-binding proteins in complex with IgG
have the ability to activate and consume complement at a
distance from the pathogen (Berge and BjoÈrck, 1995;
Berge et al., 1997).

The starting point for the present investigation was the
surprising observation that S.pyogenes, grown under
conditions repressing the production of SpeB, still
expressed proteolytic activity towards IgG. A previously
unknown secreted cysteine proteinase was found to be
responsible for this activity and was denoted IdeS
(Immunoglobulin G-degrading enzyme of S.pyogenes).
This novel and highly speci®c enzyme profoundly affects
the host±microbe relationship, and provides S.pyogenes
with means for dealing with speci®c opsonizing IgG
antibodies.

Results

Streptococcus pyogenes secretes an IgG-cleaving
enzyme distinct from SpeB, the classical
streptococcal cysteine proteinase
The proteolytic activity of extracellular enzymes of
S.pyogenes strain AP1 was analyzed by growing AP1
bacteria in Todd±Hewitt (TH) medium supplemented with
10% human plasma. Following growth to stationary phase,
bacteria were removed by centrifugation and the super-
natant was subjected to SDS±PAGE (all SDS±PAGE
experiments in this work were performed under reducing
conditions). The band pattern was compared with the
pattern of human plasma proteins that had not been
in contact with bacteria (Figure 1A). Interestingly, the
bacterial supernatant contained a protein band of ~31 kDa,
which was absent in the plasma control. The N-terminal
sequence of this protein was determined to be GPSVFLFP,
a sequence that corresponds to amino acids 237±244 of
human IgG1, and which is located in the hinge region of
the protein (Figure 1B). Recent work has shown that the
streptococcal cysteine proteinase, SpeB, cleaves IgG at
this site (Collin and OlseÂn, 2001a,b). However, most
strains of S.pyogenes, including AP1, do not express the
speB gene in TH medium (Elliott, 1945; J.C.Cooney and
L.BjoÈrck, unpublished data). Moreover, the proteolytic
activity of SpeB is ef®ciently blocked by the speci®c
cysteine proteinase inhibitor E64 (BjoÈrck et al., 1989), but
E64 did not inhibit the cleavage of IgG when added to the
AP1 growth medium (Figure 1C, lanes 2 and 3). In
addition, growth medium from the isogenic SpeB-de®cient
mutant strain AL1 (Collin and OlseÂn, 2001a) also
contained IgG-cleaving activity (Figure 1C, lane 4).
Taken together, these data demonstrate that SpeB is not
responsible for the cleavage of IgG in TH medium.

The streptococcal strain AP1 studied here expresses a
surface-associated C5a peptidase (Wexler et al., 1985),

and two IgGFc-binding proteins, H and M1 (AÊ kesson et al.,
1990, 1994). The genes encoding these surface proteins
are controlled by the transcriptional activator Mga
(Caparon and Scott, 1987), and BMJ71 is an isogenic
mutant of AP1, carrying a Tn916 insertion within the mga
gene (Kihlberg et al., 1995). The 31 kDa IgG cleavage
product is also generated in growth medium of BMJ71
(Figure 1C, lane 5), showing that the proteolytic activity is
not under Mga control.

Puri®cation and sequence characteristics of IdeS,
a novel proteinase of S.pyogenes
As the IgG-cleaving activity was found in the growth
medium of strain AP1, we fractionated culture medium
proteins after bacterial growth by adding increasing
amounts of ammonium sulfate (10±80%). These initial
experiments revealed that precipitates of 60±70% ammo-
nium sulfate contained most of the IgG-cleaving activity.
For puri®cation, the growth medium was fractionated with
50% ammonium sulfate, the resulting pellet was discarded
and the ammonium sulfate concentration in the super-
natant was adjusted to 70%. Proteins pelleted by this
second precipitation were subjected to ion-exchange
chromatography, and peak fractions were tested for
enzymatic activity. Maximum IgG-cleaving activity was
eluted at 0.1 M NaCl, and the corresponding fractions

Fig. 1. Cleavage of IgG in S.pyogenes growth medium. (A) Identi®ca-
tion of an extra protein band in the culture supernatant of S.pyogenes
grown in the presence of human plasma (see asterisk). Lane 1, 5%
human plasma in TH. Lane 2, AP1 bacteria grown in TH medium sup-
plemented with human plasma to 10%. Samples were separated on
12% SDS±PAGE and stained with Coomassie Blue. (B) The deter-
mined N-terminal amino acid sequence of the 31 kDa protein found in
bacterial culture supernatant is boxed. This sequence was identi®ed in
the hinge region of human IgG1 and the cleavage site is indicated by
an arrow. (C) Human polyclonal IgG was incubated with growth med-
ium (TH) alone (lane 1), with growth medium from strain AP1 lacking
(lane 2) or containing E64 (lane 3), with growth medium from the
speB-de®cient mutant strain AL1 (lane 4), or the mga mutant strain
BMJ71 (lane 5). IgG cleavage was analyzed by 12% SDS±PAGE, and
the gel was stained with Coomassie Blue. Molecular weight markers
are indicated.
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contained a major band of ~34 kDa as judged by
SDS±PAGE. This protein band was excised and subjected
to N-terminal sequence analysis. The sequence obtained,
DSFSANQEIRY, was used to search the Streptococcal
Genome Sequencing Project database (Ferretti et al.,
2001; Roe et al., 2001). A perfect match was found in an
open reading frame of 339 amino acids designated
SPy0861. The N-terminal sequence obtained corresponds
to amino acids 30±40 (Figure 2) and was preceded by a
potential signal sequence of 29 amino acids as predicted
by the SignalP algorithm (Nielsen et al., 1997). The
protein does not contain a cell wall attachment signal
(LPXTGX), a common feature of cell wall-anchored
proteins of S.pyogenes (Navarre and Schneewind, 1999;
Janulczyk and Rasmussen, 2001), and the predicted size of
the protein, without the potential signal sequence, is
34.9 kDa, which is in accordance with the size of the
puri®ed protein estimated by SDS±PAGE. Apart from the
putative signal sequence, the protein has an RGD motif at
amino acids 214±216 (Figure 2). This motif is important
for ligand recognition by integrins, and a variety of
bacterial and viral pathogens have been shown to bind to
host cell integrins (Isberg and Van Nhieu, 1994). The full-
length putative protein sequence was used in a similarity
search against the DDBJ/EMBL/GenBank database using
a BLASTp algorithm (Altschul et al., 1990). This search
revealed no similarities to any prokaryotic protein and a
weak similarity (24% identity in a region of 204 amino
acid residues) to human MAC-1 integrin a M precursor
(Arnaout et al., 1988). Owing to the absence of any
previously reported function, and based on the enzymatic
activity against human IgG, the protein was denoted IdeS,
as stated above.

To con®rm further that the identi®ed IdeS protein has
IgG-cleaving activity, the ideS gene was cloned in plasmid
pGEX-5X-3 (Amersham Pharmacia Biotech), and ex-
pressed in Escherichia coli. Partially puri®ed lysates were
incubated with IgG and analyzed by SDS±PAGE. Lysates
from E.coli carrying the ideS gene generated the 31 kDa
IgG-derived band, whereas extracts from cells carrying
only a plasmid control did not cleave IgG (data not
shown).

IdeS is a novel cysteine proteinase highly speci®c
for IgG
We noticed that the sequence of the IdeS protein contains a
single cysteine residue at position 94 (Figure 2). Despite
the lack of sequence homology to other cysteine
proteinases, IdeS also contains a histidine residue at
position 224. The distance between these two amino acids

is similar to the distance found in other cysteine
proteinases (Rawlings and Barrett, 1994). Thus, although
the enzymatic activity was not inhibited by the cysteine
proteinase inhibitor E64 (Figure 1C), sequence character-
istics indicated that IdeS could still represent a member of
the cysteine proteinase family. The peptide derivative Z-
LVG-CHN2, structurally based on the inhibitory reactive
site of cystatin C (Abrahamson et al., 1987), and carrying a
diazomethyl ketone group to inactivate the sulfhydryl
group of the catalytic cysteine (Green and Shaw, 1981),
has been shown previously to irreversibly bind to and
inhibit papain and SpeB (BjoÈrck et al., 1989). Moreover,
cysteine proteinases are also inactivated by iodoacetic acid
through an irreversible modi®cation of the catalytic
sulfhydryl group (Elliott, 1945). We therefore investigated
whether treatment with these speci®c inhibitors would
affect the enzymatic activity of IdeS. Analysis of IgG
incubated with IdeS alone (Figure 3, lanes A and B), or
with IdeS pre-incubated with inhibitors (lanes C±E),
revealed that Z-LVG-CHN2 and iodoacetic acid ef®ciently
inhibited the activity of IdeS (lanes C and D), whereas E64
had no effect on the enzyme (lane E). Equal amounts of
active SpeB were used as a control (lanes F±I). As
expected, Z-LVG-CHN2 and E64 ef®ciently inhibited the
activity of SpeB (lanes H and I). The activity, sequence
characteristics and inhibition pro®le of IdeS establish it as
a new member of the cysteine proteinase family. A
detailed characterization of the enzymatic properties of
IdeS will be published elsewhere.

Recently, the streptococcal cysteine proteinase SpeB
was shown to cleave the heavy chains of all classes of
human immunoglobulins: IgG, IgM, IgA, IgD and IgE
(Collin and OlseÂn, 2001b). In contrast, when human IgG,
IgM, IgA, IgD or IgE were incubated with puri®ed IdeS for
2 h at 37°C, only IgG was degraded (Figure 4A and B). We
also analyzed the activity of IdeS against the different
subclasses of IgG and found that all were susceptible to
IdeS digestion, although compared with the other sub-
classes IgG2 was less ef®ciently digested (data not
shown). The high speci®city of IdeS is further emphasized
by the observation that only the 31 kDa IgG-derived band
and no additional degradation products could be identi®ed
following incubation of human plasma with higher
concentrations of puri®ed IdeS (1 mg/ml) (Figure 4C).

Fig. 2. Schematic representation of the IdeS protein. The obtained N-
terminal sequence (amino acids 30±40), the putative signal sequence
(Ss) and an RGD motif (amino acids 214±216) are indicated. The
potential catalytic cysteine and histidine residues are designated Cys94
and His224, respectively.

Fig. 3. IdeS is a novel streptococcal cysteine proteinase. Puri®ed IdeS
or activated SpeB as a control, were separately pre-incubated with pro-
teinase inhibitors prior to incubation with IgG. Cleavage was analyzed
by 12% SDS±PAGE. (A) Untreated IdeS. (B±E) IdeS in 1% DMSO
(solvent for Z-LVG-CHN2) (B), iodoacetic acid (C), Z-LVG-CHN2 (D)
or E64 (E). (F) IgG. (G±I) Untreated SpeB (G), Z-LVG-CHN2 (H) or
E64 (I).
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Although it cannot be excluded that the enzyme has other
substrates, these data show that IdeS has a higher degree of
speci®city for IgG than previously described proteinases
with proteolytic activity towards immunoglobulins,
e.g. papain, pepsin (Porter, 1973) or SpeB (Collin and
OlseÂn, 2001b).

Distribution and expression of the ideS gene in
S.pyogenes strains
The distribution of ideS among S.pyogenes strains was
investigated by PCR analysis using primers designed to
amplify the internal coding region of ideS. We analyzed
chromosomal DNA preparations from 11 S.pyogenes
strains of nine different M serotypes, and were able to
amplify identical PCR fragments of the expected size from
all strains (Table I; data not shown). However, when
analyzing the cleavage of IgG during bacterial growth in
TH medium, only ®ve of the tested strains expressed the

IgG-degrading activity (AP1, KTL3, SF370, AP12 and
AP55), and among these strains KTL3 and SF370 showed
weak activity. Thus, although the ideS gene seems to be
present in all S.pyogenes isolates, the expressed enzyme
activity under the conditions used here is restricted to
some strains and varies even within the same M serotype
(Table I; U.von Pawel-Rammingen, B.P.Johansson and
L.BjoÈrck, in preparation). The secretion pattern of the IgG-
cleaving activity during growth of strain AP1 in TH
medium (i.e. no SpeB expression) was also investigated.
The peptide derivative Z-LVG-CHN2 irreversibly binds to
and inhibits IdeS activity at stoichiometric concentrations
(see Materials and methods; data not shown). Thus, the
molar amount inhibitor needed to inhibit IdeS activity
(>90%) is equal to the amount of active enzyme present in
the sample. Samples were taken from the growth medium
at different time points during bacterial growth, and tested
for enzymatic activity against IgG. IgG-degrading activity
started to appear in samples taken during early logarithmic
growth phase (enzyme concentration ~10 nM), and the
activity increased initially during logarithmic growth as
determined from the degree of IgG cleavage and the
amount of active enzyme present in the culture supernatant
(~20 nM). The enzymatic activity did not further increase
beyond OD600 ~0.4, but appeared to be persistent at a
constant level (~50 nM) (Figure 5).

Fc-mediated phagocytosis and killing of
S.pyogenes is inhibited by IdeS
Opsonizing IgG antibodies bound to surface antigens of
S.pyogenes will expose their Fc regions to complement
factor C1q and Fcg receptors of phagocytic cells, and
thereby facilitate phagocytosis and killing of the bacteria.
To test the hypothesis that IdeS, by proteolytic cleavage of
IgG, could interfere with this defense mechanism, AP1
bacteria were incubated with either human immune or
non-immune plasma. After incubation, bacteria were
washed and incubated with IdeS or with a buffer control
followed by another washing step to remove IdeS and
degradation products. Con¯uent RAW264.7 macrophage-
like cells or isolated human polymorphonuclear leuko-
cytes (PMNs) were infected with these bacteria at ~0.1±5

Table I. Distribution of the ideS gene and IdeS enzyme activity during S.pyogenes growth in TH medium supplemented with human IgG

Strain M-serotype Reference or source IgG cleavage (in the presence of E64) PCR product

SF370 1 Suvorov and Feretti (1996); Ferretti et al. (2001) (+) +
AP1 1 WHO Prague collectiona + +
AL1 1 speB mutant of AP1; Collin and OlseÂn (2001a) + n.d.b

BMJ71 1 mga mutant of AP1; Kihlberg et al. (1995) + n.d.
KTL3 1 Finnish institute for health (+) +
AP4 4 WHO Prague collection ± +
M5 5 sequencing in progessc ± +
AP6 6 WHO Prague collection ± +
AP12 12 WHO Prague collection + +
AP49 49 WHO Prague collection ± +
AP53 53 WHO Prague collection ± +
AP55 55 WHO Prague collection + +
AP57 57 WHO Prague collection ± +

aWHO Collaborating Center for Reference and Research on Streptococci, Institute of Hygiene and Epidemiology, Prague, Czech Republic.
bn.d., not determined.
cSanger Center in collaboration with Dr Michael Kehoe, University of Newcastle, UK.
+, indicates weak activity.

Fig. 4. IdeS is speci®c for IgG. (A and B) Human immunoglobulins of
different classes were separately incubated with IdeS, followed by
SDS±PAGE analysis. Only IgG was degraded by IdeS. All four IgG
subclasses are cleaved by IdeS, but IgG2 is more resistant to IdeS
cleavage (+). Results from different experiments have been combined.
(C) Samples of 5% human plasma in TH (lane 1) or 5% human plasma
in TH pre-incubated with IdeS (lane 2) were separated by 12%
SDS±PAGE. The asterisk indicates the 31 kDa IgG-derived band.
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bacteria/cell. Infections were synchronized by gentle
centrifugation and cells were lysed immediately to deter-
mine the number of c.f.u. at time zero. Incubations were
continued for various periods of time, after which cells
were lysed and the number of c.f.u. was determined. The
ratios of c.f.u. at time 30 min or 1 h, divided by the number
of c.f.u. at time zero were determined as survival factors,
and are shown in Figure 6. The relatively short incubation
time was chosen to minimize IgG-independent phago-
cytosis. While bacteria pre-incubated with non-immune
plasma survived contact with macrophage-like cells or
neutrophils, the number of living bacteria that had been
exposed to opsonizing immunoglobulins in immune
plasma, was signi®cantly reduced (P <0.03 or <0.05,
respectively). However, this effect was abolished when
bacteria carrying opsonizing IgG were treated with IdeS
prior to the incubation with phagocytes (Figure 6A and B).

AP1 bacteria express surface proteins that bind several
abundant human plasma proteins. As reported previously
(AÊ kesson et al., 1994; Frick et al., 1994), the major protein
bands eluted from AP1 bacteria following plasma incuba-
tion represent albumin, ®brinogen, and IgG heavy and
light chains. The same protein pattern was obtained
following absorption of non-immune or immune plasma,
and in both cases IgG was cleaved by IdeS, generating
IgGFc fragments, which, under the reducing conditions
used, gave rise to the 31 kDa band (Figure 6C). These Fc
fragments are associated with IgGFc-binding proteins,
interactions that ef®ciently block their capacity to bind

complementation factor C1q (Berge et al., 1997).
However, as shown in Figure 6A and B, IdeS protects
bacteria pre-incubated with plasma containing speci®c
IgG antibodies. These antibodies are bound to the
streptococcal surface via their antigen-binding Fab
regions, suggesting that cleavage of this IgG population
by IdeS will result in the removal of exposed Fc fragments
from the bacterial surface. These data demonstrate that
cleavage of IgG by IdeS can occur at the bacterial surface
and that IgG cleavage by IdeS increases the capacity of
S.pyogenes to evade phagocytic cells.

Fig. 6. IdeS cleaves IgG at the bacterial surface and confers resistance
against killing of S.pyogenes by phagocytes. (A) AP1 bacteria were
incubated with human non-immune or immune plasma, washed, and
incubated with or without IdeS. Bacteria were washed and added to
RAW264.7 macrophage-like cells. Bacteria were recovered either dir-
ectly after centrifugation (t0) or after 1 h (t60). The survival rate is
shown as number of c.f.u. at 1 h divided by the number of c.f.u. at time
zero. Bars indicate the mean values +SEM of at least three different
experiments. (B) Bacteria and neutrophils were mixed and incubated at
37°C for various periods of time. Samples were withdrawn and phago-
cytosis was stopped by putting samples on ice. The bacterial survival
rate is shown as number of c.f.u. at 30 min divided by the number of
c.f.u. at time zero. The ratio obtained with AP1 treated with non-im-
mune plasma was arbitrarily set to 100%. All other ratios are correlated
to this number. Bars indicate the mean values +SEM. (C) AP1 bacteria
were incubated with human non-immune or immune plasma, and incu-
bated with IdeS or buffer control. Plasma proteins bound to the bacter-
ial surface and released by boiling in SDS±PAGE sample buffer were
subjected to SDS±PAGE analysis. The 31 kDa IgG fragment is indi-
cated by an asterisk.

Fig. 5. IgG-cleaving activity generated during streptococcal growth.
(A) Strain AP1 was grown in TH medium; supernatant samples were
taken at indicated time points (arrows) and IdeS concentrations were
determined by adding increasing amounts of Z-LVG-CHN2. Bars indi-
cate the amount inhibitor required to inhibit >90% of enzyme activity.
(B) IgG-cleaving activity at different time points as shown by
SDS±PAGE.
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Discussion

Since the late 1980s, a worldwide increase of severe
S.pyogenes infections has attracted considerable attention
and concern (Stevens, 1995, 2000; Curtis, 1996). Despite
the fact that S.pyogenes continues to be exquisitely
susceptible to b-lactam antibiotics, these hyperacute and
toxic infections are still connected with high mortality.
Streptococcus pyogenes virulence is based on multiple
molecular host±microbe interactions, including several
proteolytic mechanisms. The pathogen not only produces
and secretes proteolytic enzymes, but also utilizes and
modulates host proteolytic cascades, such as the comple-
ment, coagulation and contact systems. In addition, during
infection, damaged host cells and tissues will leak
intracellular proteinases at the site of infection. As a
result, an intense in¯ammatory state is induced, which is
a typical feature of severe S.pyogenes infections
(Rasmussen and BjoÈrck, 2002).

Several investigations have suggested that the strepto-
coccal cysteine proteinase SpeB is a virulence determin-
ant, and SpeB was recently shown to cleave the hinge
region of IgG and to degrade the heavy chains of all
classes of human immunoglobulins (Collin and OlseÂn,
2001a,b). Therefore, the discovery of an additional
extracellular cysteine proteinase in S.pyogenes was unex-
pected. However, at least under laboratory conditions,
SpeB is not expressed until S.pyogenes reaches stationary
growth phase (Chaussee et al., 1997), which makes a
possible function of SpeB as an enzyme cleaving
opsonizing IgG antibodies questionable. Thus, it should
be important for such a proteinase to be present continu-
ously during infection. IdeS production starts during early
logarithmic growth and continues into late stationary
growth phase, which makes the enzyme more suitable to
remove opsonizing IgG from the bacterial surface.
However, the actions of IdeS and SpeB could well be
complementary. In fact, the identi®cation and character-
ization of IdeS might explain some previous and puzzling
observations concerning SpeB. IdeS is not affected by the
cysteine proteinase inhibitor E64, but is inhibited by a
synthetic peptide derivative (Z-LVG-CHN2) structurally
based on the proteinase-binding center of cystatin C, a
human cysteine proteinase inhibitor. Z-LVG-CHN2 and
E64 both irreversibly block the proteolytic activity of
SpeB, but only Z-LVG-CHN2 inhibited streptococcal
growth in vitro and in vivo (BjoÈrck et al., 1989).
However, the observation that IdeS is inhibited by
Z-LVG-CHN2 but not by E64 suggests that the previously
observed effect of Z-LVG-CHN2 on S.pyogenes growth
and virulence, could be due to interference with both SpeB
and IdeS.

In severe invasive S.pyogenes infections, strains of the
M1 serotype are the most common (Holm et al., 1992;
Musser et al., 1995), and the AP1 strain, which was the
most studied here and produced IdeS, is of this serotype.
Strains of serotypes M12 and M55, also producing
proteolytically active IdeS under the growth conditions
used, are phylogenetically closely related (Whatmore
et al., 1994), and represent clinically relevant strains
often connected with post-streptococcal glomerulonephri-
tis (Hartas and Sriprakash, 1999; Descheemaeker et al.,
2000). This correlation suggests a role for IdeS both during

acute infections and in aseptic sequelae following acute
S.pyogenes infections, a notion supported further by a
publication where S.pyogenes culture supernatant proteins
were analyzed by two-dimensional electrophoresis and
N-terminal sequencing (Lei et al., 2000). One of the
proteins analyzed, designated SP22, has an N-terminal
sequence identical to IdeS. Interestingly, sera from
patients with pharyngitis, acute rheumatic fever and
convalescent sera from a patient recovering from a toxic
and invasive S.pyogenes infection, all contained antibodies
reacting with SP22/IdeS (Lei et al., 2000). The enzymatic
activity in different bacterial culture supernatants varied
considerably also between different M1 strains, which
could re¯ect differences in ideS regulation among differ-
ent isolates. This could indicate other functions of IdeS,
perhaps as an integrin-binding protein, as suggested by Lei
et al. (2000).

IgG is the dominant Ig class, and IgGFc has important
functions in complement activation and phagocytosis.
Moreover, Fcg receptors are expressed by all immunol-
ogically active cells. Therefore, it seems logical that
S.pyogenes has evolved a speci®c IgG-cleaving enzyme,
and its speci®city underlines a potential role for IdeS in
preventing contact between S.pyogenes and phagocytes by
cleaving opsonizing IgG in the hinge region. Opsonizing
IgG antibodies bind to various S.pyogenes surface struc-
tures via the Fab regions. However, most S.pyogenes
strains express surface proteins of the M protein family
with af®nity for IgGFc. The AP1 strain studied here has
two such proteins, H and M1, which are structurally
closely related (Gomi et al., 1990; AÊ kesson et al., 1994;
Nilson et al., 1995). Large amounts of these IgGFc-
binding proteins are present at the bacterial surface, and
bind IgG with high af®nity (AÊ kesson et al., 1994; Frick
et al., 1994). As a result, AP1 bacteria surrounded by
plasma or in¯ammatory exudate are covered with IgG
bound to these proteins through the IgGFc-binding
proteins. This IgG population will be present in vast
amounts compared with antigen-speci®c IgG bound to the
bacterial surface via Fab. However, the data presented in
Figure 6 demonstrate that IdeS cleaves not only opsoniz-
ing antibodies, but also IgG bound to the surface via Fc.
Whether the Fc and Fab fragments released by IdeS
(Figure 7) have biological effects is unclear, but remains
an interesting possibility.

Fig. 7. Streptococcus pyogenes binds, accumulates and presents the
IgG substrate to IdeS. Arrows indicate the cleavage sites in IgG.
(a) Immune binding of IgG to S.pyogenes surface antigens. Fc (and
non-binding Fabs) is removed by IdeS to avoid interaction with Fcg
receptors of phagocytes. (b) M and M-like proteins bind IgG in the Fc
region, thereby inhibiting complement activation and binding to Fcg
receptors. IdeS cleaves in the hinge region to release Fabs.

U.von Pawel-Rammingen, B.P.Johansson and L.BjoÈ rck

1612



Streptococcus pyogenes has evolved a number of
different mechanisms to resist the human immune defense,
and M and M-like proteins play a key role in this context.
However, in the presence of opsonizing antibodies, the
bacteria appear remarkably defenseless. In this study we
show that the novel IgG-speci®c cysteine proteinase, IdeS,
has the ability to cleave opsonizing antibodies in the hinge
region, causing an increased resistance to killing by
phagocytes. Thus, with its unique proteolytic properties,
IdeS represents a novel virulence determinant and a
potential therapeutic target.

Materials and methods

Bacterial strains and growth conditions
Streptococcus pyogenes strains used in this study are listed in Table I.
Streptococci were routinely grown in TH broth (Difco) at 37°C in 5%
CO2. Strains BMJ71 and AL1 were grown in the presence of 10 mg/ml
tetracycline or 150 mg/ml kanamycin, respectively. In some cases,
bacteria were grown in the presence of the cysteine proteinase inhibitor
trans-epoxysuccinyl-L-leucylamido-(4-guanidino) butane (E64) (Sigma).

SDS±PAGE analysis and N-terminal sequence determination
Proteins of S.pyogenes growth media were precipitated with trichloro-
acetic acid (®nal concentration 5%), washed twice with 1 ml acetone, and
resuspended in sample buffer. Proteins were separated by 12%
SDS±PAGE (all SDS±PAGE experiments in this work were performed
under reducing conditions) and stained with Coomassie Blue. For
N-terminal amino acid sequence analysis, proteins were separated by
10% SDS±PAGE and blotted onto a PVDF membrane using 10 mM
CAPS buffer and 10% methanol. Proteins were visualized in 0.1%
Coomassie Blue R-250 and 50% methanol. After destaining in 50%
methanol, membranes were dried, and protein bands were cut out with a
scalpel and stored at ±20°C until sequencing. Sequencing was performed
at the Eurosequence Company (Groningen, The Netherlands).

Puri®cation of IdeS
IdeS was puri®ed by growing bacteria to an OD620 of ~0.4 and
fractionating the culture supernatant with 50% ammonium sulfate. The
resulting precipitate was discarded and ammonium sulfate was added to
the remaining supernatant to a ®nal concentration of 70%. The second
precipitate was resuspended in 1/100 of the starting volume with 20 mM
Tris±HCl pH 8.0, and dialyzed against the same buffer. The material was
further fractionated by FPLC on a Mono Q column (Pharmacia). Proteins
were eluted by a linear NaCl gradient, and a peak eluted at 0.1 M NaCl
was found to contain the IdeS activity. Corresponding fractions were
collected, analyzed by SDS±PAGE and stored at ±20°C until use.

IdeS activity assays
For standard IdeS activity assays, bacterial cultures were grown to an
OD620 of 0.4. Bacteria were pelleted by centrifugation and supernatants
were sterile-®ltered through a 0.22 mm membrane (Millipore) prior to use.
For screening of IdeS activity in different S.pyogenes strains, E64 was
added to a ®nal concentration of 40 mM. For activity assays, 25 ml of
supernatant were mixed with 5 ml of IgG (10 mg/ml, Sigma) and the
volume was adjusted with phosphate-buffered saline (PBS) to 100 ml. The
mixtures were incubated at 37°C for 30 min and samples were analyzed
by 12% SDS±PAGE. For cleavage assays of different classes of Ig,
puri®ed IdeS (0.3 mg/ml) was incubated with ~3 mg Ig for 2 h at 37°C, and
analyzed by 12% SDS±PAGE analysis. IgG and IgM were obtained from
Sigma; IgA, IgD, IgE and IgG1-4 were from ICN. To investigate cleavage
of human plasma proteins, IdeS (1 mg/ml) was incubated with 5% human
plasma diluted in PBS.

PCR analysis of genomic DNA for identi®cation of ideS
To analyze the presence of the ideS gene in different streptococcal
isolates, PCR template DNA was prepared by boiling S.pyogenes bacteria
for 5 min in sterile water. Cell debris was removed by centrifugation and
1 ml of the boiled lysate was used with PCR primers Ide1 (5¢-CGT-
TACTTCCGTTTGGATCCAAGG-3¢) and Ide2 (5¢-GAAATAGCTACT-
TCTCGAGCGGAATT-3¢). PCR products were analyzed by agarose
(1%) gel electrophoresis.

Recombinant expression of IdeS in E.coli
For PCR ampli®cation of ideS, template DNA was prepared by boiling
S.pyogenes bacteria (strain AP1) in sterile water. The cell debris was
removed by centrifugation and 5 ml of the boiled lysate was used with
PCR primers Ide5X (5¢-TCGGTAGATCGTGGGATCCTAGCAGAT-
AGT-3¢), creating a BamHI restriction site, and Ide3X (5¢-CGGAAT-
TCTTAATTGGTCTGATTCCAAC-3¢), creating an EcoRI restriction
site. A PCR fragment covering base pairs 79±1020 of the intact ideS gene
was generated, cleaved with restriction enzymes, and cloned into the
corresponding sites of plasmid pGEX-5X-3 (Amersham Pharmacia
Biotech). The resulting plasmid was transformed into E.coli strain
BL21(DE3) pLysS, according to standard protocols (Sambrook et al.,
1989). Protein expression was induced by addition of 0.1 mM isopropyl-
b-D-thiogalactopyranoside (IPTG) at an OD620 of ~0.2. Growth was
continued for 3 h, and lysates were prepared by freezing bacterial pellets
at ±70°C, followed by resuspension in PBS. Cell debris was removed by
centrifugation and 2 ml of supernatant was incubated with 5 ml of IgG
(10 mg/ml) in PBS, and separated by 12% SDS±PAGE for analysis of
recombinantly expressed IdeS.

Proteinase inhibition assays
Puri®ed IdeS (0.3 mg/ml) or activated SpeB (0.6 mg/ml, ~60% active)
(Berge and BjoÈrck, 1995) were incubated with either 20 mM iodoacetic
acid, Z-LVG-CHN2 (BjoÈrck et al., 1989) at 0.4 mg/ml in 1% dimethyl
sulfoxide (DMSO), or E64 (40 mM). The tubes were kept in the dark and
incubated for 30 min at room temperature. As controls, IdeS was also kept
in PBS or in 1% DMSO, the solvent for Z-LVG-CHN2. After 30 min, 5 ml
of 10 mg/ml IgG (Sigma) were added, and the volume was adjusted to
100 ml with PBS. Incubation was continued for 60 min at 37°C. The
reaction was stopped by the addition of SDS±PAGE sample buffer
and samples were analyzed by 12% SDS±PAGE. For quanti®cation,
increasing amounts of Z-LVG-CHN2 were incubated with IdeS at room
temperature for 30 min, before adding 10 ml of 5 mg/ml IgG. Z-LVG-
CHN2 completely inhibited cleavage of IgG at a molar ratio of
approximately 1:1 (data not shown). Thus, the stoichiometric inhibition
of IdeS by Z-LVG-CHN2 was used to determine the concentration of IdeS
in growth medium. Increasing amounts of the inhibitor (0.2±50 nM) were
added to medium samples, taken at different time points. After 15 min,
10 ml of 5 mg/ml IgG (Sigma) were added and incubation was continued
for 60 min at 37°C. Inhibition was determined by analysis of IgG
cleavage by 12% SDS±PAGE.

Preparation of human neutrophils
Human polymorphonuclear leukocytes were isolated from heparinized
blood using polymorphprepÔ (Nycomed Pharma, Norway) according to
the manufacturer's instructions. Brie¯y, whole blood was layered onto
polymorphprep medium and centrifuged in a Sigma table-top centrifuge,
at 400 g for 30 min. After centrifugation, the neutrophil layer was isolated
and washed in PBS. Residual erythrocytes were removed by hypotonic
lysis for 20 s. Neutrophils were collected by centrifugation, resuspended
in Na medium pH 7.3 (127 mM NaCl, 10.8 mM KCl, 2.4 mM KH2PO4,
1.6 mM MgSO4, 10 mM HEPES, 1.8 mM CaCl2 and 5.6 mM glucose),
and counted using a hemocytometer.

Cell culture, infection of eukaryotic cells and
bactericidal assays
The murine macrophage-like cell line RAW264.7 was cultured in RPMI
1640 medium (Life Technologies), supplemented with 10% fetal calf
serum and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin,
from ICN), at 5% CO2 with 100% relative humidity.

To study phagocytic killing, S.pyogenes strain AP1 was grown at 37°C
to an OD620 of ~0.4. AP1 bacteria were incubated with either immune or
non-immune plasma, washed and treated with IdeS or a buffer control, for
1 h at 37°C. Subsequently, bacteria were washed and resuspended in
antibiotic-free cell culture medium or Na medium, prior to infection.

Cell lines were carefully washed in antibiotic-free cell culture medium
and bacteria were added (0.1±1 bacteria/cell) to con¯uent RAW264.7
cells. Infections were synchronized by gentle centrifugation at 400 g for
3 min by incubation at 37°C. Ten minutes after infection, the cell cultures
were carefully washed in antibiotic-free medium to remove non-adherent
bacteria (time 0 h). Control cells were lysed in ice-cold lysis buffer (0.1%
Tween), remaining bacteria were diluted, and spread onto TH plates.
Parallel cell cultures were incubated at 37°C for 1 h. Subsequently,
growth media were removed, and cells were lysed and treated as
described above.

For PMN bactericidal assays, bacteria and neutrophils were incubated
at 37°C for 1 min, pelleted in an Eppendorf microcentrifuge (20 s), and
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further incubated at 37°C for 40 s. Subsequently, the bacteria/neutrophil
pellet was resuspended and incubated at 37°C. At various time points
samples were withdrawn and phagocytosis was stopped by putting
samples on ice. Cells were lysed in ice-cold lysis buffer (0.1% Tween),
remaining bacteria were diluted, and spread onto TH plates. For analysis
of bacterial, survival the number of surviving bacteria after 30 min
respectively 1 h, was divided by the number of c.f.u. present at time 0 h.
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Note added in proof

After the submission of this work, Lei et al. (2001) published a paper
describing the streptococcal protein Mac. Streptococcal protein Mac
shows homology to the a-subunit of the human b2-integrin Mac-1, and is
suggested to function through a process of molecular mimicry to inhibit
phagocytosis. Protein Mac is identical to IdeS, a ®nding that further
emphasizes the complexity of bacterial strategies to evade the human
immune system.
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