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Pathogenic bacteria have developed complex and diverse virulence
mechanisms that weaken or disable the host immune defense
system. IdeS (IgG-degrading enzyme of Streptococcus pyogenes) is
a secreted cysteine endopeptidase from the human pathogen S.
pyogenes with an extraordinarily high degree of substrate speci-
ficity, catalyzing a single proteolytic cleavage at the lower hinge of
human IgG. This proteolytic degradation promotes inhibition of
opsonophagocytosis and interferes with the killing of group A
Streptococcus. We have determined the crystal structure of the
catalytically inactive mutant IdeS-C94S by x-ray crystallography at
1.9-Å resolution. Despite negligible sequence homology to known
proteinases, the core of the structure resembles the canonical
papain fold although with major insertions and a distinct sub-
strate-binding site. Therefore IdeS belongs to a unique family
within the CA clan of cysteine proteinases. Based on analogy with
inhibitor complexes of papain-like proteinases, we propose a
model for substrate binding by IdeS.

Streptococcus pyogenes � Mac-1

The bacterium Streptococcus pyogenes is an important human
pathogen and the causative agent for a variety of diseases,

including pharyngotonsillitis, impetigo, scarlet fever, septicemia,
necrotizing fasciitis, and streptococcal toxic shock syndrome (1).
The survival of S. pyogenes in its human host depends on its ability
to avoid the actions of the innate and adaptive immune response.
IgG plays a key role in human immune defense by specifically
recognizing invading microorganisms and mediating their killing by
professional phagocytes and the complement system. Proteolytic
degradation of Igs is a common mechanism used by many patho-
genic bacteria, and it is clear that proteinases are important
bacterial virulence factors, enabling the bacteria to colonize and
circumvent host defense systems (2, 3). S. pyogenes has evolved a
specific enzyme to deal with opsonizing IgG antibodies. This
enzyme, designated IdeS (IgG-degrading enzyme of S. pyogenes),
is a newly discovered, secreted proteinase that specifically cleaves
the heavy chain of IgG (4). Biochemical evidence confirms that the
single Cys residue in IdeS constitutes the active-site residue and that
IdeS must be classified as a cysteine proteinase, as suggested (5, 6).
Extracellular bacterial cysteine proteinases have also been charac-
terized from other pathogenic bacteria such as Clostridium histo-
lyticum, Porphyromonas gingivalis, and Staphylococcus aureus (2).
These cysteine proteinases exhibit broad substrate specificity and
are consequently expressed as proenzymes, requiring proteolytic
processing to convert into their mature forms (7–14).

IdeS (also named Mac-1, ref. 15) is unique among prokaryotic
cysteine proteinases, as the protein is secreted in its mature form
and does not require processing or activation to exert its enzymatic
activity (4). IdeS is extremely specific for IgG, which is hydrolyzed
in the hinge region after glycine residue 236 in both heavy chains.
Until now, to our knowledge, no other substrate for IdeS had been
identified (4, 6). In addition, IdeS is not affected by the typical
cysteine proteinase inhibitor E-64 (4, 6), which is in sharp contrast
to the described prokaryotic cysteine proteinases (16–19), and
suggests a unique catalytic property of IdeS. Like the classical
streptococcal cysteine proteinase, SpeB (streptococcal pyrogenic

exotoxin B), IdeS contains an RGD motif (4, 14, 15), which is
involved in the interaction of IdeS with vitronectin (�V�3) and
platelet receptors (�II�3) (21), suggesting additional, yet unknown
properties of the enzyme. Thus, IdeS represents an atypical cysteine
proteinase with unique biochemical features, suggesting that the
enzyme might represent an additional family of cysteine protein-
ases. A clear understanding of its high degree of specificity and its
catalytic properties requires the availability of an experimental
structure as provided by x-ray crystallography.

In the present study, we determined the 3D structure of the
IdeS-C94S mutant by multiwavelength anomalous diffraction
(MAD) at a resolution of 1.9 Å. The overall structure of IdeS, along
with a detailed analysis of its catalytic site, is described. Comparison
of the IdeS-C94S mutant structure with other cysteine proteinase
family members provides insight into the interactions that most
likely occur between IdeS and its sole substrate IgG.

Materials and Methods
Expression and Purification of IdeS. The coding sequence corre-
sponding to amino acid residues 38–339 of S. pyogenes IdeS-C94S
(numbered from the start of the signal sequence) was subcloned
into the expression vector pET28b (Novagen). For overexpression
in Escherichia coli, the recombinant plasmid was transformed into
the bacterial strain Rosetta [DE3] (Novagen). Protein expression
was induced at 37°C with 1 mM isopropyl-�-D-thiogalactoside.
After further growth for 4 h the bacteria were pelleted, resuspended
in 50 mM phosphate (pH 7.5), 300 mM sodium chloride, and 5 mM
imidazole, and lysed by sonication. The resulting soluble fraction
was subsequently loaded onto a nickel-NTA agarose column (Qia-
gen, Hilden, Germany). The protein was eluted by using an
imidazole step gradient and further purified by gel filtration.

For selenomethionine (SeMet) incorporation, the methionine
auxotroph E. coli strain B834[DE3] (Stratagene) harboring the
recombinant plasmid was grown in minimal medium containing 0.3
mM DL-SeMet. SeMet-labeled IdeS was expressed and purified
under identical conditions as the native enzyme. MS confirmed the
quantitative replacement of five Met positions by SeMet.

15N-labeled samples of IdeS-C94S for use in NMR experiments
were purified accordingly from Rosetta [DE3] cells grown in M9
minimal medium containing 0.5 g�liter 15NH4Cl.

Crystallization and Data Collection. Crystals of both IdeS-C94S and
its SeMet-substituted form were obtained at 20°C by a sitting
drop vapor diffusion technique with a mixture of 1.5 �l of protein
(7 mg�ml) in buffer containing 5 mM Mops, 100 mM NaCl (pH
8.0), 0.02% azide, and the same volume of reservoir solution
[23% polyethylene glycol 2000 monomethyl ether�100 mM
sodium acetate, pH 4.5�250 mM ammonium sulfate]. Crystals
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grown under these conditions have the typical dimensions
of 1.0 � 0.3 � 0.02 mm and belong to the orthorhombic space
group P21212 with unit cell dimensions a � 63.37 Å,
b � 86.83 Å, and c � 57.66 Å. With one molecule of IdeS (36.2 kDa)
per asymmetric unit the solvent content was 45.5%.

Before flash-cooling, the crystals were transferred into 2 �l of
reservoir solution supplemented with 5% D(-)-2,3-butanediol and
immediately frozen in the cryostream.

All data sets were collected at 100 K on the wiggler beamline
BW6 at the Deutsches Elektronen Synchrotron, Hamburg, Ger-
many by using a MAR Research (Norderstedt, Germany) 165-mm
charge-coupled device detector.

MAD data were collected on a single crystal of the SeMet-
incorporated IdeS-C94S at three wavelengths corresponding to the
peak of the selenium K absorption edge (�1), the high energy
remote point (�2), and the inflection point (�3). Wavelengths were
chosen from the x-ray fluorescence spectrum of the same crystal. In
addition, a native data set was collected from a single unsubstituted
crystal at � � 1.05 Å.

Each data set was independently integrated and scaled by using
DENZO and SCALEPACK (22). Data processing and refinement
statistics are given in Tables 1 and 2.

Structure Determination and Refinement. The structure of IdeS-
C94S mutant was determined by the MAD phasing method.
Atomic positions for four of the five Se atoms in the asymmetric
unit were obtained by using SHELXD (23) and refined by using
SHARP (24) to a final figure of merit of 0.915 after solvent
flattening. The one undetected Se site was later revealed to be
located in the highly flexible N-terminal region.

The resulting phases were used as input for the ARP-WARP (25)
automated model building procedure. Of the 323 amino acid
residues, 280 were automatically built into four chains. At this stage,
first electron density maps were inspected and correct side chains

were manually built by using the program O (26). The refinement
procedure against native diffraction data was performed by using
CNSv1.1 (27) and included individual B factor refinement, simulated
annealing, and positional refinement by using the parameters of
Engh and Huber (28). Water molecules were inserted automatically
and inspected manually. Iterative rounds of model building and
refinement led to a final R factor of 19.56% (Rfree � 23.47%;
calculated from 8% of the reflections omitted from refinement) by
using all data in the resolution range between 20 and 1.9 Å.

PROCHECK (29) revealed no disallowed ��� angles and excellent
stereochemistry for the final model that comprises 291 residues.
Structural alignments were performed with LSQMAN (30), and
figures were prepared with MOLSCRIPT, (31) BOBSCRIPT (32),
RASTER3D (33), GRASP (34), and PYMOL (www.pymol.org).

Results
Overall Structure of IdeS. The proteolytically active form of the
cysteine proteinase IdeS from S. pyogenes overexpressed in E. coli
undergoes proteolytic degradation, thus for crystallization the
catalytically essential Cys-94 was mutated to serine (C94S). This
active-site mutant retained its ability to bind IgG, which was tested
by NMR binding studies (data not shown).

The structure of IdeS-C94S was determined by the MAD phasing
method at a resolution of 1.9 Å.

The final model includes residues 49–339, one crystallographi-
cally defined sulfate ion, and 206 water molecules. No electron
density was visible for the N-terminal 33 residues consisting of the
His tag, the thrombin cleavage site, and 12 residues within the IdeS
sequence, and these residues were not included in the model. With
an R factor of 19.56% (Rfree � 23.47%) and a rms deviation from
the ideal values in bond lengths and bond angles of 0.0086 Å and
1.37°, respectively, the model is of good quality.

The structure of IdeS has an ��� fold with 12 �-strands and six
�-helices. Despite the lack of significant sequence identity, the
crystal structure shows that IdeS resembles the typical structural
features of the papain superfamily of cysteine proteinases. The
polypeptide chain is folded into two distinct domains that interact
with one another through an extended polar interface. The marked
incision between the two domains represents the active site cleft (on
‘‘top’’ of the molecule, Fig. 1).

A structural homology search with DALI (35) showed that IdeS
is structurally most similar to cathepsin B. A total of 127 amino acid
residues of IdeS are topologically equivalent as defined by the
program LSQMAN (30). After optimal superposition of these 127
residues, the �-carbons have a rms deviation value of 1.88 Å. Taking
this protein as a representative family member of papain-like
cysteine proteinases, all of the major secondary structural elements
are also present in IdeS in approximately similar positions and
orientations. Outside of this conserved core, IdeS has substantial

Table 1. Data collection

IdeS-C94S, Se-Met-labeled IdeS-C94S

Wavelength, Å �1 � 0.97910 �2 � 0.95 �3 � 0.97935 1.05
Resolution, Å 20–1.9 20–1.9 20–1.9 20–1.9
Total reflections 210,883 146,498 139,042 186,153
Unique reflections 46,131 44,826 44,731 24,440
Completeness, % (final shell, %) 99.7 (98.6) 96.6 (84.7) 96.7 (82.9) 99.3 (99.4)
Rsymm (final shell)* 6.0 (28.8) 5.6 (31.6) 5.8 (30.7) 6.3 (26.6)
I��(I) (final shell) 24.5 (4.1) 19.2 (2.7) 17.7 (2.6) 28.4 (6.3)
Wilson B, Å2 21.67 22.08 21.59 18.58
MAD-phasing statistics

Phasing power isomorphous (anomalous)† 0.861 (2.185) �(0.851) 1.019 (1.190)
Figure of merit (postsolvent flattening) 0.599 (0.915)
Rcullis isomorphous (anomalous) 0.738 (0.587) �(0.851) 0.645 (0.854)

*Rsymm � �h�i  Ii(h) � �I(h)� ��h�i Ii(h).
†Phasing power FHC�E for the isomorphous case and 2FHC��E for the anomalous case, where FHC is the calculated heavy atom structure
factor and E is the rms lack of closure.

Table 2. Refinement statistics

Resolution range, Å 19.86–1.93
Rcryst�Rfree,* % 19.56�23.47
rms deviation from ideal geometry

Bonds, Å 0.0086
Angles, ° 1.37

Protein atoms 2,280
Solvent 206 water, 1 sulfate ion
Average B factor, Å2 24.3

*Rcryst � � Foh � Fch ��Foh, where Foh and Fch are the observed and calculated
structure factor amplitudes for reflection h, respectively. Rfree computed by
using randomly selected 8% of the data that were excluded throughout
refinement.
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insertions relative to cathepsin B and other papain family members.
Adopting the nomenclature introduced for papain, the left-hand L
domain (Fig. 1) is formed mainly by the amino-terminal half of the
polypeptide chain up to Leu-220. Exceptions are residues 49–85,
which form two �-strands (�2 and �3) and a major loop insertion
within the right-hand R domain. Similarly to papain the last 10
carboxyl-terminal residues traverse back to the L domain.

As in other family members the R domain consists of a large
twisted antiparallel �-sheet (�6, �7, �8, �9, and �12), which is
followed by helix �6. Additionally, there are two �-strands, �10 and
�11, within this domain. Further on, there is a large insertion of two
helices (�2 and �3) and two �-strands (�4 and �5) in the L domain
of the IdeS structure.

Despite the approximately coincident overall fold to cathepsin B,
the connecting segments between the secondary structure elements
show significant variability. IdeS is considerably larger (339 residues
compared to 254 in cathepsin B and 212 in papain, ref. 36), and most
of the large structural deviations are caused by residue insertions.

Unlike papain and cathepsin B, IdeS does not contain disulfide
bonds and is synthesized without a propeptide. Additionally, IdeS
contains an RGD motif at amino acids 214–216, which is located on
a surface loop within the L domain as a turn connecting �4 and �5.
This motif is important for recognition by integrins and is also
present in the streptococcal cysteine proteinase SpeB (streptococ-
cal pyrogenic exotoxin B) (14, 21).

On top of the molecule (Fig. 1) at each side of the active-site cleft
are two loops (residues 165 and 166 and 256–259) without appro-

priate electron density that are considered as conformationally
flexible and have been omitted from the model.

The Mechanism of Catalysis. The active-site region of IdeS resembles
that seen in the papain cysteine proteinase superfamily. In the
superimposed structures of IdeS, papain, and cathepsin B, the
catalytic cysteine (Cys-94–Ser, Cys-25, and Cys-29, respectively)
and histidine (His-262, His-159, and His-199) residues align very
well. Thus Cys-94–Ser in IdeS is situated at the N-terminal region
of helix �1 at the interface between the L and R domains. To
demonstrate the high degree of resemblance concerning the overall
geometry of the catalytic triad, an additional fitting with respect to
the active site was performed (Fig. 2).

The decrease in the enzymatic activity after mutation of residues
Asp-284 and Asp-286 suggests that these amino acids participate in
catalysis (37). The structure of IdeS shows that Asp-284 corre-
sponds to residues Asn-175 and Asn-219 of papain and cathepsin B,
respectively (Fig. 2) and is linked to His-262 by means of a hydrogen
bond. Accordingly, Asp-284 is responsible for the correct orienta-
tion of the imidazolium ring of the active-site His-262 and enhances
the proteolytic efficiency in this respect. The adjacent Asp-286 is not
directly in contact with the active-site residues. However, the
substantial decrease in activity caused by the Asp-286–Ala muta-
tion (37) suggests an important role in setting the electrostatic
milieu.

In addition, the overlay shows that Lys-84 of IdeS is structurally
equivalent to Gln-19 in papain and Gln-23 in cathepsin B. These

Fig. 1. Stereo ribbon diagram of IdeS-C94S. Compared to papain, additional structural elements are drawn in red, analogue �-helices are shown in blue, and
�-strands are shown in green. The catalytic triade residues at the enzyme active site are drawn as in ball-and-stick form.

Fig. 2. Comparison of IdeS-C94S (yellow), papain (green) (Protein Data Bank ID code 1POP), and cathepsin B (purple) (Protein Data Bank ID code 1CSB) active
sites. The figure was prepared by superposition of papain and cathepsin B on IdeS and fitting the active-site cysteines on residue 94 of IdeS-C94S.
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residues form, together with the amide nitrogen of the active-site
cysteine, the oxyanion hole (38–40), which binds to the main-chain
carbonyl group of the P1 residue of the substrate. The conformation
of Lys-84 is stabilized by a hydrogen bond-salt link formed with
Asp-286, which is lost in the Asp-286–Ala mutant. This lacking
interaction seems to be the reason for the reduced proteolytic
activity (37).

Typically in cysteine proteinases of the CA clan, the aspartic acid
of the catalytic triad is shielded by the side chain of a neighboring
tryptophan (Trp-177 and Trp-221 in papain and cathepsin B,
respectively) (36). In IdeS Asp-286 occupies its position, creating a
strongly negatively charged region at the active site (Fig. 2).

In the crystal structure of IdeS additional electron density is seen
at the active site, which we interpret as sulfate ion from the
crystallization medium. The sulfate is fixed at this position by three
hydrogen bonds formed with Ser-94, His-262, and Lys-84 and very
likely masks the oxyanion hole (Fig. 3).

Insights into Substrate Binding Specificity. IdeS is an endopeptidase
with a unique high degree of specificity toward IgG, and until today,
to our knowledge, no other substrate had been identified (41). The
cleavage site within IgG is located in the hinge region between
Gly-236 and Gly-237. Thus, an uncommon Leu-Leu-Gly motif
occupies the P3, P2, and P1 sites in the human IgG1, IgG3, and IgG4
substrates (Fig. 4) [with P1, P2, P3 and P1�, P2� designating the
substrate residues N�C terminal of the scissile peptide bond, facing
the enzyme specificity pockets S1, S2, S3 and S1�, S2�, respectively

(42)]. However, a Pro-Val-Ala motif as in human IgG2 is also
accepted as substrate (6).

To explore the substrate binding to the active site of IdeS, the two
structurally related complex structures of cathepsin B with the
peptide inhibitor CA030 (Protein Data Bank ID code 1CSB) and
of papain complexed with the inhibitor E64 (Protein Data Bank ID
code 1PE6) have been superimposed onto the IdeS structure. The
bound inhibitors CA030 and E64 occupy the substrate binding
pockets S� and S, respectively. Based on these structures, the
substrate residues P2�-P2 of the cleavage site in IgG1 were modeled
into the specificity subsites. The suggested model of substrate
binding after geometrical energy minimization is shown in Fig. 5.

According to this model, the hinge peptide of IgG will be
processed in the manner proposed for papain, with its cleavable
peptide bond at the active-site Cys-94 thiolate (38). The carbonyl
oxygen of residue P1 (Gly-236) is bound in the oxyanion hole,
forming hydrogen bonds with the peptide bond amide of Cys-94 and
the side-chain nitrogen of Lys-84 (Fig. 5). This orientation directs
the amide nitrogen of P1� residue (Gly-237) close to ND1 of the
imidazole of His-262. The putative S1� subsite in IdeS is not as wide
as in papain, and a sterical interference with larger P1� residues than
glycine is conceivable. The preceding amide nitrogen of residue
Gly-236 may be fixed by forming a hydrogen bond with the carbonyl
oxygen of residue Asn-261 (Fig. 5).

As shown in Fig. 5, a side chain of residue P1 (Gly-236) would
point toward the enzyme specificity pocket S1. At this position the
side chains of Leu-92 and His-168 block the pocket, molding it
relatively narrow and only accessible for amino acids with small side
chains like glycine and alanine (Fig. 6C). Nevertheless, the ���
angles of Gly-236�Gly-237 in the model are located in favored
regions of the Ramachandran plot, and thus alanine would be
acceptable at position P1 as in the substrate human IgG2. In
contrast, papain renders little selectivity at residue P1, because the
side chain points into the bulk solvent (ref. 43 and Fig. 6A).

Most proteinases of the papain superfamily C1 have a preference
for hydrophobic side chains at P2. Also IdeS accepts leucine and
valine at this position, but bulky aromatic residues as in papain
would not fit into the shallow S2 subsite, caused by the presence of
Asn-261 within this groove (Fig. 6C). In addition, the S2 pocket is
formed mostly by Asn-263, Ser-252, Pro-173, and Phe-172 (Fig. 5).

The S3 site of IdeS is able to accommodate nonpolar amino acids
such as leucine, proline, or phenylalanine as in the natural sub-
strates human IgG1, IgG2, and IgG4, respectively. However, a
description of this pocket in all details is difficult because of the
flexibility within the loops that create the S3 site, connecting �4 and
�5, because it lacks the stabilizing disulfide bridge as seen in papain
and cathepsin B. Nevertheless, it seems possible that the two
flexible loop regions within the S2, S3 environment adapt a
conformation induced by substrate binding.

Even more difficult is the prediction of the exact position and
conformation of the P2� residue. Most likely it depends on the
orientation of the CH2 domain of the Fc fragment, which is located
C terminally of the hinge peptide.

To clarify the extensive differences between the specificity subsite
of IdeS and other cysteine proteinases of the papain-like family, we
prepared an active-site overlay of the papain molecular surface and
the IdeS-C94S structure (Fig. 6C). A comparison of the active-site
cleft displays the large overall differences among these structures in
both surface constitution and charge. Whereas in IdeS the S2� site
is caused by two aspartate residues (D284 and D286) mainly
negatively charged, this region is mainly uncharged in papain.
Furthermore the S2 and S3 specificity subsites in IdeS are very
narrow (Fig. 6 B and C) and do not provide enough space for the
P3 residue of E64, which explains the remarkable fact that this
typical cysteine proteinase inhibitor is inactive. Probably the above-
mentioned features are also responsible for the lack of affinity to
natural inhibitors as, for example, cystatin C, kininogen, and related
inhibitors (6, 44, 45).

Fig. 3. Ball-and-stick model of the catalytic triad of IdeS-C94S with the initial
Fobs � Fcalc electron density map. This difference in electron density, contoured
at 2.5 �, presumably accounts for a sulfate ion from the crystallization liquid.

Fig. 4. Sequence comparison of the IgG-Fc hinge region and the cleavage site
of human, mouse, and rabbit IgG subclasses.
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The molecular structure of the substrate binding groove seen in
unliganded IdeS-C94S cannot readily explain the high specificity of
the enzyme for IgG. Because peptides with a sequence of the IgG
hinge region are not significantly hydrolyzed (6), additional exosite
binding is likely to contribute to enzyme substrate interaction.

Discussion
The important human pathogen S. pyogenes has developed complex
and diverse virulence mechanisms to resist host defense systems.
The recently identified protein IdeS is an extracellular cysteine
endopeptidase of S. pyogenes that has the ability to inhibit op-
sonophagocytosis (15) and killing by human polymorphonuclear
leukocytes, through proteolytic degradation of IgG (4, 5). The
presence of specific antibodies against IdeS in sera of patients with
pharyngitis, acute rheumatic fever, and severe invasive disease
episodes, and the continuous production of this proteinase during

infection (4, 15) indicates that IdeS is an important virulence
determinant and a potential therapeutic drug target. The crystal
structure of the IdeS-C94S mutant presented here reveals structural
similarities with papain-like cysteine proteinases, but also displays
several strikingly different features. Nevertheless, the alignment of
the 3D structure with that of papain and the structurally most
related cathepsin B demonstrates the affiliation of IdeS to clan CA
of cysteine proteases, which is characterized by the typical L and R
domains (Fig. 1) as seen in papain-like proteinases. Beyond the
conserved core of four �-helices and seven �-strands among these
enzymes, there are extensive insertions in the IdeS structure
particularly within the L domain. The most notable site is the
unusual RGD motif, which mediates the binding to vitronectin
(�V�3) and platelet receptors, suggesting an additional function of
the enzyme (21). Further uncommon characteristics are the lack of
disulfide bridges and the expression as a mature enzyme lacking a
prosegment.

Fig. 5. Stereo top view of the active-site cleft of IdeS-C94S, shown together with a tetrapeptide (yellow, carbon; blue, nitrogen; red, oxygen) derived from the
natural cleavage sequence in the hinge peptide of IgG. The first and last visible amino acids of the flexible loop regions of IdeS (Leu-164, Lys-167, Ile-260, and
Tyr-255) are shown in green. The orientation of the molecule is that of Fig. 6B.

Fig. 6. Solid surface comparison of the active site of papain and IdeS. (A and B) The molecular surface colored by electrostatic potential of papain in complex
with its inhibitor E64 (A, shown as ball-and-stick form, Protein Data Bank ID code 1PE6) in comparison with IdeS-C94S with the modeled tetrapeptide
Pro-Gly-Gly-Leu (B, ball-and-stick form) and a clipping of the active site. To facilitate a comparison both structures are oriented equally and show the top view
of the active-site cleft (rotated 90° about the x axis toward the viewer relative to Fig. 1). (C) Overlay of papain (Protein Data Bank ID code 1POP) shown as blue
surface and IdeS-C94S shown as ball-and-stick in red with the start and end point of the flexible loops shown in green. The modeled tetrapeptide (ball-and-stick
form) is shown in front of the molecular surface of the catalytic cleft (yellow, carbon; blue, nitrogen; red, oxygen). Especially the nonprimed site of the active-site
cleft is much narrower in IdeS than in papain.
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IdeS is an endopeptidase, hence the active site at the C-terminal
of the substrate scissile bond is not occluded by other parts of the
protease as seen in the exopeptidase cathepsin B. Additionally, the
fact that the amino acid sequence lacks significant homology to
other cysteine proteinases (Fig. 7, which is published as supporting
information on the PNAS web site) indicates that IdeS represents
a member of a unique family within the CA clan of peptidases.
However, the canonical papain fold of IdeS, despite low conserva-
tion of the primary sequence, suggests a divergent evolution of these
proteinases.

The structural similarity of the active site points to a catalytic
mechanism of IdeS resembling that of papain-like enzymes. Thus,
it is likely that Cys-94 and His-262 form a thiolate-imidazolium ion
pair, where Asp-284 orients the active-site histidine correctly, and
Lys-84 contributes to the oxyanion hole. These roles in catalysis are
consistent with mutagenesis data for the respective cysteine and
histidine residues of IdeS (37). Nevertheless, striking differences
exist concerning the type of residues involved in the catalytic
mechanism as the oxyanion hole-forming lysine replaces the typical
glutamine residue in this position, whereas the histidine-orienting
residue, which is in most cases asparagine, is replaced by an
aspartate.

Another remarkable feature of IdeS is the high degree of
specificity for its substrate IgG. In contrast to structurally
homologous cysteine proteinases as streptococcal pyrogenic
exotoxin B, cathepsin B, and papain, which have a broad
specificity, IdeS specifically cleaves at the lower hinge region of
the IgG between two glycines (Gly-236�Gly-237) or less effi-
ciently between glycine and alanine in human IgG2 (Fig. 4). This
region of the Fc fragment has also been identified as the binding
site for the Fc� receptor in the Fc–Fc�RIII complex (46).
Competition between IdeS and Fc�RIII for IgG binding can
explain the retained ability to inhibit IgG-mediated phagocytosis
of the proteolytically inactive IdeS-C94A (21).

The comparison of the specificity subsites with its counterpart in
papain (Fig. 6C) reveals the nonprimed site in IdeS to be much
narrower (Fig. 6C). This finding explains the minor variety of amino
acids accepted in these subsites, and the 10-fold lower affinity of
IdeS for IgG2, as well as the reported inactivity of Ides toward
mouse, pig, and sheep IgG1 (47). Further on, oligopeptides con-
taining the cleavage sequence Pro-Gly-Gly-Leu are not hydrolyzed
by IdeS (6). Therefore, the characteristics of the active-site cleft are

not a sufficient explanation for the strict specificity of IdeS,
suggesting that more distant regions of the IgG molecule must
contribute to form the enzyme substrate complex to allow proteo-
lytic processing. As IdeS binds to the Fc fragment after papain
digestion with a similar affinity as to the whole IgG (6), a potential
exosite must be located within the CH2 fragment of the Fc portion.
The exact area is yet undefined and requires the structure deter-
mination of the complex. Still, because IdeS-digested Fc does not
bind to the proteinase, both the nonprimed residues P2 and P1 and
the hypothetical exosite are likely to contribute to the formation of
the enzyme substrate complex.

Previous studies showed that some typical cysteine proteinase
inhibitors, as, for example, cystatins and E64 (44, 45), cannot block
the proteolytic activity of IdeS (6). Comparison of the crystal
structures of IdeS and other proteinases reveals that overall differ-
ences between the active-site cleft of IdeS and other papain–like
cysteine proteinases are responsible for the inability to affect IdeS
activity.

On the other hand, it was shown that pepstatin, an typical
aspartic and HIV proteinase inhibitor, is able to inactivate IdeS
(47). Originally it was assumed that this feature depends on
aspartate residues in the proximity of the active-site cleft. In
aspartic proteinases the pepstatin binding is supported mainly by
the catalytic dyad aspartate residues, which have to be coplanar
to assemble the characteristic hydrogen-bonding network (20).
However, the structural analysis of IdeS shows that Asp-284 and
Asp-286, involved in the formation of the active-site cleft, cannot
adopt this conformation. Consequently, the inhibitor must act
on IdeS in another mode as described for various aspartic
proteinase�pepstatin complexes (20).

The analysis of the crystal structure of the streptococcal endo-
peptidase IdeS presented here supports the biochemical evidence
that IdeS is a member of a unique family of cysteine proteinases (6).
The molecular structure of the substrate-binding groove explains
the unusual inhibition profile of the enzyme, and the data sup-
port the view that additional exosite binding is likely to contribute
to the high specificity of IdeS toward IgG.
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