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Streptococcal pyrogenic exotoxin A (SpeA) is a super-
antigen produced by Streptococcus pyogeneand is
associated with severe infections characterized by rash,
hypotension, multiorgan failure and a high mortality
rate. In this study, an allelic form of this toxin,
SpeAl, was crystallized with four molecules in the
crystallographic asymmetric unit and its crystal struc-
ture was determined at 2.6 A resolution. The crystallo-
graphic R-factor was 19.4% (33 497 reflections) for
7031 protein atoms and 88 water molecules. The overall
structure of SpeAl is considerably similar to that
of other prototype microbial superantigens, either of
staphylococcal or streptococcal origin, but has greatest
similarity to staphylococcal enterotoxin C (SEC). Based
on structural and mutagenesis data, we have mapped
several important residues on the toxin molecule,
which are involved in the recognition of major histo-
compatibility complex (MHC) class Il molecules and
T-cell receptors. Also, the toxin appears to possess a
potential zinc-binding site which may have implications
in binding to particular MHC class Il molecules.
Finally, we propose models for SpeA1-MHC class Il
and SpeAl-T-cell receptor association and the relev-
ance of this phenomenon to the superantigenic action
of this toxin is considered.
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Introduction

pyrogenic exotoxin A is produced by a large percentage
of the streptococcal strains isolated from patients with

STSS and is believed to be associated with the onset of
this syndrome (Bohacht al., 1990; Hauseet al., 1991).

SpeA M, 25 787) belongs to a family of staphylococcal
and streptococcal superantigens which includes the
staphylococcal enterotoxins (SEs) A, B, C1-3,D, E, G, H,
toxic shock syndrome toxin-1 (TSST-1), the streptococcal
pyrogenic exotoxins (Spes) B, C, possibly F and strepto-
coccal superantigen (SSA). Superantigens are able to
simultaneously bind to major histocompatibility complex
(MHC) class Il molecules and the T-cell receptor (TcR),
resulting in the stimulation of a large number of T-cells
expressing specific [/ subsets of the TcR repertoire.
However, binding of superantigens to MHC class Il
molecules requires no prior processing and occurs outside
the antigen-binding groove (Marrack and Kappler, 1990).
Superantigen activation of T-cells leads to increased secre-
tion of specific cytokines by lymphocytes and monocytes,
accumulation of which can result in acute shock and
illness characteristic of STSS (Hermast al, 1991).
Therefore, the correlation between STSS and SpeA-
producing strains oB.pyogeness not surprising, as STSS
is defined by symptoms classic of a superantigen-mediated
syndrome.

X-ray crystallographic techniques have led to the elu-
cidation of a number of superantigen structures: SEA
(Schadet al, 1995); SEB (Swaminathaat al, 1992;
Papageorgiolet al, 1998); SEC2 (Papageorgiat al.,
1995; Swaminathast al., 1995); SED (Sundstro et al.,
1996), TSST-1 (Prasaet al., 1993; Acharyeaet al., 1994;
Papageorgiowet al, 1996) and SpeC (Roussedt al,
1997). All of these toxins have a characteristic two-
domain fold (N- and C-terminal domains) containing a
B-barrel known as the ‘oligosaccharide/oligonucleotide
fold’ at the N-terminal domain, a longx-helix that
diagonally spans the centre of the molecule an@g-grasp
motif’ at the C-terminal domain (Papageorgiou and
Acharya, 1997). Moreover, crystal structures of SEB and
TSST-1 in complex with a MHC class Il molecule (HLA-
DR1) (Jardetzkyet al., 1994; Kimet al, 1994) and those
of SEC2/SEC3 in complex with a TcRB/chain (Fields
et al, 1996) are also available. Despite this large amount
of crystallographic information, many questions regarding
the exact mode of superantigen function remain
unanswered. Moreover, the presence of one zinc-binding
site in SEA, SEC2, SED and two zinc-binding sites in

In recent years there has been an increase in the incidenc&speC have indicated different modes in the assembly of

of serious invasive infections due treptococcus pyo-

the MHC—superantigen—TcR tri-molecular complex. From

genes(group A streptococcus) in both Europe and North these studies, it has become clear that despite their

America (Mussert al, 1991, 1993; Hoget al., 1993).

structural and functional similarities, each superantigen

Many of these infections result in streptococcal toxic may have adopted a slightly different method of complex
shock syndrome (STSS), which is a life-threatening illness formation with the TcR and MHC class Il molecules (for
characterized by rash, hypotension, and multiorgan failure recent reviews see Papageorgiou and Acharya, 1997; Kotb,
(Stevens, 1995). The bacterial superantigen streptococcatl998; Li et al., 1998).
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Fig. 1. Representative portion of the final 2 |[Fo| — |Fc| electron density map of SpeAl contouredsing the refined crystal structure at 2.57 A

resolution.

Four alleles okpeAhave been identifiedspeAl speA2
speA3 and speA4 (Nelson et al, 1991). The toxins
encoded byspeA2(SpeA2) andspeA3(SpeA3) differ by
a single amino acid substitution from the toxin encoded
by speAl(SpeAl), while the toxin encoded bspeA4
(SpeA4) differs by 26 residues from SpeAl. Studies
indicate thatspeA2andspeA3are found in contemporary
Spyogenessolates, whilespeAlis more often associated
with strains recovered from earlier this century (Nelson
et al, 1991; Musseet al,, 1993). SpeA3 appears to be a
more mitogenic form of the toxin than SpeAl or SpeA2
(Kline and Collins, 1996). This may be because SpeA3
has a 10-fold higher affinity for the HLA-DQ molecule
than SpeAl1Ky= 10 nM compared with 100 nM). How-
ever, the reason for the difference in affinity for HLA-
DQ is not known.

In order to better understand the superantigenic proper-

ties of SpeA, we have determined the crystal structure of
SpeAl at 2.6 A resolution. This toxin has the characteristic

‘superantigen fold’ as has been observed for other members

of the family. However, its binding to the TcR and
MHC-class Il molecules is likely to differ from other

Table I. Data processing and refinement statistics

Space group — orthorhombic 22; four molecules/asymmetric unit

superantigens. Also, it possesses a putative zinc-binding Bond lengths (&)

site similar to that found in staphylococcal enterotoxin
SEC2 (Papageorgioet al., 1995).

Results and discussion

Quality of the structure

The three-dimensional crystal structure of SpeAl was
determined at 2.6 A resolution (Figure 1). Details of the
data collection and refinement statistics are shown in
Table I. The protein crystallizes with four molecules per
crystallographic asymmetric unit. The final model includes

7031 non-hydrogen protein atoms and 88 water molecules,

with a crystallographidR-factor Rys) of 19.4% in the

10

Thermal parameters @k

Cell dimensions (A) 127:3101.6x 127.4x101.0<81.8
82.3
No. of crystals used 1 1
Resolution (A) 40.0-2.9 20.0-2.57
No. of measurements 107 420 231 656
No. of unique reflections 23 581 33531
Completeness (%) 95 (82%) 97.4 (84.5)
<llo (I)> 5.9 (2.1) 8.6 (3.2)
Rmerge (%) © 13.7 (51.6) 10.7 (42.8)
Refinement
Resolution 20.0-2.57
No. of reflections F>00 (F)] 33 497
Protein atoms 7031
Water molecules 88
Reryst (%) 19.4
Riree (%) 27.4
r.m.s. deviation
0.007
Bond angles (degree) 1.32
Dihedrals (degree) 28.30
Impropers (degree) 0.65

Main chain 30.9 (26.6, 28.7,
23.2,44.9)

Sidechain 31.2 (26.9, 28.8,
24.3, 44.7)

Water 24.9

B-factor (from Wilson plot) 57.0 41.4

a0utermost shell 3.0-2.9 A.

bOutermost shell 2.70-2.57 A.

“Rmerge= Z ([lj-<I >[)/Z<I > wherel; is the observed intensity of
eflectionj and <I > is the average intensity of multiple observations.
Thermal parameters for individual molecules are quoted in brackets.



Crystal structure of SpeA1

resolution range 20.0—-2.57 A. The last recorfgg value corresponding loop in SEB (residues 53-62) and SEC2
was 27.4% for 5% of the reflections excluded from the (residues 54—61). This loop in SpeAl contains a Gly-Pro
refinement (Bfager, 1992a). The mean coordinate error motif (Gly52-Pro53) which results in a large r.m.s.
calculated from a plot of ko, versus (sif/A)? is 0.26 A deviation for this region (2.69 and 2.36 A in comparison
(Read, 1986). The root mean square (r.m.s.) deviation in with SEC2 and SEB, respectively). A much larger r.m.s.
Ca atoms between monomer pairs is 0.32 (mol1-mol2), deviation (~7 A) in this region was observed when this
0.26 (moll-mol3) and 0.43 (moll-mol4). Regions that molecule was compared with SEA. A second Gly-Pro
deviate most include residues 3-8 from the N-terminal motif in SpeAl is found in thea4—{39 loop with an

tail and part of the disulfide loop (residues 90-94). average deviation of ~1.3 A for the corresponding residues
Exclusion of these regions from the calculations improves in SEC2 (Asn-Ser) and SEB (Asn-Asn). These two motifs
the r.m.s. deviation to 0.22 (moll-mol2), 0.20 (moll- are located in loops implicated in TcR binding. Variability
mol3) and 0.25A (moll-mol4). Examination of the was also observed in the disulfide loop (see later sections).
Ramachandran plot (Laskowskd al., 1993) shows 84.1%  Portion of the N-terminal tail preceding the2 helix also

of the residues (for the four molecules) in allowed regions shows large deviations and the conserved glycine residue
and no residues in disallowed regions. The final electron in SEB (Gly19), SEC2 (Gly19) and SEA (Gly20) is
density map for molecule 4 shows higher mobility in replaced by a basic amino acid (Lys16) in SpeAl.

some regions. Residues 1-2 have not been modelled in

all four molecules due to poor density. The extra four e interface between the four molecules

residues at the N-terminus resulting from the expression g5cn monomer in SpeAl hasl0 600 & accessible sur-
system used are higth_ flexible and not seen in the electrons; e area. Upon formation of mol1-mol2 or moll-mol4
density map. Also, residues 5, 88, 107, 112, 115, 179 and gimer, a loss of ~1400 &(~13%) of the accessible surface
180 in all four molecules, and residues 91 and 92 in Mol2, 463 of the monomer is observed, consistent with the results
mol3 and mol4 have been modelled as alanines due tOgom other protein—protein interfaces. The interactions are

the lack of sufficient density beyondpCatoms. The  \nainly mediated through charged residues (Table Il).
arrangement of the four molecules and the nomenclature ;41 predominantly interacts with mol2 and mol4 and

used throughout the text are shown in Figure 2A. Mole- pag relatively few interactions with mol3 (Figure 2A).
cule 1 will be used throughout the discussion except where gpqrt hydrogen bond interactions occur between moll and

noted otherwise. mol2: Glu94 OE2-GIn194 N (2.57 A), GIn194 N-Glu94
OE2 (2.53 A); and between moll-mol4: Ser43 OG-
Overall structure Glu19l N (2.74 A), Glul91 N-Ser43 OG (2.81 A)

The topology of the SpeAllmoIecuI(_a is remarkably simi_lar (Table IV).

to that of other superantigens (Figure 2B). It contains

the central longa-helix, an N-terminal domain and a

C-terminal domain. The two domains are closely packed YVater molecules . A
and are connected by a stretch of five residues. The overallA Number of water molecules (88 in total) were identified
dimensions of the molecule are ~687x33 A. Part of  With temperature factors:60 A2. Twenty-three of them
the N-terminal domain has@barrel topology formed by ~ &€ found in mol1, mol2 or mol3, and 19 in mol4. Five
strands31, B2, B3, B4 andp5, similar to the ‘oligosacchar- water molecuzles in moll are buried with temperature
ide/oligonucleotide fold’ (Murziret al., 1995) also present ~ factors <15 A?. These water molecules are conserved in
in other microbial superantigens. Strarfs and B3 are SpeAl and in other known staphylococcal superantigen
antiparallel, and stran@l is parallel top5 and ant-  Structures such as SEB and SEC2, and might play a
parallel to B4. Several hydrophobic residues from the Structural role.

B-barrel are solvent-exposed. Other structural features of

the N-terminal domain include helice, a3 anda5 and Disulfide bridge

a disulfide bridge in theB4-35 loop. The C-terminal  The SpeAl structure contains three cysteine residues; two
domain has features of th@-grasp motif’ as observed in  of them (Cys87 and Cys98) form a disulfide bridge at the
other known superantigen structures (Papageorgiou andtop of the N-terminalB-barrel, between strand¥ and
Acharya, 1997) with g3-sheet topology packed against 5 (Figure 2B and C). The third cysteine (Cys90) is
the central helix 4). Strand{36, 9, 310 andp12 form accessible to solvent and is part of the disulfide loop. This
a relatively flat surface with stranfd7 rotated by ~30° loop is present in all the microbial superantigens except
with respect tg36. The N-terminal tail (residues 3-16) is SpeC which does not contain any cysteine residue in the
packed against thB-grasp motif, hence it is considered corresponding region and TSST-1 which does not possess

as part of the C-terminal domain. any cysteine residues at all (Figure 2C). The SpeAl
disulfide loop is comprised of ten residues and is shorter
Comparison with other superantigen structures than the corresponding loops in SEB and SEC which

SpeAl (221 amino acids) is shorter than SEB (239 aa), consist of 19 and 16 residues respectively, but is of similar
SEC2 (239 aa) and SEA (235 aa) due to deletions in length to that of SEA (nine residues) (Figure 2C). The
several loop regions. From the structural alignment (Figure residues of the disulfide loop in SpeAl possess high
2C), it is clear that the overall structure of SpeAl is most temperature factors, indicative of high flexibility, and

similar to SEC2 (Figure 3; Table II) when differences in may adopt multiple conformations. In general, the high
oaN-02, 0231, 233, the disulfide loopf39{310 and flexibility of the disulfide loop is a common feature in all

B1112 loop structures are excluded. In particular, the SEs and hence increases the difficulty encountered in
loop B233 (residues 49-56) is much shorter than the defining a single conformation for each of these toxins.

11
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In the crystal structure of SpeAl presented here, this loop 87-98) shows an r.m.s. deviation immGatoms of 0.52
has been identified at the interface between the four (mol1-mol2), 0.27 (mol1-mol3) and 0.65 A (mol1-mol4).
molecules, is therefore buried and involved in crystal The largest differences occur between residues 90-94,
packing interactions. However, it still retains some degree located in the middle of the loop. The role of the
of flexibility, hence it is not surprising that superposition disulfide loop in superantigen recognition is discussed in
of the disulfide loop from the four molecules (residues later sections.

Mol2 AL ) : Mol3
4_"\}, Wat ) 73 1

Moll Mol4
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Crystal structure of SpeA1

Potential zinc-binding site crystals for this structure determination was purified with
The crystal structure of SpeAl revealed the presence ofbuffers at pH 5.7, and it is possible that at this low pH
a potential zinc-binding site formed by residues Asp77, the zinc ion was removed from the binding site. In
His106 and His110 (Figure 2C). However, no zinc ion addition, it is possible that the metal ion was washed out
was found in this site. The toxin used to produce the during crystallization of the toxin. To investigate the

1 10
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Fig. 2. (A) Arrangement of the four SpeAl molecules in the crystallographic asymmetric unit. Each molecule is labelled. The intra-molecular

disulfide bonds (Cys87-Cys98) are shown and the free cysteine (Cys90) in each molecule is labelled. The colour changing is from blue (N-terminus)
to green (C-terminus). This figure was created with the program BOBSCRIPT (Esnouf, 1BPRibbon diagram of the SpeAl molecule. The

colour changing scheme is similar to that used in (A). The disulfide bond between residues 87 and 98 is shown. Secondary structure elements were
assigned based on the program DSSP (Kabsch and Sander, 1983). The figure was created with the programs BOBSCRIPT (Esnouf, 1997) and
Raster3D (Merritt and Murphy, 1994)CJ Structure-based sequence alignment of SpeAl, SEC2, SEB, SEA. Solvent inaccessible residues of SpeAl
(<20 A2 of exposed surface) are labelled with *. Every tenth residue is numbered. Secondary-structure elements are shown as determined by DSSP
(Kabsch and Sander, 1983). Residues involved in MHC class Il binding are coloured in red; those involved in TcR binding are in green. SEB
residues Tyr89 and GIn92, and SpeAl Cys87-Cys98 have been implicated in both interactions. Zinc ligands are shown in blue and those forming the
second zinc-binding site in SEA in cyan (Schetdal.,, 1997). Residues of SpeAl which differ in the two allelic forms of the toxin (SpeA2 and

SpeA3) are shown in orange. Two SEC2 peptides proposed to bind MHC class Il molecules are highlighted in yellow (Hetffahati894).

Residues of SEA in lower case have not been modelled in the structure and sequence alignment was used in this case. This figure was created with
the program ALSCRIPT (Barton, 1993).
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Fig. 3. Stereoview displaying the cCtraces of SpeAl (solid line) and SEC2 (dashed line) after structural alignment of the two structures with the
program SHP (Stuast al., 1979).

presence of zinc ion in SpeAl, five distinct toxin prepar-
ations were analyzed for metal content by plasma emission
spectroscopy. Four of these toxins were purified using

Table Il. R.m.s. deviation in @-atoms and sequence identity between
different superantigens against SpeAl

pH 7.9 buffers and one was purified at pH 5.7. In all five R.m.s.d. in @-atoms  Sequence identity
toxin preparations there was one mole of zinc per mole (%)
of_ protein. Experiments to estab_llsh direct binding of zinc SEC2-SpeAl 095 481
with in the crystal are currently in progress. SEB-SpeAl 1.26 50.7

The residues of the predicted SpeAl zinc-binding site SEA-SpeAl 1.95 32.4
(residues Asp77, Hisl106 and His110) are structurally SpeC-SpeAl 2.44 27.6
equivalent to residues Asp83, His118 and His122 in SEC2 TSST-1-SpeAl 285 19.9
(first proposed on the basis of Sequen(_:e comparison andStructure—balsed alignment was performed with the program SHP
SEC2 crystal structure by Papageorgiet al, 1995). (Stuartet al, 1979). The sequence identity is deduced after the

Superposition of the SEC2 zinc-binding site and the number of structurally equivalent residues is calculated.
corresponding site of SpeAl shows remarkable similarity R-m-s.d., root-mean-square deviation.

between the two (Figure 4). In the case of SEC2, the
fourth zinc ligand was provided by Asp9 from a symmetry- tapje 111 Contacts at mol1-mol2 and mol1-mol4 interfaces
related molecule brought into proximity due to crystal

packing. In SpeAl, no crystal packing contacts occur in Moll Mol2

this region. However, a water molecule might provide an

additional ligand for the coordination sphere and this can Qﬁggg i'r%%ﬁ)z’)Argggl)

be verified once a high resolution structure of the toxin Hisgs GIu94"), Alaga®), AsnoZd, Glugl®

in the presence of zinc becomes available. Different and Glug1 Hisgg

structurally non-equivalent zinc-binding sites have been Glu94 Asn20), His8S?), Thr1939), Gin194°

identified in SEA (Schaet al, 1995), SED (Sundsto 1995 Asn2dtl, Phe2§

et al, 1996) and SpeC (Roussedt al, 1997). Con- GIn194 Gluo4®

sequently, different possibilities for the role of the zinc-

binding sites in superantigen binding to MHC class Il Moll Mol4

molecules have been proposed (reviewed in Papageorglml_eu 1 GIu19%), Phe198), Lys196Y

and Acharya, 1997). Sera3 Glulsg;, Prolggg, Glu191®
His44 Glu18$h, Lys19

MHC class llI-binding site Gluel Lys196> y

It has been shown that SpeAl competes with SEB for GIn65 His1$), Glu189%), Pro19¢)

binding to DR molecules (Hartwigt al., 1994) and it is S‘:gigg i‘irrig)' g'lffé‘;a’ Gin6S

likely that these two toxins have a common recognition g 191 LeudtV), Leudd®, sera®®

site for MHC class Il molecules. However, SpeAl and Lys196 Leud), His44?, Glue1?

SEB have different affinities for MHC class Il molecules.
In particular, SpeAl, like SEC2, has a greater affinity for f%ﬁg\t;‘i‘;ts lc’r?tet‘“;?a?”md;‘;fﬁ;irr‘; monomers I"Jeegeocf’%ercmizeld }f_sggNthe
HLA-DQ than it does for HLA-DR or HLA-DP. In 27" GroT T 00N TR OoN 3.4 A NoN. 3.4 A, Residues
contrast, SEB has a greater affinity for HLA-DR. This 91 and 92 have been modelled as Ala in mol2. The number of
suggests that the two toxins may have similar but not contacts are given in parentheses.

identical MHC-binding sites. A simple molecular modell-

ing exercise where SpeAl was superimposed onto DR1complex. This glutamic acid residue is conserved in SpeAl
using the coordinates of SEB from the SEB-DR1 complex (Glu6l in Figure 2C) and SEC, but not in SEA and
(Jardetzkyet al, 1994) revealed that nine of SpeAl SED (Figure 2C). However, in order to understand the
residues are similar to those of SEB which make contacts preference of SpeAl to bind DQ molecules, it is necessary
with the DR1 molecule (Figures 2C and 5). Moreover, to investigate the sequence differences between DR and
Lys39 from DR1 (a key residue present in all three DQ and sequence differences between DR1-binding site
allotypes) forms a salt bridge with Glu67 in the SEB-DR1 of SEB and the analogous binding site of SpeAl.

14



Crystal structure of SpeA1

Previous studies have identified SpeAl residues requiredspeA3and speA4(Musseret al., 1993).SpeA2andspeA3
for high affinity binding to HLA-DQ (Kline and Collins,  encode for toxins that differ from SpeAl by only one
1996). Substitution of each of the SpeAl residues Leu42, amino acid: Gly80-Ser (SpeA2), Val76-lle (SpeA3).
Asp45, Leu4d6, lled7, Tyrd8 and Tyr83 with alanine SpeA4 shows ~9% divergence from the other three (26
resulted in a significant decrease in affinity of the mutant amino acid changes). SpeAl, SpeA2 and SpeA3 have
toxin for HLA-DQ. Thus, it is likely that residues 42—48 been purified and examined for mitogenicity and binding
might be involved in interaction with MHC class Il  to class Il MHC-DQ molecules. Thi§; values for SpeAl,
molecule or mutation of these residues may induce local SpeA2, and SpeA3 binding to DQ molecule are 104, 55
conformational changes that affect the MHC-binding and 13 nM respectively. Thus, SpeA3 exhibits the highest
region of the toxin. Each of these residues is conserved affinity for the DQ molecule. In addition, SpeA3 is the
in SEB, [with the exception of Leu42 and Tyr83 in SpeAl most mitogenic of the three allelic forms to human
(which correspond to Leu45 and Tyr89 in SEB)] but do peripheral blood mononuclear cells (PBMC) (Kline and
not appear to be involved in MHC class Il binding in the Collins, 1996). In the SpeAl structure, Val76 is part of

SEB-DR1 complex (Figure 2C).
There are at least four alleles of SpegpeAl speA2

Table IV. Hydrogen-bond interactions between monorfiarsh

Moll Mol2 Mol3 Mol4
Ser43 N Glu191 O (2.94)
oG N (2.74)
O (3.46)
His44 ND1 Glu189 OEL1 (3.33)

the B4 strand at the interface of the N- and C-terminal
domains, at the bottom of the molecule (Figure 2B and C).
This residue is buried and far away from the normal SEB-
like MHC class ll-binding site. It should be noted that
Val76 is adjacent to Asp77, a potential zinc ligand.
Interestingly, when Asp77 was mutated to Ala (Hartwig
and Fleischer, 1993), the resultant toxin was unable to
bind MHC class Il molecules. Thus, the role of this part
of the SpeAl molecule in MHC class Il recognition
requires further investigation.

: cine 80 in SpeAl corresponds to in —a
Glué5 N Glu189 OE2 (3.39) Glycine 80 in SpeAl pond Gly86 in SEB
é@gggg Egjgggg'ggg residue not involved in any SEB-MHC class Il inter-
Glu94 OE2  GInl94 N (2.57) ’ actions. It is deeply buried and located in the middle of
Thr193 OG1 (3.32) _ the B4 strand, some 15 A away from the DR1 Lys39 NZ
Glu189 OE1 His44 ND1 (3.36) atom (a crucial residue shown to be important in SEB—
GIu191Cl)\lE2 g'enri‘;’ ,(\;((33'(221) DR1 complex and conserved in both DR and DQ) in the
o Ser43 N (3.08) modelled SpeAl—D.Rl complex. This glycine residue
0G (3.11) adopts a conformationp(= —162.3°,y = 169.3°) that

Thr193 OG1 Glu94 OE2 (3.18) is normally allowed for non-glycine residues, thus any

GIn194 N Glu94 OE2 (2.53) P : : ;

Lys196 NZ His44 NE2 (3.49) mutation in this residue may not cause dlsrl_thlo_n of t_he
main chain. However, conformation changes in this region

aCut-off 3.50 A may be induced by the presence of the Ser80 side chain

His110\\%

Fig. 4. Comparison of the zinc-binding site of SEC2 with the corresponding region in SpeAl. SpeAl and SEC2 residues are shown in black and
white bonds, respectively.
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Fig. 5. (A) Worm representation of the SpeAl molecule illustrating potential binding sites with MHC class Il molecules and TcR. Regions
implicated in MHC class Il binding based on the SEB-DR1 complex structure (Jardettzky 1994) are shown in red; Asp77, His106 and His110
which form the potential zinc-binding site in SpeAl are shown in dark blue. Residues responsible for the different allelic forms SpeA2 and SpeA3
are shown in orange. Region implicated in both MHC- and TcR-binding are shown in purple (for details see FiguBea&@)C] Surface
representation of SpeAl. Two views of the molecular surface of SpeAl, coloured according to the electrostatic potential from electronegative to
electropositive by a red-to-blue continuous colour range. The view in (B) is the same as in (A). The view in (C) is related to that in (B) by a
rotation of 180° about the vertical axis. The figure was produced using GRASP (Nicholls and Honig, 1991).

(in SpeA2). The extent of these changes is difficult to
predict but it is unlikely that they would drastically change
the position of other residues involved in MHC class |l
binding, for example Tyr83 or Tyr100 which correspond
to Tyr89 and Tyrl115 in SEB, respectively.

Both SpeA2 and SpeA3 differ from SpeAl in regions
away from the normal MHC class lI-binding site as seen
in the SEB-DR1 crystal structure. Moreover, the higher
affinity of SpeA3 for DQ molecules is not easy to explain
if the toxin possesses only the SEB-like MHC class II-
binding site. The potential zinc-binding site of SpeAl is,

however, located in a position close to the mutation sites.

If the toxin possesses a second MHC-binding site involving
the zinc-binding region, the zinc ion may act as a bridge

between the superantigen and the MHC class Il molecule.

It has been suggested that His81 of the Migehain
would form a potential ligand (fourth) for the zinc ion

for SEC2 (Papageorgicet al., 1995). Similar suggestions
involving zinc ion-mediated interaction have been put
forward for SED (Sundstro et al, 1996) and SpeC
(Roussellet al., 1997).

TcR-binding site

Superantigen activation of T-cells requires prior binding
of the superantigen to thepv/chain of the TcR, although
each superantigen recognizes a specificsubset. SpeAl
in particular activates human T-cells bearind31\2.2,
VB14.1 and \B2.1 chains (Abeet al., 1991; Leonard
et al, 1991; Tomaiet al, 1992; Braunet al, 1993;
Kline and Collins, 1997). Amino acid substitutions at 22
individual sites in SpeAl have shown that each TcR V
requires a different combination of exotoxin residues for
binding (Kline and Collins, 1997). In other words, SpeAl
utilizes different residues depending on the TcR dhain

associated with SEA (Karp and Long, 1992) and possibly presented. This has become evident from the known
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superantigen structures so far, even though all of themregions. A modelling exercise based on the SEB-DR1
seem to have similar three-dimensional folds but appear (Jardetzkyet al., 1994) and SEC2/SEC3-TcRBWom-
to have different contact residues for TcR recognition.  plexes (Fieldset al, 1996) has demonstrated that the
Direct structural information on the interactions of disulfide loop in SpeAl needs to move towardf W
superantigens with the /chain has been derived from order to avoid steric clashes with the MHC class I
the crystal structure of SEC2/SEC3-TcR3 \tomplex molecule. Although SpeAl and SEC2/SEC3 are closely
(Fieldset al., 1996). In the case of SpeAl, the dissociation related toxins, they bind different CDR loops of the TcR.
constant for the mouse TcRP8&.2 is in the same range Competition assays using peptides derived from the CDR
as that of SEC2 (6.2 and 7fM, respectively; Malchiodi loops of human Y12.2 suggest that SpeAl interacts
et al, 1995). Thus for SpeAl in the light of structural primarily with CDR1 and to lesser degrees with CDR2
similarities with SEC2 and mutagenesis data, the TcR- and CDR4 (Kline and Collins, 1997). This is in contrast
binding site appears to encompass residues fromathe to SEC2/SEC3. The crystal structure of SEC2/SEC3 in
helix, 3233 loop, the disulfide loopax4—{39 loop anda5 complex with a mouse [/ chain (Fieldset al., 1996)
helix (Figures 2B and 5). Moreover, thep¥2.2 and indicates that the toxin predominantly contacts CDR2, but
V[314.1 chains are phylogenetically close to mouf&\2, also interacts with CDR1 and CDRA4.
with five and four amino acids out of 12 being the same  The possibility that the bound antigen peptide may
in the VB8.2 superantigen-contacting region, respectively. affect the formation of the TcR—superantigen—MHC tri-
From the available structural data it is clear that the molecular complex (in this case with SpeAl) can not be
TcR-contact regions of superantigens exhibit sequenceruled out. It has been shown that presentation of different
variability, are located in regions of high mobility, and superantigens to MHC class Il molecules can be affected
show considerable structural differences between toxins by the bound peptide (Thibodeat al., 1994). Moreover,
(Papageorgiou and Acharya, 1997). SpeAl is not an from the available structural data, it appears that inter-
exception. Glycine 19 in SEC2 for example is replaced actions of MHCp-chain and the ¥ chain are plausible
by Lys16 in SpeAl and this may affect the number of (Fields et al, 1996; Papageorgiou and Acharya, 1997;
contacts with the TcR B chain. An asparagine residue Figure 6). The proximity of the disulfide loop to the
present in SpeAl (Asn20), is conserved in all SEs and its antigen-binding groove also needs to be considered. Thus,
critical role in TcR binding has been well established the superantigen activity may be further modulated by
(Figure 2C). Phenylalanine 23 corresponds to Tyr26 in small changes in the orientation of each component of the
SEC2—a residue involved in van der Waals contacts with complex. This may contribute to better optimization of
Gly53 of mouse TcR ¥8.2. In SpeAl, the aromatic ring  the contacts by utilization of different subsets of residues.
of Phe23 differs markedly from that of Tyr26 in SEC2. As recently reported by Ledegt al. (1998), changes in
Tyrosine 26 is an important residue in SEC2/SEC3 and the affinity for TcR can be compensated by changes on
contributes to the specificity of these toxins. In SEC1, this the affinity of the MHC component of the complex.
residue is replaced by valine (Turnet al, 1992). A
simple superposition of SpeAl on to SEC2 (based on the SpeA1 superantigen recognition
SEC3-TcR B complex structure; Fieldet al., 1996) The toxin SpeAl crystallizes with four molecules in the
showed that Phe23 of SpeAl points away from Gly53 of asymmetric unit. These molecules do not form inter-
V[ but appears to be closer to residues 66—70 (FR3 andmolecular disulfide bridges (the closest that free cysteines
HV4 region of \B). are found between any pair of monomers is 6A). The buried
In SEC2, four residues from the disulfide loop could surface area between monomer pairs involve mainly
make potential contacts with the complementarity-deter- electrostatic interactions and the toxin appears to be a
mining region 1 (CDR1) chain and GIn72 offVIn the monomer in solution. A possible model for the interaction
case of SpeAl, the disulfide loop is considerably shorter of SpeAl monomer with MHC class Il and TcR molecules
and it may not be able to make similar contacts. Cys90 are shown in Figure 6. This is assisted by the previously
and Cys98 of SpeAl disulfide loop are required for determined SEB-DR1 (Jardetzkyal, 1994) and SEC2/
stimulation of \312.2-bearing T-cells (Kline and Collins, SEC3-\f3 and af3 structures (Field®t al., 1996; Garcia
1997). In particular, Cys90 of SpeAl has been found to et al, 1996). The modelled complex depicts the normal
be important for stimulation of humanp12.2-expressing mode of MHC class Il (as in the case of SEB) and TcR
cells, but to a lesser extent fof3¥4.1-, and not at all for ~ recognition. However, based on available mutagenesis
VB2.1-expressing cells (Kline and Collins, 1997). Cysteine data on SpeAl, it is possible that the toxin may utilize an
98 forms a disulfide bridge with Cys87. In previous alternative MHC class ll-binding site, involving recogni-
studies, it was impossible to isolate a Cys87 mutant tion through the zinc ion. Experiments to establish the
suggesting the importance of this residue in the structure definitive role of zinc ion in SpeAl are in progress.
of SpeAl (Kline and Collins, 1996). Previous data have  Superantigen dimerization as a prerequisite for T-cell
also shown that the conformation of disulfide loop between activation has been suggested for SED (Surids&bal.,
Cys87 and Cys98 is important for MHC class Il binding 1996) and SpeC (Roussellal., 1997). In these superanti-
(Kline and Collins, 1996; Roggiaret al., 1997). Thus, gens, the presence of zinc ions in distinct parts of the
the disulfide loop appears to be involved in interactions molecule results in the formation of different types of
with both MHC and TcR \B. Mutation of Cys98 to Ser  dimers. In SED, the zinc-binding site at the C-terminal
resulted in intermediate stimulation offfZ.1 while the domain of the toxin cross-links two SED molecules

Cys90-Ser mutant had no effect on the activity of the
toxin for VB2.1 indicating differences in the way that
V(2.1 and \B312.2 bind to SpeAl through the CDR1

and consequently each molecule binds an MHC class Il
molecule by utilizing the SEB-like MHC class Il-binding
site. In SpeC, dimerization occurs through a zinc ion at
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TcR

MHC-II

Fig. 6. Proposed model for MHC-SpeA1-TcR ternary complex based on the crystal structures of SEB-DR1 (Jatd®izk994; PDB accession
code: 1SEB), the TcR B~SEC2 complex (Fieldst al., 1996; PDB accession code: 1JCK) and the ®fRstructure (Garciat al., 1996; PDB
accession code: 1TCR).

the normal MHC-binding site, and MHC binding involves detectable difference in activity between the preparations
the zinc-binding site at the C-terminal domain. There is (C.M.Collins, unpublished results). Thus both SpeAl
high degree of correlation between SpeC structure anddimers and monomers are biologically active. Even though
solution experiments (Let al, 1997). The involvement the present SpeAl structure (determined from the material
of dimerization in superantigen function needs to be purified at pH 5.7, a monomer in solution) does not lend
explored further. It should be mentioned that higher order support for an inter-molecular disulfide-bridge formation,
oligomerization of the TcR play an integral part in the it is tempting to speculate that in the dimeric form, the
TcR-signalling complex (Germain, 1997; Davet al., flexible disulfide loop might undergo local structural
1998) and hence, superantigens may have adapted themrearrangement to allow formation of an inter-molecular
selves to this mechanism of TcR clustering (Proft and disulfide bridge involving Cys90. This would allow the
Fraser, 1998). possibility of bivalent TcR binding. If this proves to be
Preliminary experiments with SpeAl indicate that this correct, SpeAl will provide yet another mechanism for
toxin would also have evolved to act as a dimer under TcR recognition. Structural and biochemical studies to
certain conditions. Preparations of SpeAl purified from establish the biological relevance of dimer formation are
Escherichia coliwith pH 7.9 buffers show ~50% toxin  currently in progress.
monomer and 50% toxin dimer forms (see Materials and
methods). The SDS—PAGE analysis indicated that the Concluding remarks
dimer is disulfide linked (C.M.Collins, unpublished The crystal structure of SpeAl, a member of the bacterial
results). The zinc ion does not seem to have an effect onsuperantigen family has been determined at 2.6 A reso-
dimer formation. The toxin purified at pH 7.9 was separated lution to an Ry of 19.4%. Comparison with other
into monomer and dimer forms by gel-filtration chromato- staphylococcal and streptococcal superantigens shows a
graphy. Monomer and dimer preparations were tested for high degree of structural similarity, in particular with
the ability to stimulate human PBMC, and there was no SEC2. A potential zinc-binding site was identified in the
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structure at the interface between the N- and C-terminal
domains in a similar position to that of SEC2 zinc-binding
site. Possible binding modes for the toxin with MHC

Crystal structure of SpeA1

RmergeWas 13.7% with an overall completeness of 95% and a multiplicity
of 4.5. A second data set to 2.6 A resolution was collected on station
BW7B in EMBL Hamburg (c/o DESY) from a single crystal grown in
the presence of ammonium sulfate. The station was equipped with a

class Il molecules and TcRs are proposed based on (i) themaR345 image plate and data were collected using the small MAR

existence of three allelic forms of the toxin and (ii) the
presence of the potential zinc-binding site. The structural

data has provided a clear view of the various residues

involved in SpeAl1-TcR interactions previously identified

mode (18 cm). The exposure time was 30 s per image and the oscillation
range was 1°. One hundred and three images were collected. Processing,
scaling and merging was accomplished with the HKL package. Details
of the data processing are given in Table I. The two data sets, although
isomorphous, were not merged as they were obtained from crystals

by mutagenesis. The data obtained here are the first sterown under different conditions.

in the design and development of compounds, such as

TcR-specific peptides, to interfere with the SpeAl-TcR
interaction, and in turn prevent SpeA from acting as a
superantigen. It is possible that compounds that can
specifically block the superantigenic properties of SpeA

might prove useful as therapies to ameliorate and possibly

prevent STSS in an infected individual. However, in order
to understand the specific details of T-cell stimulation by

Structure determination

The 2.9 A data set was used for the initial structure determination and
the 2.6 A data set was used in the final refinement (Table 1). Attempts
to solve the structure by molecular replacement with the program AMoRe
(Navaza, 1994) using a homology model based on the structures of SEB
(1.5 A; Papageorgioet al, 1998) and SEC2 (2.0 A; Papageorgiou
et al, 1995) were unsuccessful even though SEB and SEC2 share 53
and 49% sequence identity with SpeAl. Moreover, a polyalanine model
of SEB was also unable to locate the first SpeAl molecule. However,

SpeA and other related superantigens, the urgent need foby using a polyalanine model of SECZ20% of the scattering power)

structural details of the MHC-SpeA-TcR complex and
for further functional studies cannot be over-emphasized.

Materials and methods

Protein expression and purification
SpeAl was expressed as a fusion protein with an N-terminal histidine-

rich leader sequence using the pET expression and purification system

of Novagen, Madison, WI. The bacterial expression vector pET15b was
utilized for these experiments. The recombinant toxin was expressed in
E.coli BL21 (DE3) (Novagen, Madison, WI) and purified by metal

and by excluding a number of residues from the N-terminal tail and the
highly flexible disulfide loop, a promising peak in the rotation function
was obtained, 1@ higher than the next one (resolution 3.0 A, box size
75.5x68.8x55.8 A). Subsequently, in the translation function, this peak
resulted in a correlation coefficient of 29.9% andRxfactor of 53.8%,
after rigid body refinement using AMoRe. Examination of this solution
on the graphics using the program ‘O’ (Jonesal., 1991) revealed
good packing and no stereochemical clashes with symmetry-related
molecules. Due to the presence of four molecules in the asymmetric
unit, the position of the first molecule was fixed in the translation search
for the remaining molecules. The second molecule (second peak in the
translation function), after rigid body refinement, gave values of 37 and
51.4% for the correlation coefficient arf@factor respectively. After

chelation chromatography on "His-bind’ resin at pH 7.9 as described by fjing the two molecules, these values improved to 44 and 49% when

the manufacturer. Under these conditions the resulting toxin preparation

contained both a monomer and a dimer form. To inhibit dimer formation,
the metal chelation column-binding buffer (5 mM imidazole, 0.5 M
NaCl, 20 mM Tris—HCI), elution buffer (1 M imidazole, 0.5 M NacCl,
20 mM Tris—HCI), and wash buffer (60 mM imidazole, 0.5 M NacCl,
20 mM Tris—HCI) were adjusted to pH 5.7. The toxin used in the present
crystallographic study was prepared at pH 5.7 and w85% monomer.
Recombinant toxin eluted from the His-bind resin was cleaved with
thrombin, and the histidine-rich leader peptide separated from the toxin

the third molecule was identified. Surprisingly, the fourth molecule could
not be located. However, its position was identified by examination of
the electron-density map and the crystal contacts between the other three
molecules. An anchor point was found close to Met199 and this was
used for the construction of a five-residue stretch from the fourth
molecule. After one round of preliminary refinement, the rest of the
fourth molecule was eventually located.

Refinement

by dialysis against phosphate-buffered saline (PBS). After thrombin pe gojution from AMoRe was subjected to rigid body refinement using
cleavage, four amino acids from the leader peptide remain fused to the y p| oR 3.851 (Brger, 1992b). At this stage, side chains were not

N-terminus of SpeAl (Gly-Ser-His-Met). Thrombin was removed from
the toxin preparation by chromatography oyeamino benzamidine
agarose (Sigma Chemicals, St Louis, MO). Toxin was then dialysed
against PBS, 0.14 M NaCl, 2.7 mM KCI, 5.4 mM p#PO, and 1.8 mM
KH,PO, and concentrated with Centricon-10 filter units (Amicon).

Plasma emission analysis

included in the refinement and in the electron density map calculations.
However, map averaging using the program DM from the CCP4 program
suite (Collaborative Computational Project, No. 4, 1994) permitted the
incorporation of most of the sidechains in the model according to the
amino acid sequence. The refinement procedure included alternate cycles
of simulated annealing at moderate temperatures (typically 1000 K) and
manual rebuilding. The progress of refinement was monitored using the

The metal content in SpeAl (0.5 mg per sample) was analysed Using afree R-factor (Riee) With 5% of the reflections set aside and not included
Jarrell-Ash 965 ICP Plasma Emission Spectrophotometer. Analysis was in the refinement (Bmuger, 1992a). Initial refinement was carried out

performed at the Chemical Analysis Laboratory, University of Georgia
Research Services, University of Georgia, USA.

Crystallization and data collection

Crystals of SpeAl were grown at 16°C by the vapour diffusion hanging
drop method. Initial crystallization trials produced rod-like crystals after
mixing 2 pl of SpeAl (~10 mg/ml) with an equal volume of a reservoir
solution containing 20% PEG 3350, 20% isopropanol and 0.1 M sodium
cacodylate buffer at pH 6.5. However, due to the irregular growth of

using the 2.9 A data set. Due to the hiBRergevalue in the outer shell,
only reflections to 3.0 A were used initially but, as the refinement
progressed, the resolution was extended to 2.9 A an®thevalue did
notincrease. The starting valuesRyfys;andRye for the three molecules
were 48.6 and 49.2% and a round of positional refinement improved the
values to 42.9 and 45.8%, respectively. Inclusion of the fourth molecule,
a solvent bulk correction (reflections 40.0-3.0 A) and a slow cool
protocol starting at 1000 K resulted in &ys; of 29.9% and arReee

of 33.2%. Extension of the refinement to 2.57 A was achieved with the

these crystals, alteration of the crystallization conditions was necessary.new data set, in 0.1 A steps, using molecular dynamics at 1000 K

Crystals with identical morphology but of better quality were grown
using 17% PEG 8000, 0.2 M ammonium sulphate, 0.1 M sodium
cacodylate buffer at pH 6.5. Micro-seeding techniques were employed
to increase the size of the crystals for X-ray structure analysis.

A data set to 2.9 A resolution was first collected from one crystal on
station PX 9.5 of the Synchrotron Radiation Source, Daresbury, UK.
Forty-seven images were collected (1.5° oscillation, 200 s exposure
time) using a 30-cm MAR Research image plate operated in the small
MAR mode (18 cm diameter). Data processing was performed with the

followed by Powell energy minimization. Overall B-factor refinement
followed by individual temperature factor refinement, was employed
after theRyys;dropped below 29% with data from 20.0-2.57 A. Tight non-
crystallographic restraints (200 kcal/mof)Avere applied throughout the
refinement but were relaxed at the later stages and finally released
altogether. Water molecules were identified using the program ARP
(Lamzin and Wilson, 1997) and examined on the graphics before
inclusion in the refinement. Water molecules with temperature factors
above 60 & after one round of refinement were excluded from the

HKL package (Otwinowski and Minor, 1997) and the systematic absences model and subsequent refinement. Engh and Huber stereochemical target

found to agree with an orthorhombic 222 space group. The final

values were used throughout the refinement (Engh and Huber, 1991).
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The final refinement statistics are presented in Table |. Map calculations

were performed with programs from the CCP4 suite using all the
reflections in the resolution range 20.0-2.57 A. Final atomic co-ordinates
of SpeAl will be deposited in the Brookhaven Protein Data Bank.

Accession number
The atomic coordinates of SpeAl have been deposited with the
Brookhaven Protein Data Bank under the accession code 1B1Z.
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Note added in proof

Based on a preliminary soaking experiment with zinc, we can now
confirm that SpeAl binds zinc in the crystal (in all four molecules) as
described in this article.

Crystal structure of SpeA1
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