
Toxic Shock Syndrome Toxin-1 Complexed clusively to  the a chain o f  DR1 off  one edge 
o f  the peptide binding groove. O n e  loop o f  

with a Class 11 Major Histocompatibility SEB covers residues o f  DRI recognized by 

Molecule HLA-DR1 the TCR during conventional antigen rec- 
ognition ( 8 ) ,  which suggests an  unconven- 
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tional model for the interaction between 
the TCR and MHC during superantigen 
activation (7). Al though they are only 16% 
identical in sequence (9), TSST-1 and SEB 

The three-dimensional structure of a Staphylococcus aureus superantigen, toxic shock have very similar three-dimensional struc- 
syndrome toxin-1 (TSST-I), complexed with a human class II major histocompatibility tures (9, 10). However, sequence differenc- 
molecule (DRI), was determined by x-ray crystallography. The TSST-I binding site on es in TSST-1 at residues corresponding to  
DRI overlaps that of the superantigen S. aureus enterotoxin B (SEB), but the two SEB residues involved in binding to  DR1 
binding modes differ. Whereas SEB binds primarily off one edge of the peptide binding suggest the existence o f  substantially differ- 
site of DRI , TSST-I extends over almost one-half of the binding site and contacts both ent superantigen-DRl interactions (7), al- 
the flanking a helices of the histocompatibility antigen and the bound peptide. This though mutat ion and competition studies 
difference suggests that the T cell receptor (TCR) would bind to TSST-1 :DRI very suggest substantial overlap in the binding 
differently than to DR1:peptide or SEB:DRI. It also suggests that TSST-I binding may site o n  DR1 (1 1-15). 
be dependent on the peptide, though less so than TCR binding, providing a possible Here, we determined the three-dimen- 
explanation for the inability of TSST-I to competitively block SEB binding to all DRI sional structure o f  the TSST-1:DRl  com- 
molecules on cells (even though the binding sites of TSST-1 and SEB on DRI overlap plex by x-ray crystallography. The  loca- 
almost completely) and suggesting the possibility that T cell activation by superantigen tions o f  the DR1 and T S S T - l  moiecules in 
could be directed by peptide antigen. a crystal o f  the TSST-1:DRl  complex 

were b o t h  determined by two independent 
methods w i t h  the use o f  coordinates o f  the 
individual molecules (9, 16). First, their  

T o x i c  shock syndrome toxin-1 (TSST-1) tox in  B (SEB) and the human class I1 MHC locations were each found by  separate, 
is a 22-kD protein superantigen secreted by molecule H L A - D R 1  was determined re- six-dimensional searches o f  a carbon mod- 
S. aureus that causes toxic shock in humans cently (7). It revealed that SEB binds ex- els (1 7) through a single isomorphous re- 
probably by polyclonal activation and lym- 
phokine secretion from T cells (1 ). Patients 
exhibit selective expansion of T cells (up to  Table 1. Data processing and refinement statistics. HLA-DR1 (27) was cocrystalized with TSST-1 in 
50% o f  the total) expressing the Vp2 family a 1 : 1 molar ratio (final total protein concentration of -1 2 mglml, 10 mM tris buffer, pH 7.5). Crystals 

of TCR P chains (2). ~ i k ~  other bacterial of lyophilized TSST-1 (Sigma or Toxin Technology) grown by vapor diffusion from 100 mM acetate (pH 

and viral superantigens, T S S ~ - ~  cross-links 5.5), 17% polyethylene glycol (4 kD), and 5% ethylene glycol (or methyl-propanediol) at room tem- 
perature have space gdoup 14, with unit cell dimensions of a = b = 144.08 A and c = 106.55 A. 

the 'lass I' major 'Om- Diffraction data to 3.5 A resolution from a native crystal and from one heavy atom derivative [soaked 
plex (MHC) proteins of antigen-presenting in 3 mM ethylmercury-thiosalicylate (EMTS) solution for 3 hours] were collected at room temperature 
cells to  the Vp chains of the antigen recep- with the use of an MAR-research detector with CuKa x-rays generated by an Elliot GX-13 rotating 
tor o f  T cells (3). Earlier studies indicate anode with Franks double mirror optics. Data were processed and scaled with the program XDS (28). 

that superantigens bind primarily outside of The heavy atom position was determined from difference Patterson maps and was confirmed by 

the peptide-antigen binding groove of class difference Fourier analysis with the molecular replacement phases calculated from either the DRl 
molecule alone or the TSST-1 molecule alone with the use of the program ROCKS (29). The heavy I' MHC and atom binding site is common to that of other DRI crystal forms (7, 16). Heavy atom parameters were 

regions of TCRs, including a fourth region refined and single isomorphous replacement (SIR) phases calculated with the program PHARE. SIR 
of hypervariability (CDR4) o n  Vp chains phases were improved by solvent flattening (30) (50% solvent) to give a 3.5 A electron density map in 
(2, 4). Furthermore, bacterial superantigens which DR1 and TSST-1 were located by a six-dimensional real space search (1 7). DRI and TSST-1 

function as intact molecules, unlike con- locations were revealed as peaks nine and five times, respectively, the standard deviation in indepen- 

ventional antigens, which are degraded to a dent, six-dimensional search functions. DR1 and TSST-1 positions were also independently deter- 
mined by molecular replacement methods with the use of the program package X-PLOR (78). The 

short peptide and complexed with an MHC correlation coefficients calculated for the highest peaks in the DRI and TSST-1 rotation functions were 
molecule for recognition by T cells (5). 0 , l l  and 0.1 0, both twofold greater than the next highest peaks. The translation function values were 
Their binding mode may circumvent the 0.22 and 0.31, respectively, with standard deviations of 0.012. R factors calculated from DR1 or 
clonal specifi&ity of T cells by binding away TSST-1 alone were 49.7 and 48.6%, respectively. The relative locations of the DR1 and TSST-1 
from the six major TCR hypervariable molecules along the crystallographicz axis were determined by inspection of the heavy atom binding 

loops, enabling superantigens to  activate a sites determined by difference Fourier analysis with the use of either DRl model phases or TSST-1 
model phases. The Rfactor for the TSST-1 :DRl complex thus located was 43%. The location of DR1 

large fraction of (lo 30%, and TSST-1 determined by molecular replacement and independently by the six-dimensional search 
hence their name) that bear certain families of the SIR map were the same, revealing one TSST-1:DRl complex per asymmetric unit. A further 
o f  TCR Vp chains (6). indication that the location of DR1 was correct was the discovery in this crystal of the same dimer of 

The  x-ray crystal structure of a complex DR1 molecules seen in three earlier crystals containing DRl (7, 16), this time positioned on a 
between the superantigen S,  aureus entero- crystallographic twofold symmetry axis. f ,, heavy atom structure factor; E, residual lack of closure; 

FOM, mean figure of merit; rms, root mean square. 
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placement, solvent-flattened 3.5 A electron 
density map. The same locations were found 
by independent rotation and translation 
function calculations (18) for each protein 
in the TSST-1:DRl crystal (Table 1). 

The current model contains 94% of the 
residues of DR1, 13 alanine residues repre- 
senting antigenic peptides bound to DR1, 
and the entire 194 amino acids of TSST-1. 
(Residue numbers are prefixed with a and P 
to indicate the a and p subunits of the DR1 
molecule, and p and t to indicate the anti- 

genic peptide bound on DR1 and TSST-1, 
respectively.) The model is presently re- 
fined to a c~stallographic R factor of 0.22 
(10 to 3.5 A, Rfree = 35%) (Table 2). 
Because significant inte~sity data were un- 
measurable beyond 3.5 A resolution, high- 
resolution details, such as the certainty of 
hydrogen bonding or salt bridge formation, 
which require a high-resolution refined 
structure, cannot be reliably assessed from 
the current model. However, a series of 
simulated annealing omit maps calculated 

Fig. 1. (A) The TSST-1 :DR1 complex [all the figures are generated with MolScript (32)l. The a and p 
subunits of DR1 are light blue and blue, respectively, the antigenic peptide is yellow, and TSST-1 is red. 
(B) The TSST-1 :DR1 complex viewed toward the MHC peptide binding site of DR1 [coloring is as in (A)]. 
Secondary structural elements of TSST-1 (a1 and a2 and p1 through p12) are marked for comparison 
with (C). (C) Stereo view of the TSST-1 :DR1 complex viewed as in (6). The a1 and p1 domains of DRl are 
in white, the antigenic peptide is shaded, and TSST-1 is black. The a2 and p2 domains of DR1 are 
omitted for clarity. The secondary structural elements of TSST-1 are marked by closed circles for the a 
carbons: t5 through t14 (al), t18 through t28 (PI), t32 through t37 (p2), t41 through t47 (p3), t60 through 
t75 (p4), t79 through t89 (p5), t101 through t106 (p6), t109 through t l l l  (p7), t119 through t124 (p8), 
t125 through t140 (a2), t152 through t158 (p9), t162 through t167 (plO), t180 through t182 (p1 I), and 
t187 through t193 (p12). C, COOH-terminus; N, NH,-terminus. 

around the contact regions clearly shows 
that the location of side chains and the 
composition of the interfaces in the TSST- 
1:DRl complex are evident. DR1 crystalliz- 
es as a dimer of the a p  heterodimer, as has 
been observed in other DR1 crystal forms 
(7, 16). 

The overall structure of the TSST-1: 
DR1 complex is shown in Fig. 1. The NH,- 
terminal p barrel domain of TSST-1 is pri- 
marily involved in complex formation be- 
tween DR1 and TSST-1 molecules, as had 
been suggested by x-ray crystallographic 
analysis of TSST-1 (9, 10) and peptide 
studies mapping the TSST-1:MHC interac- 
tion (19). The COOH-terminal domain of 
TSST-1 is oriented up and away from the 
DR1 molecule (Fig. 1A). The TSST-1 mol- 
ecule covers the entire top of the DR1 a1 
domain and about half of the peptide bind- 
ing groove (Fig. 1, B and C). 

Although a continuous surface, the 
TSST-1:DRl interface (Fig. 2A) can be 
usefully divided into three major contact 
regions: an interdigitation of two loops 
from TSST-1 (near t30 and t50) with two 
loops from DR1 (near a18  and a38) (con- 
tact region I), the packing of four f! 
strands of TSST-1 on the top of the a 
helix of the a 1  domain of DR1 (contact 
region 11), and an interaction between the 
antigenic peptide bound on DR1 and two f! 
strands from TSST-1 (contact region 111). 
Twenty-four residues of TSST-1 and 20 res- 
idues of DR1 (Table 3),  making hydropho- 
bic interactions, hydrogen bonds, and salt 
bridges, form an extensive contac: [- 1000 
AZ buried with the use of a 1.4 A solvent 
probe (20)l. 

Contact region I (Fig. 2B) is centered on 
Leu3' of TSST-1, which is surrounded by 
nonpolar residues (M36,163, and Y13) (2 1 ) 
of DR1. This leucine is conserved in SEB 
(L30 of TSST-1 = L45 of SEB) (Table 3) 
and makes similar contacts to DR1 in the 
SEB:DRl interface (7). In both the TSST- 
1:DRl and SEB:DRl interfaces, this leucine 
is one of tbe most extensiveJy buried resi- 
dues ( 159 AZ in TSST-1; 80 AZ in SEB). To  
one side (left, Fig. 2B) of the leucine, polar 
residues (D27 and K58) of TSST-1 poten- 
tially hydrogen bond to polar residues (418, 
Y13, and K67) of DR1. O n  the other side of 
the leucine (right, Fig. 2B), K39 of DR1 
potentially hydrogen bonds to S53 and the 
main chain carbonyl oxygen of P50 on 
TSST-1. In the SEB:DRl interface, the 
same DR1 K39 formed a very different con- 
tact, forming a salt bridge to SEB E67 (7) 
(Fig. 3). Mutation of DR1 K39 has been 
shown to disrupt binding of both TSST-1 
and SEB (14, 15). 

In contact region 11, the top face of four 
turns of the a helix on the DR1 a 1  domain 
(a57 to a71) (Fig. 2C), a site also recog- 
nized by T cell receptors, is covered by four 
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p strands of TSST-1 (P2, P3, P5, and P4) 
(Fig. 1B). Six of the 10 DRl residues in the 
contact (a57, 0160, 0161, a63, a64, and 
a67) when mutated affect T cell stimula- 
tion by conventional antigens (8). The 
same six DRl residues are contacted by 
SEB, but the contact is made by SEB disul- 
fide loop residues 94 to 97 (7), which are 
deleted in TSST-1 (replaced by the short 
loop between p4 and P5) (Fig. IB). In the 
TSST-1:DRl interface, five of the 10 DR1 
helical residues are highly conserved in 
class I1 MHC sequences and five are poly- 
morphic (22). About 63% of the buried 
surface in region I1 is contributed by the 
conserved DR1 residues, which may be 
enough to stabilize this contact in TSST-1 
complexes with other class I1 MHC mole- 
cules. A cluster of nonpolar residues on the 
concave surface of the TSST-1 P sheet 
(142, L44, 146, P50, 181, and F83) (10) 
interact with most DR1 a-helical residues; 
at one end of this interface, the charged 
DR1 residues E71 and K67 potentially form 
a salt' bridge and hydrogen bond with 
TSST-1 R34 and the main chain at D27, 
respectively (Fig. 2C). L46 of TSST-1, 
which is in the center of the apolar core of 
contact region I1 (Fig. 2C), is homologous 
to E67 of SEB, which in the DR1:SEB 
complex is connected by a salt bridge to 
K39 in contact region I of DR1. 

In contact region 111 (Fig. 2D), a /3 loop 
of TSST-1 (64 and 65) makes a few inter- 
actions with the COOH-terminal region of 
the bound peptides and the top of one turn 
of the 61 domain a helix. Residues 7 to 13 
(p7 to p13) of the peptide are near TSST-1 
residues K70, Q73, 181, and F83, and resi- 
dues T75 and S76 appear close enough to 
hydrogen-bond to p13. Q73 of TSST-1 may 
hydrogen-bond to DR1 P chain residues 
Y60 and Q64 (Fig. 2D). Q73 of TSST-1 is 
homologous to C93 of SEB. In the SEB: 

Fig. 2. (A) Three major contact regions in TSST- 
1 :DRl are designated by I ,  I I ,  and I l l ,  respectively 
(33). The Ca positions of DR1 are indicated by 
open circles and those of TSST-1 by closed cir- 
cles. (B) Contact region I .  The DRl and TSST-1 
Ca chains are indicated by light bonds and dark 
bonds, respectively. Contact region I is formed by 
interdigitation of two loops from the DRl molecule 
(a1 3 to a1 8 and a36 to a39) and two loops from 
the TSST-1 molecule (t27 to t34 and t42 to t58). 
Some residues from the COOH-terminal domain 
of TSST-1 are also located in this region. (C) Con- 
tact region I I .  DRl and TSST-1 Ca chains are 
indicated by light bonds and dark bonds, respec- 
tively. Four p strands from the NH,-terminal do- 
main of TSST-1 cover the a helix from the a1 
domain of DRl. (D) Contact region I l l .  DR1 and 
TSST-1 Ca chains are indicated by light bonds 
and dark bonds, respectively. TSST-1 interacts 
with the COOH-terminal region of the antigenic 
peptide (p7 to p13) and some residues from the 
pl domain a helix of DRI. 

DR1 interface, that SEB residue ((293) con- Although the structures of TSST-1 and 
tacts the top of the a 1  domain a helix and SEB are very similar (9, 10), SEB contacts 
thus resides in contact region I1 rather than only DR1 at two regions-on one side of 
in region 111, as in TSST-1:DRl. DRl (contact region I) and on top of the a 
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chain a helix (contact region 11)-whereas form contact region I, but TSST-1 uses 
TSST-1 has one further contact region, to residues (like L46 and F47) that were part 
the bound peptide and the DR1 P chain. of contact region I in SEB:DRl to form 
Both TSST-1 and SEB use homologous contact region I1 o n  top o f  the DR1 helix, 
leucines (L30 TSST-1 and L45 SEB) to and TSST-1 uses residues (like 473)  that 

Table 2. Refinement statistics. TOM/FRODO (31) was used for model building, and X-PLOR (18) was 
used in the refinement with PARAMl9X.PRO as the parameter file. Four refinement steps were carried 
out with the available 3.5 A resolution data. The initial molecular replacement model refined as rigid 
molecules had a value for R,,, of 43%. Residues in poor electron density in the map calculated from 
combined SIR and model phases were eliminated from the model. Cycles of positional and individual B 
factor least squares refinement reduced the R factor to 25% and R,, to 38%. Improvements in phases 
allowed the omitted residues to be rebuilt from inspection of 2F0 - Fc and Fo - Fc electron density maps. 
After rebuilding, a simulated annealing (3000") and individual B factor refinement reduced the value for 
R,,, to 22%. Although the value for R,, did not drop significantly at this stage, significant improvement 
of electron density was obse~ed. After rebuilding into the resultant 2F0 - Fc map, the initial R factor was 
38%, and subsequent positional and individual B factor refinement reduced the R factor to 22% and R,, 
to 35%. As a precaution against model bias in placing side chains, a series of simulated annealing omit 
maps (18) was examined. The absence of intensity data beyond 3.5 A resolution limits the effectiveness 
of this refinement, so that the precision of atomic positions and the certainty of side chain placement is 
reduced. R,, was calculated with -10% of reflections excluded from the refinement. The number of 
reflections in the refinement was 10,546 (with Fobs > 0); the number of reflections in the free set was 1050; 
the number of atoms in the refinement was 4654; and the number of solvent molecules was 0. 

Structural statistics Before 
refinement 

After partial 
refinement 

R,,? (10.0 to 3.5 A) 
Rw* (1 0.0 to 3.5 A) 
Root mean square deviation 

Bond lengths (A) 
Bond angles (degrees) 
Dihedral angles (degrees) 
Improper torsion (degrees) 

'RcVst and R,, = I,, 1 I F,, I - I F,,, I I a ,  I F,, 1 ,  where F,, is the observed structure factor. 

Table 3. The TSST-1:DRl interface. Underlined residue numbers are also found in the DR1:SEB 
interface. 

TSST-1 residue 
(SEB residue no.) 

[buried surface area (A2)] 
Location DRl contact residues* 

[buried surface area (A2)] 

t-D27t (D42) (35.8) 

t-S29 (F44) (29.8) 
t-L30 (L45) (1 56.9) 
t-G31 (34.2) 
t-S32 (F47) (31 .O) 
t-R34$ (L49) (93.9) 
t-142 (N63) (1 1.5) 
t-L44 (R65) (49.0) 
t-146 (74.3) 
t-F47t (F68) (15.2) 
t-P48 (60.9) 
t-P50 (K71) (68.4) 
t-S53t (A74) (25.4) 
t-K58t (-) (17.8) 
t-T69 N89) (10.1) 
t-K70 (Y90) (39.6) 
t-Q73t (C93) (78.3) 
t-H74 (36.6) 
t-T75t 0 (54.5) 
t-S76t (1 4.7) 
t-E77 (K97) (21.7) 
t-I81 (Kl 1 1) (21.5) 
t-F83 (C113) (1 5.3) 
t-185 N115) (12.8) 
Other residues at the 

contact region with more 
than 4 A separation from 
the TSST-1 residues 

'van der Waals contact (<-3.8 4. 

P1 

p1 p2 loop 
p1 p2 loop 
p1 p2 loop 

P2 
P2 
P3 
P3 
P3 
P3 

p3p4 loop 
p3p4 loop 
p3p4 loop 
p3p4 loop 

P4 
P4 
P4 
P4 
P4 

p4p5 loop 
p4p5 loop 

P5 
P5 
P5 

tpotential hydrogen bond (<-3.5 A). $Potential salt bridge. 
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were part of contact region I1 (top of the a 
helix) in SEB:DRl to reach over the top of 
the peptide and P chain to form contact 
region 111. 

Structural models for the interaction of 
TCRs wi th superantigens have been pro- 
posed on the basis of mutation studies and 
the three-dimensional structures of SEB, 
TSST-1, and the SEB:DRl complex (7, 
10). Sites on TSST-1 where mutations af- 
fect TCR binding (Fig. 3) form a surface 
facing up away 'from the DR1 molecule in 
the TSST-1:DRl complex. The very differ- 
ent mode of binding of TSST-1 to class I1 
MHC molecules seen here, relative to SEB, 
suggests that TCRs may be oriented very 
differently in complexes wi th various super- 
antigens (23), yet stil l may be capable of 
initiating a signal solely o n  the basis of 
crosslinking MHC-bearing membranes to 
TCR-bearing membranes. Although the 
structures of the complexes of SEB and 
TSST-1 wi th DR1 both suggest that TCRs 
could simultaneously contact superantigen 
and DR1 molecules, the TSST-1:DRl com- 
plex also suggests the possibility that TCRs 
might contact only TSST-1 and be blocked 
from contacting DR1. 

The binding of TSST-1 to class I1 MHC 
molecules is known to be affected by chang- 
es in the a1 and p l  domains of DR mole- 
cules (14, 24) and to mutations at residues 
a36 and a39 (14, 25), which is consistent 
wi th the interface observed in the TSST-1: 
DR1 crystals (Figs. 1 and 2). A comparison 
of the structure of the TSST-1:DRl com- 
plex wi th that of the SEB:DRl complex (7) 

Fig. 3. Location of TSST-1 residues reported to 
be involved in TCR interactions. The a1 and P1 
domains of DR1 are in light blue and blue, the 
antigenic peptide is yellow, and TSST-1 is red. 
Residues t-Y115, t-E132, t-H135, t-1140, t-H141, 
and t-Y144, which are important for mitogenic 
activity of TSST-1 (26) and have been implicated 
in TCR binding (9, lo), are represented as ball- 
and-stick models. 



reveals that 11 of the 17 DR1 residues in 
the TSST-1:DRl interface (underlined in 
Table 3) are common to the SEB:DRl in- 
terface, despite the overall difference in 
orientations of the two superantigens on 
DR1. (Thirteen of the 19 positions on 
TSST-1 that contact DR1 are homologous 
to positions on SEB that contact DR1.) 
Thus, it seems impossible for TSST-1 and 
SEB to bind simultaneously to DR1, as they 
would need to occupy the same space. Yet, 
neither TSST-1 nor SEB appears to be able 
to completely inhibit the binding of the 
other ( 1  1, 13, 25). One possible explana- 
tion for this dilemma would be the exis- 
tence of a second binding site on DR1 for 
SEB or TSST-1, but there is no  evidence for 
such a site. 

The  most striking new observation 
about superantigen-class 11 interaction 
seen in the TSST-1:DRl complex is that 
the superantigen covers most of the peptide 
binding site, contacting all the polymorphic 
residues on  the a chain a helix, residues on 
the bound peptide, and part of the @ chain 
a helix, across the peptide binding site. 
This contrasts with our expectation because 
superantigen activation of T cells is report- 
edly much less MHC-restricted and pep- 
tide-dependent than peptide antigen-in- 
duced activation. It suggests that TSST-1 
binding to DR1 may be in part peptide- 
dependent. Recent binding measurements 
between superantigens and DR molecules 
on different cell types suggest that different 
subsets of HLA-DR molecules may bind 
TSST-1 and SEB (25). Peptide-dependent 
binding offers a possible mechanism for su- 
perantigens to distinguish different subsets 
of DR1 molecules and that in turn could 
account for the inability of TSST-1 to in- 
hibit completely the binding of SEB to DR1. 
Superantigen activation dependent on pep- 
tide (and hence also MHC allele) would 
allow a pathogen to direct T cell activation 
by its antigens or by host antigens during 
infections, with potential consequences for 
inducing specific autoreactivity. 
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Subsets of HLA-DR1 Molecules Defined by 
SEB and TSST-1 Binding 
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Superantigens bind to major histocompatibility complex class II molecules on antigen- 
presenting cells and stimulate T cells. Staphylococcus aureus enterotoxin B (SEB) and 
toxic shock syndrome toxin-1 (TSST-1) bind to the same region of human lymphocyte 
antigen (HLA)-DR1 but do not compete with each o.ther, which indicates that they bind 
to different subsets of DR1 molecules. Here, a mutation in the peptide-binding groove 
disrupted the SEB and TSST-1 binding sites, which suggests that peptides can influence 
the interaction with bacterial toxins. In support of this, the expression of the DRl molecule 
in various cell types differentially affected the binding of these toxins. 

Superantigens (SAGs) are T cell mitogens ity complex (MHC) class I1 molecules, and 
produced by a variety of bacteria and viruses the T cell receptor (TCR) leads to the 
(1 ). The formation of a trimolecular com- activation of T cells in a Vp-restricted fash- 
plex between SAGs, major histocompatibil- ion (2). The  most studied superantigens of 
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