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Staphylococcal enterotoxins are major causes of food poisoning and toxic shock syndrome. Their ability to
bind to major histocompatibility complex (MHC) class II molecules has been suggested to be the first step in
the mechanism whereby they cause illness. By flow cytometric analysis, the sites of interaction of staphylococcal
enterotoxin B (SEB) with HLA-DR molecules were probed in the present study by inhibiting the binding of
biotinylated SEB to a human T-cell line (HUT-78) with synthetic peptides of SEB. Five peptides of SEB gave
significant inhibition of binding: a peptide containing amino acids 9 to 20 [SEB(9-20)], SEB(30-38),
SEB(61-70), SEB(90-114), and SEB(169-181). One peptide, SEB(39-51), enhanced binding. Among the
inhibitory peptides, SEB(90-114), a peptide spanning the entire disulfide loop, showed the most efficient
inhibition of binding. Peptides SEB(9-20) and SEB(39-51) include amino acid residues that have been
identified by previous mutation studies (J. W. Kappler, A. Herman, J. Clements, and P. Marrack, J. Exp. Med.
175:387-396, 1992) as being important in binding to MHC class H. Amino acids lining the a5 groove of SEB
have also been postulated to be involved in binding to MHC class II molecules. However, only two of the
residues that line the a5 groove of SEB, His-12 and Tyr-17, are on peptide SEB(9-20) that inhibits binding.
These results confirm previous studies that implicated the amino-terminal portion of the molecule in binding
to MHC class II molecules and further indicate an important role for residues in other regions, particularly
the disulfide loop.

Staphylococcal enterotoxins (SEs) are a major cause of food
poisoning and can also cause toxic shock (32). They are all
protein molecules with molecular masses of about 28 to 30 kDa
and a single disulfide loop and contain many small regions of
homology scattered throughout the molecules (32). Overall,
the toxins fall into two groups. One group, consisting of
staphylococcal enterotoxin B (SEB), SEC1, SEC2, and SEC3,
has 66 to 98% amino acid sequence identity, while the other
group, consisting of SEA, SED, and SEE, has 53 to 81%
identity (3). There is 29 to 36% identity between the two
groups (3). Despite high degrees of homology, the question as
to whether the homologous or nonhomologous regions are the
active sites that are responsible for inducing disease has not
been definitely answered.

Recently, SEs have been shown to be superantigens (9).
They bind to major histocompatibility complex (MHC) class II

antigens (13, 15, 30, 34). Binding of staphylococcal toxins to
MHC class II molecules delivers various signals to the cells,
such as comitogenic and activation signals, and stimulates
cytokine gene expression, phospholipase cyl activation, and
calcium mobilization (10, 14, 19, 26, 35, 47). After binding, the
class II-SE complexes are then presented to and stimulate T
cells bearing certain T-cell-receptor V,B elements (32). Binding
of enterotoxins to MHC class II antigens is necessary for T-cell
activation in several systems (7, 12, 41, 52). It has been
suggested that activation of both the antigen-presenting cells
and T cells results in production of large amounts of cytokines
that then cause illness (18, 31). Thus, the first step in the
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pathogenesis of SEs is believed to be the binding of SEs to
MHC class II antigens. SEs bind to MHC class II antigens
outside of the antigen groove to which conventional antigens
bind (11). Several studies to determine the sites on the SEs
that bind to human MHC class II molecules have been
performed (17, 18, 20, 27, 37). Grossman and coworkers (18,
20) found that reduction and alkylation or mutation of the
disulfide loop of SEA has only small effects on the binding of
SEA to human MHC class II antigens and that reduction and
alkylation of the disulfide loop of SEB has little effect on class
II-mediated monocyte stimulation. Pontzer and coworkers
(37) found that a peptide of SEA containing amino acids 1 to
45 [SEA(1-45)] and SEA(1-27) block the binding of SEA to
Raji cells, and Griggs and coworkers (17) found that SEA(39-
66), SEA(62-86), and SEA(121-149) do also. Kappler and
coworkers (27) studied SEB mutant molecules generated by
random mutations and their resulting effectiveness in T-cell
mitogenesis. They identified four regions that affect T-cell
proliferation: residues 9 to 23, 41 to 53, 60 to 61, and 91 to 93.
The region of residues 9 to 23 appears to be involved in
interactions with T-cell-receptor V,B chains and binding to
MHC class II molecules. The region of residues 41 to 53
appears to be involved in MHC class II binding, while residues
60 to 61 appear to be involved in V,B interactions. Thus, the
active sites involved in binding to MHC class II antigens seem
to be located in the N-terminal portion of SEB. However,
further studies using different methods are required to confirm
these findings because each of the techniques used to map

structure-function relationships have their own limitations.
A straightforward way of studying the binding sites of SEs to

MHC class II antigens is to use living MHC class II-bearing
cells and small synthetic peptides in competitive inhibition
studies. This approach offers the advantage that the conforma-
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TABLE 1. Peptides of SEB used in this study

Peptide Residues Sequence

1 1-9 ESQPDPKPD
2 9-20 DELHKSSKFTGL
3 21-30 MENMKVLYDD
4 30-38 DNHVSAINV
5 39-51 KSIDQFLYFDLIY
6 50-60 IYSIKDTKLGN
7 61-70 YDNVRVEFKN
8 71-80 KDLADKYKDK
9 81-92 YVDVFGANYYYQ
10 90-114 YYQCYFSKKTNDINSHQTDKRKTCM
11 114-123 MYGGVTEHNG
12 123-134 GNQLDKYRSITV
13 135-142 RVFEDGKN
14 142-150 NLLSFDVQT
15 150-162 TNKKKVTAQELDY
16 161-169 DYLTRHYLV
17 169-181 VKNKKLYEFNNSP
18 181-194 PYETGYIKFIENEN
19 194-207 NSFWYDMMPAPGDK
20 207-220 KFDQSKYLMMYNDN
21 220-229 NKMVDSKDVK
22 229-239 KIEVYLTTKKK

tions of the SEs are not altered and the binding of SEs to living
cells remains physiological. The present study used synthetic
SEB peptides to locate the regions of SEB that are involved in
binding to MHC class II antigens on a human T-cell line,
HUT-78. This cell line expresses HLA-DR4,4 (16). Flow
cytometry was used to analyze the inhibition of binding. Five
peptides of SEB gave significant inhibition, namely, SEB(9-
20), SEB(30-38), SEB(61-70), SEB(90-114), and SEB(169-
181), and one, SEB(39-51), enhanced binding. This result
confirmed previous reports that place the binding sites of
enterotoxins at the N-terminal portion of the molecule. Fur-
thermore, it also implies that some other regions, particularly
the disulfide loop, may also be directly involved in binding of
SEs to MHC class II antigens.

MATERIALS AND METHODS

SEB peptides. The peptides of SEB were synthesized by
Macromolecular Resources, Fort Collins, Colo., by standard
methods (48) using solid-phase tert-butyloxycarbonyl chemis-
try. The sequences of the SEB peptides made are shown in
Table 1. Each peptide is highly pure, showing a single peak in
reversed-phase high-performance liquid chromatography with
a C18 column, 0.1% trifluoroacetic acid, and a gradient of 0 to
50% acetonitrile. The peptides were dissolved at a concentra-
tion of 10 mg/ml in dimethyl sulfoxide and further diluted to
microgram-per-milliliter concentrations in phosphate-buffered
saline (PBS)-bovine serum albumin (BSA)-azide for assays of
inhibition of MHC class II binding. Control tubes contained an

equivalent amount of dimethyl sulfoxide without peptide.
SEB. SEB was purified by the method of Schantz and

coworkers (42) and was obtained in lyophilized form from the
U.S. Army Medical Research Institute of Infectious Diseases,
Fort Detrick, Frederick, Md. The SEB preparation was the
same as that used in previous studies (28, 51). It was relatively
pure and showed an intense SEB band (29 kDa) and two very
faint bands (10 and 17 kDa), which were the sizes expected for
proteolytic fragments of SEB, on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (28). The

SEB was biotinylated by the method of Hsu and coworkers
(23) by using N-hydroxysuccinimidobiotin.
Binding of SEB to HLA-DR on HUT-78 cells. The HUT-78

human leukemic T-cell line (ATCC TIB 161) was obtained
from the American Type Culture Collection, Rockville, Md.,
and was grown in RPMI 1640 medium supplemented with 10%
fetal bovine serum. Cells were harvested, washed in PBS-BSA-
azide (0.2% BSA, 0.1% sodium azide) and resuspended at 107
cells per ml in the same solution. Fluorescein isothiocyanate
(FITC)- and phycoerythrin (PE)-labeled monoclonal antibod-
ies to HLA-DR were obtained from Becton Dickinson Immu-
nocytometry Systems, Mountain View, Calif.
To quantify SEB binding to MHC class II, it is necessary to

determine whether the amount of binding is proportional to
the fluorescence intensity. If this relationship holds, the
amount of staining for HLA-DR should be proportional to the
intensity of staining for SEB. To determine this, the HUT-78
cells were doubly stained with FITC-labeled anti-HLA-DR
and biotinylated SEB and then with avidin-PE as follows.
HUT-78 cells were incubated with 50 ,ul of a 4-,ug/ml concen-
tration of biotinylated SEB and 50 ,ul of FITC-conjugated
anti-HLA-DR (25 ,ug/ml) for 15 min on ice. The cells were
washed with PBS-BSA-azide and incubated for an additional
15 min on ice with 50 ,lI of a 2.5-,ug/ml concentration of
PE-avidin (Molecular Probes, Eugene, Oreg.). The stained
cells were analyzed in a FACScan flow cytometer (Becton
Dickinson). Compensation was set on green-only (i.e., FITC-
labeled anti-HLA-DR stained cells only) and red-only (i.e.,
cells stained with biotin-SEB followed by PE-avidin) controls.
A gate was set around the major cell population to exclude
small and damaged cells. Ten thousand cells were analyzed.
Cells doubly stained with SEB and anti-HLA-DR served as an
indication of binding of SEB to HLA-DR on HUT-78 cells.

Inhibition of binding to HUT-78 cells. Inhibition of SEB
binding to HLA-DR on HUT-78 cells by peptides of SEB was
analyzed and quantified by flow cytometric analysis. In the
initial experiments to screen for inhibitory peptides, 50 ,u of
biotinylated SEB, at a concentration of 0.5 ,ug/ml, and 50 RI of
peptide in various concentrations (0.2 to 1.0 mg/ml) were
mixed in a tube (12 by 75 mm). In follow-up experiments to
verify the inhibition (shown in Fig. 6), the signal was increased
by using 100 ,ug of biotinylated SEB per ml. One hundred
microliters (106 cells) of HUT-78 cell suspension was then
added, and the mixture was incubated on ice for 15 min. The
cells were washed two times with 3 ml of PBS-BSA-azide, and
then 50 ,ul of FITC-avidin (Vector Laboratories, Burlingame,
CA) at 30 ,ug/ml in the initial experiments or 50 RI of PE-avidin
at 5 ,ug/ml (in the follow-up experiments) was added to stain
the cells in the pellet. The cells in the pellet were resuspended
and incubated for 30 min on ice and then washed with 4 ml of
PBS-BSA-azide. The cells were fixed with 1 ml of 1% ultrapure
formaldehyde (Polysciences, Warrington, Pa.) and kept at 4°C
in the dark until they were examined by flow cytometry. Ten
thousand cells were examined in each test. Cells were exam-
ined within 24 h of staining. Data files of stained cells were
analyzed in a FACScan flow cytometer by using Becton
Dickinson's LYSIS II program. Median fluorescence intensity
values calculated by the program were used as the measure of
binding of SEB to HUT-78 cells; the percent inhibition by the
peptides was then calculated. Since the fluorescence was
displayed on a 4-decade logarithmic graph, representing 1,024
channels, a 256-channel difference between two points repre-
sented a 10-fold difference in fluorescence intensity. There-
fore, the channel difference was divided by 256, and the result
was taken as the log of the fold difference between two points.
The antilog was then taken, and the percentage of control
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FIG. 1. Dot plot of fluorescence of HUT-78 cells stained with
PE-labeled anti-HILA-DR and labeled with 4 ,g of biotinylated SEB
per ml followed by FITC-avidin as described in Materials and Meth-
ods.

fluorescence was calculated. Because of this conversion from
logarithmic to linear values, the mean fluorescence intensity of
uninhibited samples shown in Fig. 6 does not add up to exactly
100%.

In the follow-up experiments to check the inhibitory pep-
tides, the percent inhibition values from 17 replicate tubes in
three experiments [except for peptide SEB(90-114), in which
there were 12 replicate tubes from two experiments] were
compared with those of uninhibited tubes by using Student's t
test for groups, two-tailed, with separate variances. The tests
were calculated by using the computer program Statpal (Stat-
pal Associates, Montpelier, Vt.).

RESULTS

To determine whether there is a correlation between the
amount of HIA-DR on the cells and the intensity of SEB
staining, HUT-78 cells were doubly stained by biotinylated
SEB and anti-HLA-DR reagents. As shown in Fig. 1, all of the
HLA-DR-positive cells bound SEB.
To locate the regions of SEB molecule that are involved in

SEB binding to HUT-78 cells, peptides of SEB were used to
inhibit this binding. The amino acid sequences of the peptides
of SEB used in the inhibition tests are shown in Table 1. As
shown in Fig. 2, several of the peptides of SEB inhibit binding
of SEB to HUT-78 cells. These includes peptides SEB(9-20),
SEB(30-38), SEB(61-70), SEB(90-114), and SEB(169-181).
SEB(90-114) showed the highest inhibition. SEB(9-20) con-
tains some of the amino acids in region 1, residues 9 to 23,
described by Kappler and coworkers (27), which these workers
found to be involved in T-cell mitogenesis and binding of
HLA-DR to SEB. Peptide SEB(39-51) also coincides with
residues 41 to 53, which was shown to be the region involved in
binding to HLA-DR.
To further determine the efficiency of binding inhibition,

peptides of SEB were titrated. Figures 3 and 4 show the
titration of five peptides that inhibit binding. Peptide SEB(90-
114) inhibits binding at a concentration as low as approxi-
mately 60 ,ug of peptide per ml. Peptides SEB(9-20), SEB(30-

SEB 229-239
SEB 220-229
SEB 207-220
SEB 194-207-
SEB 181-194-
SEB 169-181
SEB 161-169
SEB 150-162
SEB 142-150
SEB 135-142
SEB 123-134
SEB 114-123
SEB 90-114
SEB 81-92
SEB 71-80
SEB 61-70
SEB 50-60
SEB 39-51
SEB 30-38
SEB 20-30
SEB 9-20
SEB 1-9

0 20 40 60 80 100

percent control fluorescence
*60-fold enhancement by SEB(39-51)

FIG. 2. Plot of the inhibition of binding of biotinylated SEB to
HUT-78 cells by 22 synthetic peptides of SEB used at a concentration
of 1 mg/ml. The inhibition is expressed as the percentage of control
fluorescence of biotinylated SEB detected by FITC-avidin.

38), SEB(61-70), and SEB(169-181) showed moderate
inhibition at higher concentrations. However, peptide
SEB(39-51) at a low concentration significantly inhibited
binding but repeatedly enhanced binding at higher concentra-
tions (Fig. 5). This may be due to hydrophobic interactions that
link SEB to a hydrophobic region of HLA-DR. This peptide
has 6 hydrophobic residues out of a total of 13 residues, or
46%, which is a higher percentage than any of the other
peptides. The three-dimensional structure of an SEB-HLA-
DR complex shows that hydrophobic residues 44, 45, and 47
protrude from a loop between strands 1 and 2 of the SEB
molecule and fit into a predominantly hydrophobic depression
in the HLA-DR1 molecule (25).
To verify that the five identified peptides were indeed

inhibitory, a series of confirmatory experiments was done. The
biotin-SEB concentration was raised to 100 ,ug/ml to increase
the signal. The results are shown in Fig. 6. All five peptides
gave significant inhibition of binding of biotin-SEB.

C)

c
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55
0.000 0.200 -0.400 0.600 0.800 1 .000

Concentration of Peptide (mg/ml)
FIG. 3. Results of titration of four peptides to determine their

ability to inhibit the binding of biotin-SEB to HUT-78 cells. Symbols:
*, peptide SEB(9-20); O, peptide SEB(30-38); O, peptide SEB(61-
70); A, peptide SEB(181-189).
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FIG. 4. Results of titration of peptide SEB(90-114) mixed with
biotin-SEB. This peptide gave the greatest inhibition.

DISCUSSION

SEB binds to HUT-78 cells on a single class of binding sites
with a Kd of 10-6 M. (29). Scholl and coworkers (43) found
that SEB bound to a heterodimer on HUT-78 cells. This
heterodimer had two chains, with molecular masses of 35 and
31 kDa, which comigrated with the a and 1 chains of HLA-
DR, the human MHC class II antigens to which enterotoxins
bind most strongly (22, 44). We found that the intensity of
staining with FITC-labeled anti-H[A-DR was correlated with
the intensity of staining with biotinylated SEB plus PE-avidin.
The cells that stained more brightly with the anti-HLA-DR
also stained more brightly with biotinylated SEB.

Several groups have identified sites on enterotoxins that are
involved in binding to MHC class II antigens. Kappler and
coworkers (27), by using mutated SEB molecules, identified
two regions that are important in the binding of SEB to
HLA-DR, one comprising residues 14 and 23 and one com-
prising residues 41 to 53. Mutations in residues 14 (S-*L), 17
(F--S), and 23 (N-*S) of SEB reduced binding 100-fold (27).
In agreement with Kappler and coworkers (27), we found
inhibition of SEB binding by peptide SEB(9-20). Region 1 of
Kappler and coworkers, residues 9 to 23, was identified as
being involved in both T-cell-receptor and MHC binding.
However, the three-dimensional structure of an SEB-H[A-
DR1 complex (25) did not show these residues to be involved
in the SEB-DR1 interface. Peptide SEA(1-45) inhibits binding
of SEA to HLA-DR and to murine I-Ap3b-bearing cells (37).
Peptide SEB(39-51), which enhanced binding at most of the
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Concentration of Peptide SEB(39-51) (mg/ml)
FIG. 5. Results of a typical experiment showing the titration of

peptide SEB(39-51) mixed with biotin-SEB. Increasing concentrations
of this peptide increased the binding of biotin-SEB to HUT-78 cells.
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FIG. 6. Plot of the five inhibitory peptides showing the standard
error of 17 replicate tubes in three experiments [except for peptide
SEB(90-114), which was tested with 12 tubes in two experiments]. In
these experiments only, the concentration of biotin-SEB was 100
,ug/ml. *, P < 0.05; **, P < 0.005; ***, P < 0.001.

concentrations used, includes some residues of Kappler's
region 2, residues 41 to 53, which are involved in MHC binding
only. This peptide includes residues 43 to 46, which are
involved in hydrogen bonds to HLA-DR1 (25). Residue Ile-
190, identified by Swaminathan and coworkers (50) as a
possible MHC-binding residue, and residues 210 to 217, iden-
tified by Jardetzky and coworkers (25) as being on a contact
site, are on peptides that did not inhibit binding. Peptides
SEB(30-38), SEB(61-70), SEB(90-114), and SEB(169-181)
inhibit binding but had not been previously identified as being
important in the binding of SEB to MHC class II. However,
Jardetzky and coworkers (25) confirmed that residues 92 to 96
of the disulfide loop and residues Arg-65, Glu-67, and Lys-71
were in the contact region with SEB.
The strongest inhibition was obtained with a peptide span-

ning residues 90 to 114, which includes the disulfide loop
(residues 93 to 113) of the SEB molecule. The use of this
peptide at 1 mg/ml reduces binding to near-background levels.
Part of this region is poorly defined in the electron density map
and resulting three-dimensional model of SEB (50), presum-
ably because it is flexible. This very flexibility, however, might
facilitate binding to MHC class II. Grossman and coworkers
(18) found that an intact disulfide bond was not necessary for
binding of SEA to MHC class II antigens and was not
necessary for class II-mediated monocyte stimnulation by SEB.
Apparently, the residues of the loop will bind to MHC class II
antigens without an intact disulfide bond. This is consistent
with the ability of a linear synthetic peptide to inhibit binding
of the SEB molecule. The superantigen staphylococcal toxic
shock syndrome toxin-1 (TSST-1) is 20 to 30% homologous to
the SEs (3). TSST-1, which lacks a disulfide bond, is still
capable of binding to MHC class II antigens and stimulating
T-cell proliferation. However, SEB and TSST-1 bind to differ-
ent sites on HLA-DR (8).
We found significant inhibition with peptides SEB(30-38)

and SEB(61-70) in addition to peptides SEB(9-20) and
SEB(90-114). One of these, SEB(61-70), corresponds to res-
idues 64 to 73 of SEA, one of the four peptides of SEA that
inhibit the binding of SEA to HLA antigens on Raji cells (17).
The four peptides were SEA(1-45), SEA(39-66), SEA(62-86),
and SEA(121-149) (17). Peptide SEB(61-70), which inhibits
binding, straddles peptides 60 to 70 and 70 to 80 of SEA.
However, Griggs and coworkers (17) found no inhibition of
binding by peptides that included the residues of the disulfide

0
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loop of SEA. The disulfide loop of SEA is 11 residues long,
while the disulfide loop of SEB is 21 residues long, and there
is little homology between them. Therefore, it would not be
surprising to find that they do not have the same importance in
binding to MHC molecules. SEA competes with SEB for
binding to HLA-DR, but the reverse is not true, suggesting
either that SEA binds to more than one site or that the binding
sites for SEA and SEB to HLA-DR overlap but are not
identical (8). Swaminathan and coworkers (50), who deter-
mined the three-dimensional structure of SEB, suggested that
theat5 groove, which lies on the same side of the molecule as
the residues identified by Kappler and coworkers (27), is
important for binding of SEB to MHC class II (residues 14 to
23 within region 1 and region 2, residues 41 to 53 ) and is also
involved in binding. They identified 22 residues that line thea5
groove: His-12, Phe-17, Met-24, Tyr-28, Asp-161, Arg-165,
Glu-191, Phe-196, Trp-197, Tyr-198, Asp-199, Met-201, Phe-
208, Lys-212, Tyr-213, Met-215, Met-216, Tyr-217, Asp-219,
Lys-221, Val-223, and Val-228. Among these are 16 residues
that are conserved among all the SEs for which the sequences
had been published at the time (SEA, SEB, SEC1, SEC2,
SEC3, SED, and SEE). In our hands, only two of those
residues, His-12 and Tyr-17, are contained in the peptides that
inhibited binding of SEB. It may be that binding to MHC class
II involves a large number of low-affinity interactions, only
some of which can be detected by mutation or peptide
inhibition experiments. Jardetzky and coworkers (25) identi-
fied 19 residu-es in several regions of SEB involved in the
interaction between HLA-DR1 and SEB. This may explain
why most of the peptides studied in the present work gave only
partial inhibition of binding.
There have been a large number of studies to locate the

active sites of SEs that are responsible for inducing disease.
However, the results are controversial. When SEB is digested
with proteolytic enzymes and is reduced and alkylated, two
fragments are formed: one fragment (11 kDa) has the N-
terminal end, while the other (17 kDa) has the C-terminal end.
Some investigators have localized the mitogenic activity of SEs
to the N-terminal portion (5, 6, 27, 38), while others have
abolished mitogenic functions by deleting 9 residues from the
C-terminal portion (33). Binek and coworkers (4) found
mitogenic activity in the 17-kDa C-terminal fragment of SEB
produced by trypsin and found none in the 12-kDa N-terminal
fragment. Several studies have also localized MHC class II
binding to the amino terminus (17, 27, 37, 39), but Pontzer and
coworkers (36) and Hedlund and coworkers (21) have ob-
served MHC class II binding to C-terminal portions (residues
121 to 149 and 107 to 233, respectively) of SEA. One possible
explanation for the discrepancies is the different methods used.
For example, several workers have suggested that deletion
mutations of SEs could alter the conformation of the mole-
cules (24, 33).
Some structure-function studies of enterotoxins have fo-

cused on mitogenesis and the ability of the molecules to cause
emesis in monkeys. These activities may be dissociated from
one another. For example, certain formaldehyde treatments of
SEB can abolish its emetic activity even though the molecules
retain some mitogenicity (45). Another example is provided by
SEC1, which is 66% homologous with SEB (3). Treatment of
SEC1 with trypsin results in two major peptides (46). The
amino-terminal 6.5-kDa fragment has mitogenic activity, while
the carboxy-terminal 22-kDa fragment has no mitogenic or
emetic activity but does cause diarrhea (46). A superantigen
related to the enterotoxins, TSST-1, causes mitosis but is only
weakly emetic (2).
The three-dimensional structure of TSST-1 has been re-

ported recently (1,40). There are sequences in SEB involved in
MHC class II binding that have no structural counterpart in
TSST-1 (1), but TSST-1 residues 39 to 68, which compete for
binding with the native molecule, include structures that are
similar to the,B3,a3, and 14 loops of SEB (1). This points to
some similarity with SEB, since in the present study, peptide
SEB(61-70), which is located primarily on,B3, inhibits binding
in the present study.
The ability of enterotoxins to stimulate T-cell proliferation

and their ability to bind to MHC class II antigens are both
thought to be involved in their ability to cause illness (19, 49).
Therefore, understanding the binding of enterotoxins to MHC
class II may help us control two types of cell activation, either
of which may be involved in disease.

REFERENCES
1. Acharya, K.R, E. F. Passalacqua, E. Y. Jones, K. Harlos, D. I.

Stuart, R. D. Brehm, and H. S. Tranter. 1994. Structural basis of
superantigen action inferred from crystal structure of toxic-shock
syndrome toxin-1. Nature (London) 367:94-97.

2. Bergdoll, M. S. 1991. TSS-associated toxin, TSST-1, p. 123-169. In
M. S. Bergdoll and P. J. Chesney (ed.), Toxic shock syndrome.
CRC Press, Inc., Boca Raton, Fla.

3. Betley, M. J., D. W. Borst, and L. B. Regassa. 1992. Staphylococcal
enterotoxins, toxic shock syndrome toxin and streptococcal pyro-
genic exotoxins: a comparative study of their molecular biology.
Chem. Immunol. 55:1-35.

4. Binek, M., J.R Newcomb, C. M. Rogers, and T. J. Rogers. 1992.
Localisation of the mitogenic epitope of staphylococcal entero-
toxin B. J. Med. Microbiol. 36:156-163.

5. Brown, J. H., T. S. Jardetzky, J. C. Gorga, L. J. Stem,R G. Urban,
J. L. Strominger, and D. C. Wiley. 1993. Three-dimensional
structure of the human class II histocompatibility antigen HLA-
DR1. Nature (London) 364:33-39.

6. Buelow, R, R E. O'Hehir, R Schreifels, T. J. Kummerehl, G.
Riley, and J. R Lamb. 1992. Localization of the immunologic
activity in the superantigen staphylococcal enterotoxin B using
truncated recombinant fusion proteins. J. Immunol. 148:1-6.

7. Carlsson, R, H. Fischer, and H. 0. Sjogren. 1988. Binding of
staphylococcal enterotoxin A to accessory cells is a requirement
for its ability to activate human T cells. J. Immunol. 140:2484-
2488.

8. Chintagumpala, M. M., J. A. Mollick, and R R Rich. 1991.
Staphylococcal toxins bind to different sites on HLA-DR. J.
Immunol. 147:3876-3881.

9. Choi, Y., B. Kotzin, L. Herron, J. Callahan, P. Marrack, and J.
Kappler. 1989. Interaction of Staphylococcus aureus toxin "super-
antigens" with human T cells. Proc. Natl. Acad. Sci. USA 86:8941-
8945.

10. Damaj, B., W. Mourad, and P. H. Naccache. 1992. Superantigen-
mediated human monocyte-T lymphocyte interactions are associ-
ated with an MHC class II-, TCR/CD3- and CD4-dependent
mobilization of calcium in monocytes. J. Immunol. 149:1497-1503.

11. Dellabona, P., J. Peccoud, J. Kappler, P. Marrack, C. Benoist, and
D. Mathis. 1990. Superantigens interact with MHC class II
molecules outside of the antigen groove. Cell 62:1115-1121.

12. Fleischer, B., H. Schrezenmeier, and P. Conradt. 1989. T lympho-
cyte activation by staphylococcal enterotoxins: role of class II
molecules and T cell surface structures. Cell Immunol. 120:92-
101.

13. Fraser, J. D. 1989. High-affinity binding of staphylococcal entero-
toxins A and B to HLA-DR. Nature (London) 339:221-223.

14. Fuleihan, R, W. Mourad, R S. Geha, and T. Chatila. 1991.
Engagement of MHC-class II molecules by staphylococcal exotox-
ins delivers a comitogenic signal to human B cells. J. Immunol.
146:1661-1666.

15. Gascoigne, N. R J., and K. T. Ames. 1991. Direct binding of
secreted T cell receptor ,B chain to superantigen associated with
class II major histocompatibility complex protein. Proc. Natl.
Acad. Sci. USA 88:613-616.

16. Geisler, C., J. Kuhlmann, T. M0ller, T. Plesner, and B. Rubin.
1990. Transmembrane signaling via HILA-DR molecules on T cells

VOL. 62, 1994



4780 KOMISAR ET AL.

from a Sezary T-cell leukaemia line. Scand. J. Immunol. 32:731-
735.

17. Griggs, N. D., C. H. Pontzer, M. A. Jarpe, and H. M. Johnson.
1992. Mapping of multiple binding domains of the superantigen
staphylococcal enterotoxin A for HLA. J. Immunol. 148:2516-
2521.

18. Grossman, D., R. G. Cook, J. T. Sparrow, J. A. Mollick, and R. R.
Rich. 1990. Dissociation of the stimulatory activities of staphylo-
coccal enterotoxins for T cells and monocytes. J. Exp. Med. 172:
1831-1841.

19. Grossman, D., J. G. Lamphear, J. A. Mollick, M. J. Betley, and
R. R. Rich. 1992. Dual roles for class II major histocompatibility
complex molecules in staphylococcal enterotoxin-induced cytokine
production and in vivo toxicity. Infect. Immun. 60:5190-5196.

20. Grossman, D., M. Van, J. A. Mollick, S. K. Highlander, and R. R.
Rich. 1991. Mutation of the disulfide loop in staphylococcal
enterotoxin A. Consequences for T cell recognition. J. Immunol.
147:3274-3281.

21. Hedlund, G., M. Dohisten, T. Herrmann, G. Buell, P. A. Lando, S.
Segren, J. Schrimsher, H. R. Macdonald, H. 0. Sjogren, and T.
Kalland. 1991. A recombinant C-terminal fragment of staphylo-
coccal enterotoxin A binds to human MHC class II products but
does not activate T cells. J. Immunol. 147:4082-4085.

22. Herman, A., G. Croteau, R.-P. Sekaly, J. Kappler, and P. Marrack
1990. HLA-DR alleles differ in their ability to present staphylo-
coccal enterotoxins to T cells. J. Exp. Med. 172:709-717.

23. Hsu, S.-M., L. Raine, and H. Fanger. 1981. Use of avidin-biotin-
peroxidase complex (ABC) in immunoperoxidase techniques: a
comparison between ABC and unlabeled antibody (PAP) proce-
dures. J. Histochem. Cytochem. 29:577-580.

24. Hufnagle, W. O., M. T. Tremaine, and M. J. Betley. 1991. The
carboxyl-terminal region of staphylococcal enterotoxin type A is
required for a fully active molecule. Infect. Immun. 59:2126-2134.

25. Jardetzky, T. S., J. H. Brown, J. C. Gorga, L. J. Stern, R. G. Urban,
Y. Chi, C. Staufacher, J. L. Strominger, and D. C. Wiley. 1994.
Three-dimensional structure of a human class II histocompatibility
molecule complexed with superantigen. Nature (London) 368:
711-718.

26. Kanner, S. B., N. 0dum, L. Grosmaire, S. Masewicz, A. Svejgaard,
and J. A. Ledbetter. 1992. Superantigen and HLA-DR ligation
induce phospholipase-C-yl activation in class II' T cells. J. Immu-
nol. 149:3482-3488.

27. Kappler, J. W., A. Herman, J. Clements, and P. Marrack. 1992.
Mutations defining functional regions of the superantigen staph-
ylococcal enterotoxin B. J. Exp. Med. 175:387-396.

28. Komisar, J., J. Rivera, A. Vega, and J. Tseng. 1992. Effect of
staphylococcal enterotoxin B on rodent mast cells. Infect. Immun.
60:2969-2975.

29. Labrecque, N., J. Thibodeau, and R-P. Sekaly. 1993. Interactions
between staphylococcal superantigens and MHC class II mole-
cules. Semin. Immunol. 5:23-32.

30. Lee, J. M., and T. H. Watts. 1990. Binding of staphylococcal
enterotoxin A to purified murine MHC class II molecules in
supported lipid bilayers. J. Immunol. 145:3360-3366.

31. Marrack, P., M. Blackman, E. Kushnir, and J. Kappler. 1990. The
toxicity of staphylococcal enterotoxin B in mice is mediated by T
cells. J. Exp. Med. 171:455-464.

32. Marrack, P., and J. Kappler. 1990. The staphylococcal enterotox-
ins and their relatives. Science 248:705-711.

33. Metzroth, B., T. Marx, M. Linnig, and B. Fleischer. 1993. Con-
comitant loss of conformation and superantigenic activity of
staphylococcal enterotoxin B deletion mutant proteins. Infect.
Immun. 61:2445-2452.

34. Mollick, J. A., R. G. Cook, and R. R. Rich. 1989. Class II MHC
molecules are specific receptors for staphylococcus enterotoxin A.
Science 244:817-820.

35. Mourad, W., K. Mehindate, T. J. Schall, and S. R McColl. 1992.
Engagement of major histocompatibility complex class II mole-
cules by superantigen induces inflammatory cytokine gene expres-
sion in human fibroblast-like synoviocytes. J. Exp. Med. 175:613-
616.

36. Pontzer, C. H., N. D. Griggs, and H. M. Johnson. 1993. Agonist
properties of a microbial superantigen peptide. Biochem. Biophys.
Res. Commun. 193:1191-1197.

37. Pontzer, C. H., J. K. Russell, M. A. Jarpe, and H. M. Johnson.
1990. Site of nonrestrictive binding of SEA to class II MHC
antigens. Int. Arch. Allergy Appl. Immunol. 93:107-112.

38. Pontzer, C. H., J. K. Russell, and H. M. Johnson. 1989. Localiza-
tion of an immune functional site on staphylococcal enterotoxin A
using the synthetic peptide approach. J. Immunol. 143:280-284.

39. Pontzer, C. H., J. K. Russell, and H. M. Johnson. 1991. Structural
basis for differential binding of staphylococcal enterotoxin A and
toxic shock syndrome toxin 1 to class II major histocompatibility
molecules. Proc. Natl. Acad. Sci. USA 88:125-128.

40. Prasad, G. S., C. A. Earhart, D. L. Murray, R. P. Novick, P. M.
Schlievert, and D. H. Ohlendorf. 1993. Structure of toxic shock
syndrome toxin 1. Biochemistry 32:13761-13766.

41. Qasim, W., M. A. Kehoe, and J. H. Robinson. 1991. Does
staphylococcal enterotoxin B bind directly to murine T cells?
Immunology 73:433-437.

42. Schantz, E. J., W. G. Roessler, J. Wagman, L. Spero, D. A.
Dunnery, and M. S. Bergdoll. 1965. Purification of staphylococcal
enterotoxin B. Biochemistry 4:1011-1016.

43. Scholl, P. R., A. Diez, and R S. Geha. 1989. Staphylococcal
enterotoxin B and toxic shock syndrome toxin-1 bind to distinct
sites on HLA-DR and HLA-DQ molecules. J. Immunol. 143:
2583-2588.

44. Scholl, P. R, A. Diez, R. Karr, R.-P. Sekaly, J. Trowsdale, and
R. S. Geha. 1990. Effect of isotypes and allelic polymorphism on
the binding of staphylococcal exotoxins to MHC class II mole-
cules. J. Immunol. 144:226-230.

45. Spero, L., D. L. Leatherman, and W. H. Adler. 1975. Mitogenicity
of formalinized toxoids of staphylococcal enterotoxin B. Infect.
Immun. 12:1018-1020.

46. Spero, L., and B. A. Morlock. 1978. Biological activities of the
peptides of staphylococcal enterotoxin C formed by limited tryptic
hydrolysis. J. Biol. Chem. 253:8787-8791.

47. Spertini, F., H. Spits, and R S. Geha. 1991. Staphylococcal
exotoxins deliver activation signals to human T-cell clones via
major histocompatibility complex class II molecules. Proc. Natl.
Acad. Sci. USA 88:7533-7537.

48. Stewart, J. M., and J. D. Young. 1984. Solid phase peptide
synthesis, 2nd ed. Pierce Chemical Co., Rockford, Ill.

49. Stiles, B. G., S. Bavari, T. Krakauer, and R. G. Ulrich. 1993.
Toxicity of staphylococcal enterotoxins potentiated by lipopolysac-
charide: major histocompatibility complex class II molecule de-
pendency and cytokine release. Infect. Immun. 61:5333-5338.

50. Swaminathan, S., W. Furey, J. Pletcher, and M. Sax. 1992. Crystal
structure of staphylococcal enterotoxin B, a superantigen. Nature
(London) 359:801-806.

51. Tseng, J., J. L. Komisar, J. Y.-J. Chen, R E. Hunt, A. J. Johnson,
L. Pitt, J. Rivera, D. L. Ruble, R. Trout, and A. Vega. 1993.
Immunity and responses to circulating leukocytes and lymphocytes
in monkeys to aerosolized staphylococcal enterotoxin B. Infect.
Immun. 61:391-398.

52. Uchiyama, T., X.-J. Yan, K. Imanishi, A. Kawachi, M. Araake, R
Tachihara, K. Shinagawa, and 0. Kanagawa. 1991. Activation of
murine T cells by staphylococcal enterotoxin E: requirement of
MHC class II molecules expressed on accessory cells and identi-
fication of V,B sequence ofT cell receptors in T cells reactive to the
toxin. Cell. Immunol. 133:446-455.

INFECT. IMMUN.


