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A series of 13 synthetic peptides, approximately 30 amino acids each, which spanned the entire sequence of
staphylococcal enterotoxin B (SEB) were tested to evaluate their effects on T-cell proliferation in a culture
system containing elutriated human peripheral blood lymphocytes incubated with a specific ratio of
mononuclear cells. Four peptide regions were found to inhibit SEB-induced proliferation; they included
sequences 1 to 30 (previously thought to be involved in major histocompatibility complex class II binding), 61
to 92 (sequences which relate to the T-cell receptor site), 93 to 112 (a linear sequence corresponding to the
cysteine loop), and 130 to 160 (containing a highly conserved sequence, KKKVTAQEL). Antisera raised to this
last peptide were capable of neutralizing SEB-induced proliferation. Antisera raised against the peptides which
overlapped this sequence also were somewhat inhibitory. Neutralizing antisera were not produced from any
other peptide sequence tested. To determine if any of these effects were nonspecific with regard to SEB-induced
proliferation, the peptides were tested for inhibition of phorbol dibutyryl ester-induced proliferation, and only
the sequence 93 to 112 (corresponding to the cysteinyl loop region) was consistently inhibitory (40%). Of the
regions which displayed inhibition of SEB-induced proliferation, the peptide 130 to 160 inhibited binding of
_251-SEB to Iymphocytes. These data suggest that the residues containing and surrounding the sequence
KKKVTAQEL may be critical in the SEB-induced proliferation and may be useful for developing neutralizing
antisera to SEB.

Among the virulence factors associated with the toxinogenic
diseases of Staphylococcus aureus are the staphylococcal en-
terotoxins (SEs). These toxins, represented by several sero-
types, constitute a group of proteins that share significant
sequence homologies in various regions of the toxin molecule
(22, 30). These extracellular proteins have been classically
recognized as mediating food poisoning characterized by eme-
sis and diarrhea (2).

In addition to this distinguishing enterotoxic property, the
SEs possess an added array of biological activities that place
them within a functionally and genetically related group of
pyrogenic exotoxins whose activities impact several organ
systems of susceptible hosts and contribute to clinical syn-
dromes that can culminate in lethal shock (34, 38). These
exotoxins share such activities as pyrogenicity (6, 11), enhance-
ment of endotoxic shock (42), induction of immunosuppres-
sion (40), induction of a variety of cytokines (1, 14, 39), and
mitogenesis of T cells (27, 35). The production of cytokines has
been thought to be the cause of lethal shock by these toxins,
but it is now apparent that other factors may also be involved
(23, 34, 38). Recent studies indicate that SEB is cytotoxic to
human proximal kidney cells (8) and exhibits a capacity to alter
platelet function and metabolism (46). SEB can increase levels
of cyclooxygenase and lipoxygenase metabolites of the arachi-
donic acid pathway, which may contribute to inflammation,
edema, and shock (5, 23, 34).
The nature of the activity of SE on cells of the immune
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system includes them in a class of molecules designated as
superantigens (30). Superantigens are characterized by the
ability to serve as ligands simultaneously binding to major
histocompatibility complex (MHC) class II receptors on anti-
gen-presenting cells as well as to T-cell receptors (TCR) which
express particular VP elements. The results of this interaction
are T-cell proliferation and cytokine secretion. The repertoire
of V,Bs activated has a pattern that is characteristic for each SE
(10).
Attempts to define the relationship between the structure of

SEs and their various biologic activities have focused primarily
on the activation of T lymphocytes. These studies indicate that
more than one region of the toxin is involved in T-cell
activation. Induction of T-cell proliferation was reported for an
amino-terminal fragment of SEC (41) and for an amino-
terminal synthetic peptide of SEA (36). Another study, how-
ever, revealed that T-cell proliferation and pyrogenicity were
associated with the carboxy-terminal three-quarters of SEC (4)
and a 17-kDa carboxy-terminal fragment of SEB but not an
amino-terminal SEB fragment (3). Studies of chimeric mole-
cules from genetic fusions of SEB fragments to protein A
indicated that residues 1 to 138 were sufficient to promote
T-cell proliferation whereas deletion of the first 30 amino-
terminal residues of SEB eliminated activation of at least one
VP type (7). Deletions of amino-terminal and carboxy-termi-
nal residues of SEA and SEB reduced their mitogenic activity
and stability (16, 21, 31).
Other studies have specifically addressed the property of

toxin binding to target cells. Synthetic peptides encoding
specific amino-terminal and central-region sequences of SEA
(12) and a fragment encoding domains in the carboxy-terminal
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half of SEA (17) were all associated with an involvement in
binding to the MHC class II receptor. The carboxy-terminal
half of SEA, however, did not itself induce T-cell proliferation
(17). Substitution mutagenesis of cysteine residues of SEA
reduced its mitogenic activity and toxicity in mice but not its
binding to MHC class II receptors (13, 14). Analysis of
site-directed mutants of SEB reaffirmed the importance of
specific amino-terminal and central regions of SEs in MHC
class II and VP interactions (15, 25). The role of the carboxy-
terminal region of SE in the selectivity of interactions with V,B
has been further revealed in studies with hybrids of SEA and
SEE (20, 32). The solution of the three-dimensional structure
of SEB by X-ray crystallographic analysis has clarified some of
these disparate observations by showing that specific amino-
terminal and carboxy-terminal residues conformationally en-
compass a distinct region of the molecule which may represent
the TCR-binding site (43).
SEB stimulation of proliferation in mouse spleen cell cul-

tures has been a standard assay for the superantigens (35).
However, mice and other rodents are much less responsive to
SEB than are primates. SEB causes shock and death in
primates at 30 jig/kg, whereas mice can withstand about 200
times that dose (5). For these reasons, we chose to use a
human cell system, lymphocytes cultured with monocytes, to
test proliferation with a series of overlapping peptides of SEB.

MATERIALS AND METHODS

SEB. SEB, lot 14-30, purified by the method of Schantz et al.
(37), was provided by the U.S. Army Research Institute of
Infectious Diseases, Frederick, Md. The toxicity of lot 14-30
has been confirmed by recent primate studies (23).

Synthetic peptides and conjugates of SEB. On the basis of
the published sequence of native SEB (24), a series of 13
peptides (30 amino acids long) were prepared by Peninsula
Laboratories, Belmont, Calif. The series contained 15-amino-
acid overlaps between adjacent peptide sequences except for
the sequence region containing the disulfide loop. Peptides
conjugated to keyhole limpet hemocyanin (KLH) were pre-
pared from peptide sequences to which had been added a
lauroyl-cysteine residue at the amino-terminal end. A lauroyl
residue alone was added to peptide sequences already contain-
ing cysteine at the amino-terminal end. Each lauroyl-cysteine
peptide was conjugated to KLH via the cysteine residue by the
method of Liu et al. (28). A 20-mg portion of peptide was
conjugated per 100 mg of KLH. KLH-conjugated peptides
were dissolved in water at 4 mg/ml for storage of <2 months at
-84°C (solutions were not freeze-thawed). The working con-
centrations ranged from 0.05 to 10 ,ug/ml (ca. 2.5 to 500 nM for
the peptide). Unconjugated peptides were not readily soluble
in water and were first dissolved in dimethyl sulfoxide at 4
mg/ml and stored as described for the KLH-conjugated pep-
tides.

Polyclonal antibodies to peptides. Peptides conjugated to
KLH were used to hyperimmunize rabbits to prepare poly-
clonal antisera against the peptide fragments. Rabbits were
immunized subcutaneously with 40 jig of peptide-conjugate
without adjuvants. Booster immunizations were administered 2
and 7 weeks later. Sera were collected by bleeding from ear
veins 2 to 3 weeks after each immunization, and samples were
assayed for immunoglobulin G antibody responses to native
SEB in an enzyme-linked immunosorbent assay (ELISA) as
described previously (33). Titers for binding to SEB were
determined from dilutions of sera that gave a half-maximal
response in the ELISA. All antisera prepared against peptide-

conjugates reacted with native SEB, whereas control sera
prepared against KLH did not.

Cell culture system. Human peripheral blood mononuclear
cells and small lymphocytes were prepared from leukopacks
from normal donors by centrifugation over lymphocyte sepa-
ration medium (Organon Teknika, Durham, N.C.). Monocytes
and lymphocytes were then further purified by counterflow
centrifugation-elutriation (47) with pyrogen-free Ca- and Mg-
free Dulbecco's phosphate-buffered saline (Sigma Chemical
Co., St. Louis, Mo.) as the eluant. This procedure resulted in
cell preparations of >95% viability with <5% contamination
by other, undesired cell types. Generally, cells were used
immediately, but in occasional experiments they were stored
for 12 to 16 h at 4°C with no impact on the results.

Proliferation. Monocyte and lymphocyte preparations were
each used separately and combined for SEB-induced prolifer-
ation assays. For standard proliferation experiments, lympho-
cytes were centrifuged from the elutriation buffer and resus-
pended in culture fluid consisting of RPMI (Biofluids,
Gaithersburg, Md.) containing 10% human AB serum (Sig-
ma). Monocytes were left in the elutriation buffer and added to
the lymphocyte mixture at a monocyte/lymphocyte ratio of 1:4.
The cells were diluted to 2 x 106 lymphocytes per ml in culture
medium, and the cells were plated in 96-well plates (Costar,
Cambridge, Mass.) at 0.2 x 106 lymphocytes per well (100 jil).
The volume in the well was increased to 200 jil by the addition
of agonist or culture medium or both. The cultures were
incubated for 60 h at 37°C in a humidified atmosphere (5%
C02), with 1 jiCi of [methyl-3H]thymidine added per well for
the final 15 h of incubation. The cells were harvested onto
fiberglass filter mats by using a cell harvester (Skatron, Ster-
ling, Va.). The mats were air dried, and radioactivity was
determined by using a beta counter (LKB/Wallac, Gaithers-
burg, Md.). Each experiment was performed with eight repli-
cates, and the SEB dose response was determined with each
experiment.

Inhibition of SEB-induced proliferation by peptides or by
antiserum to individual peptides. (i) Peptides. To assess the
ability of peptides to inhibit SEB-induced proliferation, pep-
tides or peptide-KLH was added to the wells containing cell
cultures. Then, 1 h later, SEB was added at a final concentra-
tion of 0.025 jig/ml. The cultures were incubated as described
in the previous section.

(ii) Antisera. Antisera (50, 100, or 150 jil) were incubated
with 0.025 jig of SEB and culture medium for 1 h at 25°C (in
a total volume of 300 jil in 24-well plates). At the end of the
incubation period, each well was diluted to 1 ml with culture
medium, 100 jil was added to eight replicate cell cultures
already plated in 96-well plates, the cultures were incubated
and harvested, and proliferation was determined as above.

Phorbol ester-induced proliferation. Phorbol dibutyryl ester
(PDBu) (Sigma) was dissolved in dimethyl sulfoxide at a
concentration of 2 mg/ml. It was stored at -84°C in aliquots so
that it would not undergo freeze-thaw cycles. The concentra-
tions used in proliferation assays ranged from 2 to 20 ng/ml.
For experiments testing peptide inhibition of PDBu-stimulated
proliferation, the peptides were incubated with the cell cul-
tures for 1 h and then PDBu, at approximately 50% maximal
stimulation, was added to the cultures.

Inhibition of binding of '251-SEB to macrophages or lym-
phocytes. SEB was made radioactive with "2I by using iodogen
(Pierce, Rockford, Ill.) (29) and separated from unincorpo-
rated 1251 by desalting on a G-25 Sephadex (Pharmacia,
Boston, Mass.) column (1 by 30 cm) with deionized water as
the eluant. The 125I-SEB fraction was collected and dried by
vacuum centrifugation (Speed-Vac; Savant, Farmingdale,
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RATIO OF MONOCYTES TO LYMPHOCYTES

FIG. 1. Determination of proliferation for various ratios of human
peripheral blood lymphocytes to monocytes. Lymphocytes (106) were

incubated with 0.01 x 106 to 0.5 x 106 monocytes in the presence of
either 0.025 (V) or 0.2 (0) ,ug of SEB per ml (in replicates of eight).
The bars show the preparations of monocytes (99% purity) or lym-
phocytes (>99% purity) alone that also were incubated with SEB at
0.025 jxg/ml (hatched bar) or 0.2 jig/ml (solid bar). The cultures were
incubated for 60 h, with 1 juCi of [methyl-3H]thymidine per well added
for the final 15 h of incubation. The cells were harvested on fiberglass
filter mats, and the radioactivity incorporated was determined as

described in Materials and Methods.

N.Y.). Lymphocytes (4 x 106/0.5 ml) or macrophages (2 x
106/0.5 ml) were incubated in a microcentrifuge tube with no

additions, with nonradioactive SEB, or with peptide 1-30,
93-112, or 130-160 at concentrations ranging from 10 to 200
jig/ml; 10 min later, 125I-SEB was added at a concentration
one-fifth that of the peptides. The cell suspension was incu-
bated for an additional 1 h at 4°C. The cells were centrifuged
at 1,500 x g for 10 min, the supernatant solution was decanted,
and the cells were resuspended in 200 jil of phosphate-buffered
saline (PBS). Lymphocyte separation medium (diluted 50:50
with PBS) was layered under the cell suspension and centri-
fuged at 15,000 x g for 10 min to separate cell-bound from free
12 I-SEB. The supernatant solution was carefully removed
(from the top), the microcentrifuge tube tip containing the cell
pellet was cut off, and radioactivity was determined in a gamma
counter (LKB/Wallac).

RESULTS

Induction of proliferation in mixtures of lymphocytes and
monocytes by SEB. Cultures of human peripheral blood lym-
phocytes and monocytes were stimulated with SEB at various
concentrations from 0.025 to 5.0 jig/ml (0.9 to 180 jiM).
Measurement of incorporation of [methyl-3H]thymidine (used
as a measure of proliferation) showed that the lowest concen-
tration of SEB which consistently gave an 8- to 10-fold increase
above controls was 0.025 jig/ml. Maximal stimulation (40- to
50-fold) was observed with 0.4 to 1 jig of SEB per ml. Higher
concentrations of SEB (2 to 10 jig/ml) did not significantly
increased thymidine incorporation beyond that seen at 1
jig/ml.
To determine the optimal ratio of lymphocytes to monocytes

for maximal response to SEB in the proliferation assay, we
varied the number of monocytes while keeping the number of
lymphocytes constant (Fig. 1). Two concentrations of SEB

TABLE 1. Structures of synthetic peptide fragments of SEB

PositionPosition~, Structural(from N Amilno acid sequence Suctu(from ~~~~~~~~~~~~~~~~unit'terminus)'

1-30 ESQPDPKPDELHKSSKFTGLMENMKVLYDD or1, cr2
21-50 MENMKVLYDDNHVSAINVKSIDQFLYFDLI a2, 13
41-70 IDQFLYFDLIYSIKDTKLGNYDNVRVEFKN 12, 13
61-92 YDNVRVEFKNKDLADKYKDKYVDVFGANYYYQ 13, 3, 14
93-112 CYFSKKTNDINSHQTDKRKT Cys loop
101-130 DINSHQTDKRKTCMYGGVTEHNGNQLDKYR 15, half 16
113-144 CMYGGVTEHNGNQLDKYRSITVRVFEDGKNLL 15, half 17
130-160 RSITVRVFEDGKNLLSFDVQTNKKKVTAQEL 16, 17, c4
151-180 NKKKVTAQELDYLTRHYLVKNKKLYEFNNS 18, A4, 19
171-200 NKKLYEFNNSPYETGYIKFIENENSFWYDM 18, c4, 19
191-220 ENENSFWYDMMPAPGDKFDQSKYLMMYNDN 19, 110, cr5

a Residue number corresponding to SEB starting at the amino-terminal end of
the molecule.

h The amino acid sequence of synthetic peptides was based on the nucleotide
sequence determined by Jones and Khan (24).

c Location of the designated peptide in relation to the a-helices or ,-pleated
sheets as determined by X-ray crystallography (43).

were used for this determination. One was designed to achieve
maximal stimulation of proliferation (0.2 jig/ml), and the other
was in the linear range of stimulation (0.025 jig/ml). A
population of lymphocytes (99% purity) was unresponsive to
SEB at 0.025 ,ug/ml but was stimulated approximately fivefold
over controls by 0.2 jig of SEB per ml, about fivefold less than
the stimulation of the lymphocyte-monocyte mixture (Fig. 1).
Monocytes alone (99% purity) showed no increase in [methyl-
3H]thymidine incorporation at either concentration of SEB. A
ratio of monocytes to lymphocytes of 1:4 was observed to give
maximal proliferation at either concentration of SEB.

Inhibition of proliferation by conjugates of synthetic peptide
fragments of SEB. In an attempt to relate structure to function,
we prepared overlapping peptide sequences as shown in Table
1. For the sake of discussion, the area of SEB included in these
sequences is identified by their designation in the crystal
structure as published by Swaminathan et al. (43).
Of all the peptides that were tested for stimulation of

proliferation, only peptide 1-30 showed a two- to threefold
increase over control values (data not shown). Similarly,
peptides complexed with KLH were also tested to determine if
they inhibited or enhanced SEB-induced proliferation. Be-
cause the concentration of SEB was crucial to demonstrate
inhibition or enhancement, a nonsaturable concentration was
selected for these studies (0.025 jig/ml). KLH-conjugated
peptides (Fig. 2) were found to be the most effective in the
analysis of the inhibition of SEB-induced proliferation. Pro-
gressive analyses of peptides representing the amino through
carboxyl termini of SEB revealed the following: peptide 1-30,
blockage of approximately 55% of SEB-induced proliferation;
peptides 21-50 and 41-70, no inhibition observed; peptide
61-92, 50% inhibition; peptide 93-112, 47% inhibition; and the
successive two peptides 103-130 and 112-144, no inhibition.
Peptide 130-160 was the most inhibitory (62% decreased) of
this series of peptides. The remaining three peptides were
somewhat inhibitory.

Peptides which showed significant inhibitory activity (Fig. 2)
(peptides 1-30, 63-92, 93-112, and 130-160) were next tested
at concentrations from 0.1 to 10 jig/ml (Fig. 3). KLH-conju-
gated peptides 1-30 and 130-160 were both effective at 0.4
jig/ml, and, taking into account the KLH molecule (80% of the
weight), it is apparent that these SEB sequences were effective
at the equivalent of 20 nM for inhibition of SEB at 0.025 ,ug/ml
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FIG. 2. Inhibition of SEB-induced proliferation by synthetic pep-
tide fragments of SEB conjugated to KLH. Cultures of human
peripheral blood monocytes plus lymphocytes (1:4) were incubated
with 10 FLg of the designated peptide-KLH conjugate per ml for I h.
SEB was added at 0.025 [Lg/ml (molar ratio of peptide to SEB, 568:1).
The cultures were incubated for 60 h, and proliferation was deter-
mined as described in the legend to Fig. 1. These data are the averages
of three to five separate experiments with eight replicates each.
Student's t test was used to compare proliferation in the presence of
SEB alone with that in the indicated samples. Asterisks indicate that
the differences in the means of the samples are highly significant at the
P = 0.05 level.

(0.9 nM). Peptide 151-180 was effective at 2 pLg/ml (100 ,uM),
and peptides 61-92 and 93-112 were effective at 5 p.g/ml (250
nM).

Identical peptide sequences without conjugation to KLH
showed a similar pattern of inhibition. The degree of inhibition
was not as great as that for the KLH-conjugated peptides
under the conditions of our assay (data not shown).

Antipeptide antiserum inhibition of proliferation. Antisera
to SEB, KLH, and each KLH-conjugated peptide were raised

20-
L.j

z
0

Li
Ll-
-j

I100 -~

80 L

50 -

40

20

o 0 '- 0CD CD 0 0 t 0 0 0

.- 02.
1- 9n -1 1Oo 0n

1-30 61-92 93-112 130-160 151-180

PEPTIDE CONCENTRATION (ug/mL)

FIG. 3. Dose-response of peptide-KLH conjugate shown to inhibit

SEB-stimulated proliferation. The peptide-KLH conjugates shown to

be inhibitory (Fig. 2) were incubated at various concentrations with the

cell cultures exactly as described in the legend to Fig. 2. The molar

ratio of peptide to SEB was 5:1 to 568:1.

in rabbits. Antisera to peptides reacted with native SEB (see
the legend to Fig. 4). In our tests, antisera to SEB were diluted
40-, 20-, and 12.5-fold, preincubated with SEB for 1 h, and
added to plated cells. The three dilutions of antisera displayed
incremental decreases in SEB-induced proliferation (Fig. 4).
In contrast, antisera to KLH displayed no inhibition at even
the highest concentration used (Fig. 4). Antisera raised to
peptide 130-160 and sequences near it (Fig. 4) were the most
effective in blocking SEB-induced proliferation. Up to 59%
inhibition with antisera to peptide 130-160, as well as 35 and
47% inhibition with antisera to peptides 112-144 and 151-180,
respectively, was achieved. Other antisera (Fig. 4) showed no
inhibition at these dilutions, whereas antisera raised against
peptides surrounding the cysteinyl loop showed some slight
decrease in SEB-induced proliferation (Fig. 4).

Inhibition of phorbol ester-induced proliferation with pep-
tides. The peptides were tested with another mitogen, PDBu,
to determine if the inhibitory effect they displayed was specific
to SEB. PDBu was tested alone at various concentrations in
comparison with SEB. SEB and PDBu were seen to be
synergistic (Fig. 5, inset). A concentration of PDBu at half-
maximal stimulation was chosen, as had been done with SEB
(Fig. 5). The only peptide which showed consistent inhibition
of PDBu-induced proliferation was peptide 93-112, which
contained the linear sequence encompassing the disulfide loop
region of SEB (Fig. 6).

Inhibition of binding of 1251-SEB by peptide conjugates. The
peptides which had shown some degree of inhibition of
SEB-induced proliferation were examined to determine if they
would interfere with binding of 1251I-SEB to either monocytes
or lymphocytes separately. Direct iodination of peptides was
found to present difficulties, which we avoided by using the
peptides as inhibitors in the same type of experiment whose
results are presented in Fig. 2. We examined binding of
125I-SEB (4 to 64 ,ug/ml; 0.296 p.Ci/[.g) and inhibition of
binding of 125I-SEB in the presence of either nonradioactive
SEB (fivefold excess) (to determine specific binding) or con-
jugated peptides 1-30, 93-112, 130-160, and KLH. Each
peptide was tested at concentrations ranging from 10 to 400
,ug/ml, with 125I-SEB being approximately the same concentra-
tion (in micrograms per milliliter) as the peptide (KLH made
up 80% of the conjugate; therefore, the molar ratio of 1251_
SEB to peptide was 2.2:20). 125I-SEB specific binding to
lymphocytes upon preincubation with KLH was decreased to
7% of control values (Fig. 7). Peptide 1-30 showed nearly
identical results to those seen with KLH (6.4%). Peptide
93-112 displayed slightly elevated inhibition (11.5%), and
peptide 130-160 showed the greatest inhibitory effect (85%),
comparable to that seen with nonradioactive SEB (Fig. 7). At
the highest concentrations of 125I-SEB alone, binding to
lymphocytes was in the range of 25,000 cpm; 60% of the
binding was reversible by using a fivefold excess of nonradio-
active SEB. None of the three peptide conjugates significantly
altered binding of '25I-SEB to monocytes (data not shown), in
contrast to the inhibition seen with nonradioactive SEB.

DISCUSSION

Our studies with synthetic peptides have identified a domain
of SEB which is involved in regulation of proliferation in
cultures of human monocytes and lymphocytes. Peptides 130-
160 and 151-180 highlight a region of SEB with the sequence
K-K-K-V-T-A-Q-E-L-D (residues 152 to 161), which contains
a highly conserved sequence in the pyrogenic exotoxins of S.
aureus (30). In an accompanying report by Hoffmann et al.
(18), this sequence has also been demonstrated to be active in
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FIG. 4. Preincubation of SEB with antisera raised against peptides to determine possible neutralization of proliferation. Antisera raised to the
indicated peptides were each determined to have neutralizing activity to SEB by ELISA. The antiserum dilutions were incubated with SEB for 1
h at 25°C in a volume of 300 pLl, diluted to 1 ml, and added to cell cultures. Incubation and determination of proliferation were performed as
described in the legend to Fig. 1. Asterisks indicate significant differences as described in the legend to Fig. 2. ELISA titers (per milliliter) of rabbit
antisera raised against KLH, KLH-synthetic peptide conjugates, and SEB and tested against native SEB antigen were as follows: anti-KLH, <20;
anti-KLH-peptide 1-30, 160; anti-KLH-peptide 21-50, 160; anti-KLH-peptide 41-70, 640; anti-KLH-peptide 61-92, 1,280; anti-KLH-peptide
93-113, 1,280; anti-KLH-peptide 101-130, 1,280; anti-KLH-peptide 113-140, 640; anti-KLH-peptide 130-160, 1,280; anti-KLH-peptide 151-180,
320; anti-KLH-peptide 171-200, 1,280; anti-KLH-peptide 190-220, 2,560; and anti-SEB, 10,240.

a system examining SEC-induced proliferation. Other investi-
gators also have identified regions of another superantigen
containing this sequence. Wang et al. (48) recently showed that
a synthetic peptide encoding the carboxy-terminal 41 amino
acids of the superantigenic PepM5 protein of Streptococcus
pyogenes blocked PepM5-mediated T-cell proliferation. This
peptide contains the sequence motif similar to that described
above.
The three-dimensional model based on the crystal structure

of SEB (43) would place this sequence at the bottom of a
groove in the region which forms a domain functionally
associated with both MHC class II binding (D161, R165) and
TCR binding (K152, E159, Y162). Our findings that the
peptide sequence from 130 to 160 inhibited binding of 12511
SEB to lymphocytes concurs with this interpretation. This
study did not determine selective binding of SEB to T or B
lymphocytes. The lack of inhibition of binding of 125I-SEB to
monocytes may be influenced by the absence of lymphocytes in
the incubation mixture and may not be completely reflective of
the interaction of SEB in its role as a superantigen.

Conjugates of peptides containing sequences from the ami-
no-terminal end of SEB also inhibited cell proliferation in-
duced by native SEB. Peptide conjugate 1-30 inhibited SEB
activity by approximately 55% (Fig. 2). Similar inhibition of
SEA-induced lymphocyte proliferation (36) was reported for
an equivalent amino-terminal peptide of SEA (residues 1 to
27). Moreover, a peptide containing residues 1 to 45 of SEA

blocked binding of SEA to MHC class II on Raji cells (12).
Analysis of mutants of SEB with site-directed mutations
indicated that residues in the amino-terminal end of the toxin
(residues 9 to 23) were important in interactions with both
MHC class II and TCR (25). In addition, the carboxyl-terminal
region of SEB has been associated with activity. Our data
indicate significant inhibition of proliferation with different
peptide conjugates encompassing residues 190 to 195, for
which the three-dimensional position (43) is juxtaposed beside
the sequence from 13 to 22. Our peptides 171-200 and 191-220
(near the carboxy terminus) contained those regions (Table 1)
and inhibited SEB-induced proliferation by about 40% (Fig.
2). This region may relate more directly to similar inhibition
seen with the fragment from 1 to 30. This is further supported
by the fact that antisera raised to the peptides 1-30 and
191-220 were completely ineffective in neutralizing SEB-
induced proliferation, whereas antiserum raised to peptide
171-200 was somewhat effective. However, the pattern of
neutralizing activity, being greatest with peptides 130-160 and
151-180 and gradually losing activity on either side of these
regions, suggests that the neutralizing action of peptide 171-
200 may relate to the initial portion of the peptide (residue
171). Construction of genetic mutants of the closely related
toxins SEA and SEE revealed that carboxy-terminal residues
(32), specifically residues 206 and 207 (20), dictate the VP
specificity of these toxins. Peptide 61-92 was also able to
inhibit SEB-induced proliferation. However, the overlapping
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FIG. 5. Dose-response of primary cultures of human lymphocytes and monocytes incubated with PDBu. Cell cultures were incubated with
various amounts of PDBu, and proliferation was determined exactly as described in the legend to Fig. 1. Inset shows proliferation of cultures
stimulated by SEB alone or in combination with 25 ng of PDBu per ml.

region (peptide 41-70) did not show any inhibition of prolif-
eration, which suggests that the functional region involved
amino acid residues between 70 and 90. The structure of the
TCR-binding domain identified by the crystallographic studies
of Swaminathan et al. (43) suggests that residues 87 to 92 may
line the TCR groove. The antiserum to this peptide was not
able to neutralize SEB-induced proliferation.

Phorbol esters have been used as costimulatory agents with
calcium ionophores (26, 45) and can, by themselves, stimulate
the appearance of a surface marker, CD69 (44), which is
indicative of protein kinase C activation (45). In this study,
we found that PDBu could, by itself, stimulate a low level of
proliferation (7-fold above background) whereas SEB stimu-
lated a 40- to 50-fold increase above background. The combi-
nation of PDBu and SEB was synergistic, increasing [methyl-
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FIG. 6. Determination of inhibition of PDBu-stimulated prolifera-

tion by peptide fragments of SEB. Peptides were incubated with cell
cultures for 1 h, and PDBu was added at 25 ng/ml. Cultures were

incubated and harvested, and the significant differences were identified
exactly as described in the legend to Fig. 2.

'H]thymidine incorporation ca. 100-fold. A series of
experiments were done to see if any of the peptides were

synergistic with PDBu or were able to inhibit PDBu-induced
proliferation. Only one peptide (peptide 93-112) was able to
inhibit both SEB- and PDBu-stimulated proliferation. Antisera
raised to that peptide were ineffective in preventing SEB-
induced proliferation. In SEB, these residues make up the
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FIG. 7. Test of peptide inhibition of binding of 125I-SEB to human
lymphocytes. Conjugated peptides (10 to 200 ,ug/ml) were incubated
with 4 x 106 lymphocytes per ml for 10 min, after which time '25I-SEB
was added to the cultures at 1/10 the molar concentration of the
peptide (to mimic the conditions described in the legend to Fig. 3);
KLH inhibition of binding was determined at the microgram-per-
milliliter concentrations used for the peptide conjugates. Binding of
125I-SEB in the presence of a fivefold excess of nonradioactive SEB
showed the specific binding to lymphocytes. After 1 h, the radioactivity
bound to the cells was determined as described in Materials and
Methods.
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disulfide loop region (the synthetic peptide did not have a
disulfide bridge). In human proximal tubule kidney cell cul-
tures, this peptide was quite cytotoxic (9). These findings lead
us to suspect that, rather than blocking SEB-induced prolifer-
ation by occupying a receptor site, this peptide could have been
directly cytotoxic to the cells under the conditions of this
proliferation assay. Hovde et al. (19) have also found biological
activity associated with this region of SEC.
There are numerous explanations for the ineffectiveness of

many antisera in blocking the SEB proliferative response.
Antibodies that bind to functional domains of SEB may not
always result in neutralization of toxin activity. In addition,
antibodies to conformational epitopes of native SEB may not
be present in these antisera, since it is likely that the confor-
mation of the peptide may not sufficiently resemble the
three-dimensional structure associated with those regions of
the native molecule. Alternatively, one could argue that anti-
body binding to SEB could alter the conformation of SEB and
cause inhibition of its activity. Antiserum raised against pep-

tide 130-160 was certainly the most effective at preventing
SEB-stimulated proliferation. Peptide 130-160, which is im-
munogenic for neutralizing antisera, may present opportuni-
ties for use as a possible vaccine candidate.
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