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ABSTRACT: The three-dimensional structures of five mutants of toxic shock syndrome toxin-1 (TSST-1)
have been determined. These mutations are in the long centralR helix and are useful in mapping portions
of TSST-1 involved in superantigenicity and lethality. The T128A, H135A, Q139K, and I140T mutations
appear to reduce superantigenicity by altering the properties of the T-cell receptor interaction surface.
The Q136A mutation is at a largely buried site and causes a dramatic change in the conformation of the
â7-â9 loop which covers the back of the centralR helix. As this mutation has the unique ability to
reduce the toxin’s lethality in rabbits while retaining its superantigenicity, it raises the possibility that this
rear loop mediates the ability of TSST-1 to induce lethality and suggests a route for producing nonlethal
toxins for therapeutic development.

Toxic shock syndrome toxin-1 (TSST-1) was the first toxin
shown to be associated with staphylococcal toxic shock
syndrome (TSS). Today, TSST-1 is considered to be the
cause of all or nearly all menstrual TSS and at least 50% of
all nonmenstrual cases (1). TSS is a severe multisystem
condition characterized by high fever, rash, hypotension, and
skin desquamation (peeling) upon recovery. A related
condition, RED (recalcitrant, erythematous, desquamating)
disorder, which affects AIDS patients, appears to be due to
TSST-1 and other staphylococcal toxins (2). TSST-1 has
been found in the kidneys of 18% of children who have died
of sudden infant death syndrome (3). Finally, a recent study
(4) has shown that organisms producing TSST-1 may be
present in 60-70% of cases of Kawasaki syndrome, an
illness typically seen in children younger than 4 years of
age and which shares many features with TSS (5). The
possible role of TSST-1 in Kawasaki syndrome remains
controversial.
TSST-1 is a pyrogenic toxin superantigen (PTSAg)

produced byStaphylococcus aureus. PTSAgs are small,
nonglycosylated proteins with molecular weights ranging

from 22 000 to 30 000 that are produced byS. aureus,group
A streptococci, and certain non-group A streptococci (6, 7).
These toxins are synthesized with an amino-terminal signal
peptide sequence that is removed during toxin secretion.
PTSAgs are extremely resistant to proteases, are generally
stable to temperatures of 60°C or higher, and survive a range
of pH from 2.5 to 11. In addition to TSST-1, members of
this group include the streptococcal pyrogenic exotoxin
serotypes (SPEA, SPEC, SPEF, and SPEZ), the streptococcal
superantigen (SSA) fromStreptococcus pyogenes,and the
staphylococcal enterotoxin serotypes (SEA, SEB, SECn,
SED, SEE, SEG, SEH, and SEI).

The three-dimensional structures of several PTSAgs, i.e.,
SEA, SEB, SEC2, SEC3, SPEC, and TSST-1, have been
determined (8-15). All of the PTSAgs share a similar
bilobal structure (see Figure 1) with one domain (B)
composed of a five-strand mixedâ barrel and a second
domain (A) built around a long centralR helix lying against
a five-strandâ sheet. Despite the many overall structural
similarities, TSST-1 has several unique structural features,
including the absence of anR helix at the bottom of theâ
barrel domain between strandsâ3 and â4, the lack of a
disulfide loop at the top of theâ barrel domain, and the extent
to which the long centralR helix is covered on the front
and rear of the molecule. Structures of complexes of SEB
and TSST-1 with class II major histocompatibility complex
(MHC) molecules (16, 17) and of SEC with T-cell receptor
(TCR; 18) have also been reported.

TSST-1 shares numerous biological properties with the
other PTSAgs, including the abilities to stimulate the
proliferation of CD4+ T-cells that display particular Vâ
elements in their TCR (superantigenicity), to induce fever
(pyrogenicity), to cause capillary leakage, and to enhance
endotoxin shock (6). The T-cell proliferation results in a
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massive release of cytokines, including those from T-cells
and macrophages (19-21) that contribute significantly to
capillary leakage. The ability of TSST-1 and the other
PTSAgs to induce fever probably occurs as a result of the
release of interleukin-1 and tumor necrosis factor-R (TNF-
R) from macrophages as well as through direct effects on
the hypothalamus (22, 23). Also, TSST-1 has been shown
to bind specifically to human and porcine endothelial cells.
This direct interaction may contribute to the capillary leakage
seen in TSS (24). The ability of TSST-1 and the other
PTSAgs to enhance the lethal effects of endotoxin shock may
result from their ability to block clearance of endotoxin by
the liver (25-27). This effect does not depend on super-
antigenicity but may contribute to capillary leakage associ-
ated with cytokine release.

The properties of lethality and superantigenicity are
separable as demonstrated by the Q136A mutation of TSST-1
which has reduced lethality in rabbits while maintaining
superantigenicity (28). The K132E mutant of TSST-ovine
(T19A/A55T/T57S/T69I/Y80W/I140T TSST-1) remains le-
thal but exhibits reduced mitogenicity (14, 29). Several point
mutations have resulted in decreased superantigenicity and
lethality, including H135A, Q139K, and the T69I/Y80W/
E132K/I140T tetramutant (huvine) (29-32). Crystallo-
graphic analyses of mutant TSST-1’s have been undertaken
to gain a better understanding of the structural foundations
for the biological properties of TSST-1. We have recently
reported the refined structures of wild type TSST-1 in three
crystal forms and of the huvine tetramutant (33). Here we
report the refined structures of the T128A, H135A, Q136A,
I140T (28), and Q139K (32) mutants. All of these mutations
are in the long central helix located between the A and B
domains of TSST-1 and define the role of theR helix in
lethality and mitogenicity.

MATERIALS AND METHODS

The T128A, H135A, Q136A, and I140T mutants were
purified by ethanol precipitation from stationary phase
cultures ofS. aureusfollowed by isoelectric focusing gels
as described by Blomster-Hautamaa and Schlievert (34); the
Q139K mutant was expressed inEscherichia coli and
purified by HPLC as described by Hurley et al. (32). All
mutants were crystallized by vapor diffusion (35, 36). Two
microliters of a 10 mg/mL protein solution in distilled water
was mixed with an equal volume of reservoir solution on a
siliconized cover slip that was inverted over the reservoir
and sealed with vacuum grease. The T128A, H135A, and
I140T mutants were crystallized at pH 3.6-6.8 in 50 mM
acetate buffer, 4-16% PEG 4000, and 1 M LiCl at 18 °C
(37). The Q139K mutation was crystallized under the same
conditions with the addition of 100-200 mM MgCl2.
Crystals of Q136A were obtained using a reservoir solution
of 8-22% PEG 4000, 5-15% 2-propanol, and 100 mM
HEPES (pH 7.5). Diffraction data were collected by a
Siemens area detector using monochromated CuKR radiation
generated by a Rigaku RU-200 rotating anode. The data
frames were processed using the Xengen suite of programs
(38). Data collection statistics are given in Table 1.

The structures of the Q136A, Q139K, and I140T mutants
were solved by molecular replacement using XPLOR (39)
with the refined structure of TSST-1 from theC2221 crystal
form (33). In the Q136A mutant, the model obtained after
Patterson correlation refinement was refined by simulated
annealing followed by rounds of visual inspection using
TOM/FRODO (40), O (41), and INSIGHT (Biosym Corp.,
La Jolla, CA) and Powell minimization. Noncrystallographic
symmetry restraints were not employed during the refinement
to allow us to find differences between molecules in the
asymmetric unit. However, during rebuilding, models were
compared with that of the highly refinedC2221 crystal form
as well as with other molecules in the asymmetric unit so
they agreed with the noncrystallographic symmetry when
warranted. The Q139K and I140T mutants were similarly
solved and refined, but because of the reduced order of these
mutants, normal independent thermal factor refinement was
not performed. Experiments using a single thermal factor
for each residue showed nonphysical differences between
adjacent residues. Thus, we returned to individual thermal
factor refinement with the thermal factor constraints tightened
by decreasing the targetσ’s by a factor of 5 while increasing
RWEIGHT by the same factor. This protocol resulted in a rms
difference of the thermal factors of bonded atoms of 0.25
Å2 for the I140T mutant and of 0.40 Å2 for the Q139K
mutant. These values should be compared to 3.3 Å2 for the
Q136A mutant. In the I140T mutant, molecular replacement
revealed that the two molecules in the asymmetric unit are
related by a local 2-fold symmetry axis perpendicular to the
crystallographic 61 axis generating a pseudoP6122 cell. A
similar pseudocell is found in theC2221 crystal form of
TSST-1 (14, 15).

Since the T128A and H135A mutants were isomorphous
with respect to theC2221 crystal form of wild type TSST-1,
the models were refined using Powell minimization after
adjusting for the small changes in unit cell dimensions.

FIGURE 1: MOLSCRIPT (51) drawing of TSST-1.â strands are
indicated with numbers;R helices are indicated with letters.
Sites of mutants that were studied are indicated with black
spheres.
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RESULTS AND DISCUSSION

Table 1 provides the statistics regarding the final refined
models of the five mutants. All non-zero reflections and a
bulk solvent model were included in each refinement. The
ribbon drawing presented in Figure 1 shows the positions
of the TSST-1 mutants and the elements of secondary
structure found in the refined structures of three crystal forms
of native TSST-1, of the huvine tetramutant (33), and of
TSST-1 in a complex with class II MHC (17). Among these
crystals, the toxins show remarkably few variations. The
most variable regions are the amino-terminal residues, the
end of theâ4-â5 loop, and theâ7-â9 loop which covers
the back of helixRB in the A domain (33, 42). This
observation is mirrored in these regions having some of the
largest thermal factors in the molecule.
The differences between the CR’s of individual monomers

of mutant toxins and monomer A of the wild typeC2221
crystal form are plotted in Figure 2. Plots of the differences
of monomers A and C of the T128A and H135A mutants
are not presented because the differences are smaller than
those exhibited by monomer B. The mean rms difference
for all CR’s ranges from 0.21 Å for the I140T mutant to
0.98 Å for the Q136A mutant. As was found for wild type
TSST-1, the regions of highest variability are at the amino
termini, theâ4-â5 loop, and theâ7-â9 loop.
T128A. Thr 128 is the fourth of the 17 residues in helix

RB. In the C2221 crystal form, the side chain is in the
gauche+ conformation with Thr 128 Cγ2 protruding into the
solvent-exposed groove on the back of the molecule. Thr
128 Oγ1 forms two hydrogen bonds with solvent molecules
and a hydrogen bond with the carbonyl O of Asn 65. The
T128A mutant crystallizes isomorphously with the wild type
C2221 form. The 0.17-0.19 Å rms difference between the
CR’s of the three molecules of T128A is comparable to the
0.16-0.21 Å observed between the molecules in the wild
typeC2221 form. The rms difference between equivalent
monomers of T128A and of the wild typeC2221 crystal form
are 0.11, 0.08, and 0.12 Å for CR′ and 0.48, 0.25, and 0.32
Å for all atoms. rms differences of this magnitude are within

the range expected for the independent refinement of the
same structure (43-45) and show that, for each individual
molecule, changing Thr 128 to alanine makes no significant
change in the structure. Globally, there is a shift of about
0.5 Å for the three monomers in the T128A mutant in
addition to an increase in the thermal parameters of the
solvent.
H135A. His 135 is found in the penultimate turn of helix

RB in the A domain. It is between Gln 139 and Phe 131. In
the wild type toxin, the side chain is 25% solvent-exposed
with a hydrogen bond between His 135 Nδ1 and Tyr 13 O.
The most significant changes found in the H135A mutant

are in the side chain conformation of Phe 131 and in the Ser
15-Gly 16 dipeptide. The electron density for theC2221
form of wild type TSST-1 and for the huvine tetramutant
indicates both trans and gauche- conformations are present
for Phe 131 (33). In the H135A mutant, the electron density
indicates only the gauche- conformation is present. This is
apparently due to the abolition of favorable ring stacking
interactions between the side chains of His 135 and Phe 131
in the trans conformation. Examination ofFo - Fc maps
for the H135A mutant revealed(5-7σ features focused
around the Ser 15-Gly 16 peptide bond. Flipping the
peptide bond still results inFo - Fc map(4-6σ features
around this bond. Moreover, flipping this bond produces a
short contact between the carbonyl oxygens of Ser 15 from
symmetry-related molecules (d < 2.5 Å). In the wild type
conformation, the closest contact for this region is 3.4 Å,
between the amide nitrogens of Gly 16 from symmetry-
related molecules. This flipped conformation was reported
by Papageorgiou et al. (46) in their 2.5 Å resolution model
of the H135A mutant. Our higher-resolution maps suggest
that both peptide geometries are equally occupied. This
allows the formation of a hydrogen bond between Gly 16 N
and Ser 15′ O (d) 2.7 Å; see Figure 3). Both conformations
must have equal occupancies because the contact between
one of the pairs of molecules is crystallographic.
The 0.15-0.17 Å rms difference between the CR’s of the

three molecules of H135A is comparable to the value of
0.16-0.21 Å observed between the molecules in the wild

Table 1: Data Collection and Refinement Statistics

T128A H135A Q136A Q139K I140T

diffraction data
space group C2221 C2221 P1 R32 P61
unit cell parameters a) 108.8 Å a) 108.4 Å a) 49.6 Å a) b) 152.4 Å a) b) 104.9 Å

b) 177.4 Å b) 176.6 Å b) 99.3 Å c) 142.3 Å c) 98.2 Å
c) 97.2 Å c) 97.1 Å c) 41.3 Å

R ) 88.5°
â ) 93.3°
γ ) 91.1°

no. of molecules/ asymmetric unit 3 3 4 2 2
observed reflections 441 613 672 210 157 168 64 169 115 253
unique reflections 38 992 63 452 50 028 8172 11 213
completeness (%) 91 100 79 99 99
resolution (Å) 20-2.3 20-2.0 20-1.95 20-3.4 20-3.1
Rsym 0.096 0.065 0.056 0.149 0.132

refinement data
reflections (F > 0) 37 126 51 454 46 153 7865 10 845
R-factor 0.160 0.178 0.176 0.210 0.179
〈B〉 for each molecule (Å2) 23.7, 20.7, 23.9 23.4, 20.2, 23.9 24.7, 23.7, 25.8, 26.6 44.1, 67.3 15.7, 17.5
rms bond length (Å) 0.009 0.016 0.022 0.008 0.006
rms bond angle 1.74 2.60 2.37 1.76 1.59
no. of protein atoms 4671 4692 6248 3118 3116
no. of solvent molecules 188 241 291 0 20
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typeC2221 form. The rms differences between correspond-
ing molecules in the H135A and wild type TSST-1 are 0.11-
0.12 Å for the CR’s and 0.29-0.39 Å for all atoms,
consistent with no significant overall structural change (43-
45).
Q136A. The Q136A mutation crystallizes in space group

P1 and diffracts to 1.95 Å resolution. The four molecules
in the unit cell are very similar to each other with rms
differences between molecules of 0.15-0.26 Å for CR’s and
0.56-0.68 Å for all atoms. In all four molecules, theFo -
Fc and 2Fo - Fc maps indicated two side chain conformations
for Phe 131 as found in theC2221 crystal form of wild type
TSST-1 and in the huvine tetramutant (33). The Ser 15-
Gly 16 peptide is flipped relative to wild type TSST-1. There
is substantial flexibility in theâ1-â2 turn where a type II
turn is found in all other TSST-1 structures. For molecule
B, the density was strong enough to support flipping the

carbonyl of Ser 30 to form a type I turn. In all four
molecules, theFo - Fc maps indicate a variable population
of both type I and type II turns at this location.
In the wild type TSST-1, Gln 136 is a nearly completely

buried side chain on the penultimate turn of helixRB. Gln
136 Oε1 forms hydrogen bonds with His 141 Nε2 and Leu
113 N; Gln 136 Nε2 forms hydrogen bonds with Lys 114 O
and a solvent molecule. In the Q136A mutant, Ala 136
cannot form these bonds and so theâ7-â9 loop reorganizes
with large shifts in Lys 114, Tyr 115, and Trp 116 in all
four molecules (see Figure 4). In its new position, the
aromatic side chain of Tyr 115 is positioned about 2.8 Å
away from and roughly parallel to the position where the
carbonyl of Gln 136 would have been. Thus, the new
conformation of theâ7-â9 loop would not be possible in
wild type TSST-1. To confirm the new loop conformation,
an omit map was calculated in which the occupancies of the

FIGURE 2: Coordinate differences of CR’s of mutants from those of molecule A of crystal formC2221. The overall rms differences for the
entire molecules are indicated. Arrows indicate mutated residues.
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residues in the loop were set to zero and a cycle of refinement
was calculated. Although the density was somewhat frag-
mented, it clearly indicated the altered loop conformation
existed.
The observation of a change in theâ7-â9 loop in the

Q136A mutant, the repositioning of Tyr 115 in the Q139K
mutant, and the presence in this loop of some of the highest
main chain thermal parameters in all known TSST-1
structures (33) leads one to consider the question of what
factors influence the conformation of this region in general.
In all three crystal forms of wild type TSST-1 and in the
T128A, H135A, and I140T mutants, the dimers formed using
the top surface of toxins are virtually identical. In Q136A
and Q139K, however, the dimer is different (see Figure 5).
This difference can be viewed as a rotation of approximately
15° around helix RA which opens the intermolecular
interface, allowing the enhanced variability of the amino
termini seen in Q136A and Q139K. This opening alleviates
the close contact that can inhibit flipping of the carbonyl of
Ser 15. The 1 Å shift seen for Ser 15 and Gly 16 in the
Q136A mutant is partially due to this flip. It is clear that
the details of the dimeric interaction are a consequence of
the conformation of theâ7-â9 loop and not vice versa
because the wild type conformation is found in the huvine
tetramutant (33) and in the TSST-1-MHC complex (17)
where no dimer is formed.

Q139K. The Q139K mutant crystallizes in space group
R32 with the lowest resolution (3.4 Å) of the five mutants
presented. Gln 139 is the penultimate residue in helixRB,
and its side chain carbonyl stacks on the side chain imidazole
of His 135. In the wild type protein, Gln 139 Oε1 forms
two potential hydrogen bonds with Thr 138 Oγ1 (2.8 Å)
and Arg 145 NH2 (3.11 Å), while Gln 139 Nε2 forms a
hydrogen bond with a solvent molecule. As Gln 139 is
exposed to solvent, its mutation to lysine can be readily
accommodated. Apparently, the change in space group is a
consequence of the creation of a strongly basic patch by Arg
145, Lys 139, and His 135. In molecule A of the Q139K
mutant, Lys 139 forms a charge pair with Glu 132 from a
neighboring molecule.
The mean thermal factors for the two Q139K molecules

in the crystallographic asymmetric unit are significantly
higher than those found in other TSST-1 structures, with
molecule B having the higher mean thermal factors of the
two. To determine if there might have been an error during
refinement, the Q139K structure was re-refined starting with
simulated annealing using theR-free protocol (47; 10% of
the data set aside). TheR-factor andR-free dropped to 0.225
and 0.286, respectively, having started from 0.34, an indica-
tion of the veracity of the structural models. The high
thermal factors of molecule B appear to arise from a relative
lack of intermolecular contacts with its neighbors. The rms

FIGURE 3: 2Fo - Fc density map for the H135A mutant around the crystallographic 2-fold symmetry axis near molecule B. Carbon atoms
are yellow, nitrogen atoms blue, and oxygen atoms red. The alternate flipped conformation of the Ser 15-Gly 16 dipeptides is shown in
green. The 2.7 Å distance between Gly 16 N and Ser 15′ O is indicated. This figure was created using SETOR (52).

FIGURE 4: 2Fo - Fc density map for the Q136A mutant around residues 111-119 and 135-142. The conformation of this region in
Q136A is shown with carbon atoms in yellow, nitrogen atoms in blue, and oxygen atoms in red with selected residues labeled in yellow.
The conformation of this region in wild type TSST-1 is shown in green with selected residues labeled. This figure was created using
SETOR (52).
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differences between molecule A and theC2221 form of wild
type TSST-1 are<0.5 Å for CR’s and<1 Å for all atoms.
These values are typical for proteins crystallized in different
space groups (43, 45). For molecule B, the corresponding
rms differences are 0.8 and 1.1 Å, respectively. These larger
differences are largely due to a 5 Åshift of the end of the
â4-â5 duplex of molecule B required by contacts with
adjacent molecules. This shift, present only in molecule B,
can be broken down into two components, i.e., a 3.6 Å shift
in the plane of the turn and a 2.8 Å perpendicular shift. The
lateral shift is similar to that found in the TSST-1-MHC
complex (17, 42). Beyond theâ4-â5 duplex, the largest
shift is found at Tyr 115, 10 Å from Lys 139. In both
molecules, the CR of Tyr 115 has moved nearly 2 Å toward
the carboxyl end of helixRB. This reduces the CR-CR
distance between residues 115 and 139 from 9.9 to 8.4 Å.
Although this change is present in both molecules in the
Q139K mutant, we are uncertain that the mutation is the
direct cause. Rather, the interactions with symmetry-related
molecules preclude a wild type position for Tyr 115,
suggesting that the observed change is a consequence of
crystal packing.
I140T. Ile 140 is the final residue in helixRB. Although

there are some small differences at the amino terminus, the
end of theâ4-â5 duplex and theâ10-â11 turn, changing
this exposed residue has no significant effect on the structure
of TSST-1. The new Thr 140 Oγ1 is in the same place as
Ile 140 Cγ1 in the wild type toxin, producing a potential
long hydrogen bond with Lys 114 O (d ) 3.5 Å) or Gln
136 Oε1 (d ) 3.6 Å). The electron density maps do not
support the rotated side chain conformation seen in the
huvine tetramutant (33) where the Thr 140 Oγ1 forms two
potential hydrogen bonds with Gln 136 O and Gln 136 Oε1.
Overall, the rms difference from theC2221 form of the wild
type TSST-1 is 0.18-0.25 Å for CR’s and 0.62-0.70 Å for
all atoms.
The I140T mutant of TSST-1 crystallizes in space group

P61 under the same conditions as wild type TSST-1 and the
H135A mutant crystallize in space groupC2221. As the
latter two proteins crystallize with a noncrystallographic
3-fold coincident with the crystallographic screw axis, a
pseudo-P6122 cell is created with the following values:a

) b ) 104.7 Å andc ) 97.6 Å (14). In forming theP61
cell, the individual molecules rotate by less than 5° and move
by less than 1 Å, making the alternating crystallographic and
noncrystallographic dyads all noncrystallographic. The
reason for this change is unknown. A relaxation of the dyad
symmetry would allow additional variability in the Ser 15-
Gly 16 peptide bond. Because of the reduced resolution
observed in the I140T mutant, this speculation cannot be
confirmed.

BIOLOGICAL ACTIVITIES

The mutants whose structures have been examined using
X-ray crystallography fall into two categories: those that
modulate lethality and superantigenicity jointly and those that
modulate lethality and superantigenicity independently.
Mutants which fall into the first class are the more common
and include T128A, H135A, Q139K, and I140T.

The mutants with the largest joint reduction in super-
antigenicity and lethality are H135A and Q139K. As shown
in Table 2, the H135A mutant has no significant super-
antigenicity with rabbit cells. This agrees with our previous
observations (28) and with those of others using rabbit and
human cells (32, 48). In addition, this mutant has extremely
low lethality in rabbits (28) as well as in a murine model
(48). Hurley et al. (32) found that the Q139K mutant was
unable to stimulate the production of IL-2 in a murine T-cell
hybridoma and did not induce the proliferation of human
peripheral blood leukocytes. As shown in Table 2, this
mutant also has markedly reduced lethality in rabbits even
at doses 2.5 times greater than the usual test dose.

The T128A and I140T mutants have only marginal effects
on superantigenicity and lethality. Hurley et al. (32) found
that the I140T mutant showed a reduced ability to stimulate
murine cells to produce IL-2, although its binding of human
class II MHC or the response of human peripheral blood
leukocytes was not reduced. Deresiewicz et al. (49) also
reported that the I140T mutant is indistinguishable from wild
type TSST-1 in the latter assay with human cells. As
determined here and by Murray et al. (28), the activity of
the I140T mutant is reduced 10-24% compared to that of

FIGURE 5: Ribbon drawings (in stereo) of wild type TSST-1 (blue), mutant Q139K (green), and mutant Q136A (orange) dimers. This
figure was created using INSIGHT (Biosym Corp.).
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wild type TSST-1 using rabbit splenocytes. Lower dosages
produce reductions of up to 50% (28). In a previous paper
(29), an 11-67% reduction in activity was reported. How-
ever, later resequencing showed that that mutant was the
triple mutant T69I/Y80W/I140T. The T128A mutant was
not found in the library of mutants reported by Hurley et al.
(32). As shown in Table 2, the T128A mutant has prolifera-
tive activities on rabbit splenocytes which are uniformly less

than that of the wild type and less than that of the I140T
mutant at high concentrations. Both the T128A and I140T
mutants show no reduction in lethality.
For the mutants in this class, the structural data presented

here show no substantial conformational change. This
suggests that lethality and superantigenicity can be jointly
modulated simply by changing the character of the exposed
surface near the top of domain A of TSST-1.

Table 2: Superantigenicity and Lethality of Mutants Compared to Those of the Wild Type

proliferation of rabbit splenocytes (103)
at different protein concentrationswild type or

mutant protein
IL-2

responsea 1000 ng 100 ng 10 ng 1 ng

lethality in
the minipump
assay (200µg)

native + 299( 16 236( 12 221( 9.3 179( 11 3/3
T128A NDb 204( 7.1 197( 9.8 194( 7.0 173( 4.2 3/3
H135A - 0.0( 1.0 0.0( 0.6 4.1( 1.6 3.5( 3.4 0/3
Q136A ND 56.4( 13 108( 15 130( 13 58.7( 16 0/3 (2 mg)
Q139K - ND ND ND ND 0/3, 1/3 (500µg)
I140T - 227( 14 195( 12 200( 8.6 158( 11 3/3

a Ability of a mutant to stimulate a murine Vâ-expressing T-cell hybridoma to produce IL-2 as reported by Hurley et al. (32). bND means not
determined.

FIGURE 6: Top view (in stereo) of the solvent accessible surface of TSST-1 (A) and SEB (B). Residues in the class II MHC interface are
shown in green; residues in the presumed TCR interface for SEB or which reduce superantigenicity and are outside the class II MHC
interface for TSST-1 are shown in yellow. The amino-terminal helices of SEB and TSST-1 are shown in red. This figure was created using
INSIGHT (Biosym Corp.).
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Papageorgiou et al. (46) suggested that the geometry of
the Ser 15-Gly 16 peptide bond plays a key role in
modulating superantigenicity. Our view is that these residues
contribute to the TCR binding site of TSST-1 and thus can
influence superantigenicity. However, it seems unlikely that
the Ser 15-Gly 16 peptide geometry is the determining
factor in superantigenicity. This bond is completely flipped
in the Q136A mutant without the complete abolition of
superantigenicity (see Table 2). Moreover, the addition of
a side chain on residue 16 would stabilize the wild type
(active) geometry since theε main chain conformation (50)
required by flipping the peptide bond would not be possible.
This is not the case since the G16V mutant is not super-
antigenic (32).

Examination of the locations of mutations that control
superantigenicity in TSST-1 suggests that there are differ-
ences in how TSST-1 and SEB bind class II MHC’s and
TCR’s. Panels A and B of Figure 6 show the solvent
accessible surfaces of TSST-1 and SEB, respectively. The
CR’s in the barrel domain (B) have been used to obtain
similar orientations. Residues shown to bind class II MHC
(16, 17) are on the front of the barrel domain. Since the
structure of the SEB-TCR complex has not been published,
we have used the structure of the SEC-TCR complex (18)
to identify residues that bind the TCR since the SEB and
SEC amino acid sequences are 66% identical. The corre-
sponding TCR binding site for TSST-1 is indicated by those
mutations outside the MHC-binding site that reduce super-
antigenicity (28-30, 32, 49). For SEB and TSST-1, the TCR
binding site is on the top of the molecule behind a protruding
ridge. For TSST-1, the ridge is formed by helixRA and so
the presumed TCR site extends from the back of helixRA
into a cleft formed with theâ7-â9 loop and helixRB at
the bottom. It is within this site where the T128A, H135A,
Q139K, and I140T mutants discussed here are found. For
SEB, the ridge is formed by the loop covering the front of
the A domain and extends only to helixRA. As the sequence
of the enterotoxins suggests that a large front loop is a
common characteristic, we expect this difference in the
geometry of the binding sites to be maintained.

Examples of mutants that modulate lethality and super-
antigenicity independently are Q136A (28, 29) and the
K132E mutant of TSST-ovine (T19A/A55T/T57S/T69I/
Y80W/I140T TSST-1). Q136A retains about half of its
superantigenicity despite showing no lethality. Conversely,
the K132E mutant of TSST-ovine is as lethal as wild type
TSST-1 while retaining only 10% of the wild type super-
antigenicity. This separability of lethality and superanti-
gencity can be most easily explained by the presence of
separate features controlling these properties. The observa-
tion that many mutants modulate superantigencity and
lethality jointly suggests these features overlap. Since residue
136 is largely buried and does not change the electrostatic
properties of the toxin, Occam’s razor implies that theâ7-
â9 loop on the rear surface of TSST-1 forms part of the
lethality-modulating feature. Verification of this hypothesis
awaits the analysis of other mutants that demonstrate the
independence of superantigenicity and lethality and the
discovery of molecules that bind to this feature. This work
is in progress.
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