
doi:10.1016/j.jmb.2005.08.041 J. Mol. Biol. (2005) 353, 308–321
Characterization of T Cell Receptors Engineered for
High Affinity Against Toxic Shock Syndrome Toxin-1

Rebecca A. Buonpane1, Beenu Moza2, Eric J. Sundberg2 and
David M. Kranz1*
1Department of Biochemistry
University of Illinois, Urbana
IL 61801, USA

2Boston Biomedical Research
Institute, 64 Grove Street
Watertown, MA 02472, USA
0022-2836/$ - see front matter q 2005 E

Abbreviations used: TSST-1, toxic
toxin-1; TNF, tumor necrosis factor;
TCR, T cell receptor; MHC, major h
complex; CDR, complementarity de
FACS, fluorescence-activated cell so
plasmon resonance.
E-mail address of the correspond

d-kranz@uiuc.edu
Superantigens, including bacterial enterotoxins, are a family of proteins
that bind simultaneously toMHC class II molecules and the Vb regions of T
cell receptors. This cross-linking results in the activation of a large
population of T cells that release massive amounts of inflammatory
cytokines, ultimately causing a condition known as toxic shock syndrome.
The staphylococcal superantigen toxic shock syndrome toxin-1 (TSST-1) is
a causative agent of this disease, but its structure in complex with the
cognate T cell receptor (human Vb2.1) has not been determined. To
understand the molecular details of the interaction and to develop high
affinity antagonists to TSST-1, we used directed evolution to generate a
panel of high affinity receptors for TSST-1. Yeast display libraries of random
and site-directed hVb2.1 mutants were selected for improved domain
stability and for higher affinity binding to TSST-1. Stability mutations
allowed the individual Vb domains to be expressed in a bacterial
expression system. Affinity mutations were generated in CDR2 and FR3
residues, yielding improvements in affinity of greater than 10,000-fold (a
KD value of 180 pmol). Alanine scanning mutagenesis of hVb2.1 wild-type
and mutated residues allowed us to generate a map of the binding site for
TSST-1 and to construct a docking model for the hVb2.1–TSST-1 complex.
Our experiments suggest that the energetic importance of a single hVb2.1
wild-type residue likely accounts for the restriction of TSST-1 specificity to
only this human Vb region. The high affinity mutants described here thus
provide critical insight into the molecular basis of TSST-1 specificity and
serve as potential leads toward the development of therapeutic agents for
superantigen-mediated disease.
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Introduction

Toxic shock syndrome (TSS) was characterized as
a disease associated with staphylococci infection
over 25 years ago.1 Subsequently, toxic shock
syndrome toxin-1 (TSST-1) from Staphylococcus
aureus was identified as the protein responsible in
most cases of the disease.2,3 TSST-1 is a member of a
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family of molecules secreted by S. aureus and
Streptococcus pyogenes that cause elevated systemic
cytokine levels, including tumor necrosis factor-a
(TNF-a) and interleukin-1 (IL-1), leading to fever,
TSS, and ultimately organ failure.4 The term super-
antigen (SAg) was given to this class of molecules
because these toxins stimulate a large fraction of T
cells bearing the same variable regions of the T cell
receptor beta chain (Vb regions).5,6 As up to 20% of
the T cell repertoire can bear the same Vb region,
SAgs are capable of stimulating thousands of times
more T cells than conventional antigens. Since
soluble monovalent ligands for the T cell receptor
(TCR) cannot themselves stimulate T cells, SAgs act
by cell-to-cell cross-linking TCRs and class II major
histocompatibility complex (MHC) molecules on
antigen presenting cells.
d.
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The bacterial SAg family now numbers over 20
members, including the S. aureus enterotoxins
TSST-1, A (SEA) to E, and G to Q and the
S. pyogenes exotoxins A (SpeA), C, G to M, and the
mitogenic exotoxins called SMEZ.4 Sequence based
phylogenetic relationships among these toxins
indicated that they represent five groups, in which
one group contains TSST-1 as the only known
member.4 The structures of SAgs, including TSST-
1,7,8 have been shown to be very similar. A smaller
N-terminal domain contains two b-sheets and a
larger C-terminal domain consists of a central
a-helix and a five-stranded b-sheet. Although all
bacterial SAgs share a common three-dimensional
structure, they exhibit diversity in their specificities
for TCRVb domains and class II MHCmolecules, as
well as in the molecular architecture of the
respective MHC–SAg–TCR signaling complexes
that they form.9

TSST-1 interacts almost exclusively with the
human Vb2.1 (hVb2.1) region10 and a significant
fraction of patients with TSS exhibit expansions of
T cells with hVb2.1.11 The structure of hVb2.1 in
complex with SpeC showed that hVb2.1 uses a
greater number of hypervariable regions for con-
tact, compared to the interaction of mouse Vb8.2
with its three different SAg ligands.12 Thus,
residues from all three complementarity determin-
ing regions (CDRs) and hypervariable loop 4 (HV4)
contributed contacts with SpeC and the interface
exhibited a greater buried surface area than
mVb8.2–SAg interfaces. While the structure of the
hVb2.1–TSST-1 complex has not been solved, a
recent alanine mutagenesis study of TSST-1
revealed the key residues of TSST-1 that are
involved in the interaction.13

Here, we have used yeast display techniques to
engineer the hVb2.1 region for improved TSST-1
binding, in order to generate affinity-matured
proteins as tools for dissecting the hVb2.1–TSST-1
interaction.13–15 The highest affinity variant
exhibited a KD of 180 pM, primarily attributable to
a significantly decreased off-rate. A survey of amino
acid positions that varied with high frequency
among different Vb regions, and mutational ana-
lyses of a high-affinity hVb2.1 variant, revealed sites
on hVb2.1 that are important for TSST-1 binding.
These sites involved predominantly the CDR 2 and
the framework (FR) 3 region. These analyses also
revealed a key wild-type residue (Tyr56) that likely
confers the strict Vb domain specificity of TSST-1.
The highest affinity variant Vb domain fragments
also serve as the foundation for neutralizing agents
for the cellular events that lead to TSS.
Figure 1. Yeast display of human Vb2.1 before and after
stabilization. (a) Yeast display construct of hVb2.1. (b)
Yeast cell histograms of wild-type hVb2.1 and clone EP-8
isolated from the error-prone library after staining with
an anti-human Vb2 antibody.
Results

Engineering stabilized hVb2.1 mutant by yeast
display

Our previous studies have shown that single-
chain TCRs (Vb-linker-Va) or Vb domains required
mutations to display the properly folded proteins,
as a fusion to the agglutinin receptor Aga2, on the
surface of yeast.15–17 Subsequent studies showed
that mutations that enabled surface display also
yielded thermally stabilized, soluble V region
domains that could be secreted from yeast18 or
refolded from Escherichia coli inclusion bodies (data
not shown). To explore the feasibility of engineering
the hVb2.1 region by yeast display, a fusion of genes
encoding Aga2, a hemagglutinin (HA) epitope tag,
hVb2.1, and a c-myc epitope tag (Figure 1(a)) was
cloned into the yeast display vector. As anticipated,
the wild-type hVb2.1 regionwas not detected on the
surface, as probed with a monoclonal antibody to
this specific V region (Figure 1(b)) or with an
antibody to the C-terminal c-myc tag (data not
shown). To identify a mutated hVb2.1 domain
variant that could be displayed on the yeast surface
and that might allow expression in E. coli, the
hVb2.1 insert was subjected to error-prone PCR at
an error rate resulting in an average of two
mutations per Vb molecule. PCR products were
cloned by homologous recombination into the yeast
display plasmid resulting in a library size of
approximately 15!106 transformants. The library
was selected by fluorescence-activated cell sorting
(FACS) with an anti-hVb2 antibody through three
rounds and an anti-c-myc antibody for one round.
After the final round of selection, yeast cells were
plated and individual clones were screened for
binding to the hVb2-specific antibody. Figure 1(b)
shows an example of the improvement in surface
display for one of the clones, EP-8.
Ten clones (designated EP-series) with the high-

est levels of surface hVb2.1, as judged with an anti-
hVb2 antibody, were chosen for sequence analysis.
Seven unique sequences, with two or three
mutations each, were identified (Figure 2). Two of



Figure 2. Sequences of hVb2.1 mutants isolated in the yeast display system. The designation EP refers to clones
isolated from the error-prone (stability) library. The designation R refers to clones isolated from the CDR2 (affinity)
library. The designation C or D refer to clones isolated from the third and fourth sorts, respectively, from the combined
CDR1, CDR2b, or HV4 (off-rate) library.
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the mutations were present in the CDRs, one was
present in HV4, and five mutations were present in
FR regions. One of the FR mutations in particular,
S88G, was the most prevalent of the mutations
isolated, as it was found in six of the seven unique
clones. Five of these mutations (R10M, A13V, L72P,
S88G and R113Q) accumulated in almost every
clone isolated after subsequent rounds of affinity
maturation (see below), suggesting that these
mutations were each important in stabilization
and display. Four of the mutations are located at
the Vb surface, where the constant region (Cb)
would be located in the wild-type T cell receptor
(Figure 9(a), below). In full length b chains, this area
is buried at the Vb:Cb interface12,19,20 and thus these
mutations may act to prevent aggregation of the Vb
domain. The other mutation, L72P, is located at the
other end of the Vb region within the HV4 loop. The
proline substitution may act to stabilize the local
region surrounding this loop.

Isolation and characterization of first generation
high affinity hVb2.1 mutants

The low affinity of hVb2.1 for TSST-1 (KDZ
2.3 mM)13 prohibits the effective use of the soluble
Vb receptor as an antagonist for TSST-1-mediated
toxicity. To engineer higher affinity mutants, the
stabilized Vb genes (EP-series, see above) were used
as a starting point for affinity maturation. Because
there is no crystal structure of the hVb2.1–TSST-1
complex, the positions for site-directedmutagenesis
were based on the structures of other Vb-SAg
complexes.12 As CDR2 is uniformly involved in
contacts with SAgs,12,21–24 including the interaction
between hVb2.1 and SpeC,12 this region was chosen
for the first round of affinity maturation. Five
residues in this loop (50, 51, 52, 52a, and 53) were
mutated randomly using degenerate oligonucleo-
tides in splice extension PCR reactions with equal
amounts of six unique stabilized clones isolated
from the error-prone library as templates (see
Figure 2). The library of approximately 14!106

independent clones was sorted through four cycles
using decreasing concentrations of TSST-1. The first
and second sorts were performed at a TSST-1
concentration of 1.8 mM (approximately equivalent
to the KD value of the wild-type hVb2.1–TSST-1
interaction), the third sort was performed at 900 nM
TSST-1, and the fourth sort was performed at 90 nM
TSST-1 (approximately 20-fold below the KD value).

Twenty-four clones (designated R-series) were
analyzed by flow cytometry for their ability to bind
to 200 nM TSST-1, approximately tenfold below the
KD value of the wild-type. At this TSST-1 concen-
tration, the stabilized clone EP-8 is weakly positive
(a slight shift of the flow histogram) and the affinity-
matured clone R9 was strongly positive
(Figure 3(a)). Using the mean fluorescence units of
each histogram, each of the 24 clones was compared
to the stabilized clone EP-8 and all clones demon-
strated an improvement over the stabilized mutant
(Figure 3(b)), which has an affinity similar to the
wild-type hVb2.1, as measured by surface plasmon
resonance (SPR) analysis (see below and Table 1).

Fifteen clones isolated from the first affinity
maturation library were sequenced to examine the
mutations in the CDR2 loop (Figure 2, and data not
shown). Each of the clones sequenced was unique
and contained a sequence that differed from the



Figure 3. Binding of TSST-1 to affinity matured hVb2.1 mutants. (a) Overlay histogram of the stabilized human Vb2.1
clone, EP-8 (black outline), and a clone from the first-generation affinity library, R9 (gray). Yeast cells were incubated
with 200 nM biotinylated TSST-1, and analyzed by flow cytometry. (b) A panel of clones isolated from the first-
generation library were incubated with 200 nM biotinylated TSST-1 and analyzed by flow cytometry to determine their
relative fluorescence (mean fluorescence units, MFU). Inset: a representative equilibrium binding titration of
biotinylated-TSST-1 to clone R9. The x-axis represents the TSST-1-biotin concentration in nanomolar, and the y-axis
represents the MFU of the samples.

Table 1. Kinetic and affinity parameters for the interactions between hVb2.1 variants and TSST-1

ka (M
K1 sK1) kd (sK1) KA (MK1) KD (M)

EP-8a n.d.b n.d. 1.67!106 5.99!10K7

R9 1.48 (G0.01)!104 1.86 (G0.02)!10K3 7.95!107 1.26!10K8

C10 (Y56A) 5.87 (G0.05)!104 3.99 (G0.02)!10K3 1.47!107 6.78!10K8

C10 (K62A) 2.14 (G0.01)!105 3.24 (G0.14)!10K4 6.60!108 1.52!10K9

C10 3.28 (G0.01)!105 1.12 (G0.09)!10K4 2.94!109 3.41!10K10

D10 2.56 (G0.01)!105 4.59 (G0.06)!10K5 5.58!109 1.79!10K10

Measured by surface plasmon resonance, with TSST-1 immobilized on chips.
a Affinity parameters determined by equilibrium binding studies.
b n.d., not determined.
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wild-type CDR2 of hVb2.1. While there did not
appear to be a strict consensus of any of the
residues, there were strong preferences for either
histidine or arginine at position 50 (from aspara-
gine) and a histidine at position 53 (from lysine).
There were also preferences for either aspartic acid
or the wild-type glycine at position 52 and an
aromatic residue at position 52a. Retention of the
wild-type glycine at position 52 in many clones
suggests that this residue may contribute the
flexibility required for positioning other residues
in this loop. While CDR2 of the wild-type hVb2.1
contains two potentially charged residues (Glu51
and Lys53) and a net neutral charge, most of the
Figure 4. Binding of TSST-1 to affinity matured, second gene
clones selected from the combined CDR1/CDR2b/HV4 libra
third (C1–10) and fourth (D1–20) rounds of sorting. Clones w
SA/PE and analyzed by flow cytometry. (b) Clones were
equilibrium conditions, and then incubated with a tenfold m
was removed before the unlabeled TSSTwas added and place
bound was calculated as (MFU after 2 h at 25 8C/ MFU at tim
mutated CDR2 regions were highly charged with a
net positive charge. The exception was clone R17
that retained a net neutral charge (see below).
The preference for an aromatic residue at position
52a may also indicate a hydrophobic interaction
facilitates binding to TSST-1.

Isolation and characterization of second-
generation high affinity hVb2.1 mutants

Titration of the yeast-displayed mutant R9 with
various concentrations of TSST-1 yielded an esti-
mated binding affinity of 6 nM (Figure 3(b), inset).
In an effort to generate hVb2.1 mutants with sub-
ration hVb2.1 mutants. Analysis of the second-generation
ries. (a) Equilibrium binding of clones isolated from the
ere incubated with 5 nM biotinylated TSST-1 followed by
incubated with 5 nM biotinylated TSST-1 for 1 h under
olar excess of unlabeled TSST-1 for 2 h at 25 8C. A sample
d on ice until the end of the experiment. Percent remaining
e zero) !100.
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nanomolar affinity, we used three of the first
generation mutants (R9, R17 and R18) as templates
for the generation of additional mutated libraries.
These clones were selected on the basis of their high
affinity binding to TSST-1, as well as having
distinctly different CDR2 sequences (Figure 2).
As hVb2.1 binding to SpeC involves contacts with
HV4 and CDR1, we reasoned that hVb2.1 might
also use these regions for binding to TSST-1. Thus,
we generated separate libraries in CDR1 (residues
27, 27a, 28, 29, 30), HV4 (residues 68, 69, 70, 71, 72),
and an additional library in the CDR2 loop
(residues 52a, 53, 54, 55, 56) to extend the range of
residues that were mutated. These three libraries
were pooled in equal ratios for flow cytometric
sorting.

Because the initial flow cytometry experiment
determined the KD value of hVb2.1 mutant R9 to be
about 6 nM, a selection strategy other than an
equilibrium-based methodology is required. This is
based on the principle that at this concentration, the
number of surface displayed receptors, in a library
of 106 yeast, begins to exceed the number of ligand
molecules (in a 1 to 2 ml sample).25 Thus, an off-rate
based screening strategy26 was adopted in an effort
to isolate mutants with improved affinity exceeding
that of the first-generation clones (R-series). The
off-rate method involves incubation of yeast cells
with labeled TSST-1 under equilibrium conditions,
followed by washing and incubation with a tenfold
molar excess of unlabeled TSST-1. Pilot analysis of
clone R9 showed that less than 10% of biotin-TSST-1
remained bound after two hours under these
Figure 5. Off-rate analysis of TSST-1 binding to selected
percent biotinylated TSST-1 remaining bound to clone C10. T
clones with 5 nM biotinylated TSST-1 for 1 h on ice, followed
TSST-1 at 37 8C. Time points were taken after 0 h (shaded g
(b) Off-rate time points of first generation clones (R9 and R1
examined using the same experimental design as in (a).
conditions (Figure 4(b), and data not shown).
Thus, yeast libraries were sorted after the two-
hour dissociation period, and clones were isolated
after the third (designated C-series) and fourth
(designated D-series) cycles of selection. A total of
30 clones were examined for their ability to bind
5 nM TSST-1 in comparison to clones EP-8, R9, R17,
and R18 (Figure 4(a)). Each clone exhibited binding
that was equal to or better than the R-series of
clones at this TSST-1 concentration. When the
clones were examined using a single time-point
off-rate analysis, similar to that used for sorting the
library, it was evident that every clone showed
significant improvements when compared to the
first generation R-series clones (Figures 4(b) and
6(b), below). For example, clones R9, R17, and R18
had less than 10% of the labeled TSST-1 remaining
bound after 2 h at 25 8C, while the off-rate selected
clones had 50% or more of the labeled TSST-1
remaining bound.
To further examine TSST-1 off-rates, various

mutants were examined for binding to labeled
TSST-1 over a 5 h time period and at a higher
temperature (37 8C). Histograms of clone C10 at
several time points are shown in Figure 5(a). Mean
fluorescence units (MFU) from histograms at
various time points were plotted for each of the
analyzed clones (Figure 5(b)). While bound bio-
tinylated TSST-1 from the two first-generation
clones (R9, R18) was reduced to background levels
by the first time point (30 min), three clones (C4,
C10 and D10) retained significant levels of bound
biotinylated TSST-1 even at the end of the time
hVb2.1 clones. (a) Overlay histogram demonstrating the
he off-rate of clone C10 was examined by incubating the
by incubation with a 50-fold molar excess of unlabeled

ray), 12 h (black outline), and 24 h (red outline) at 37 8C.
8) and second generation clones (C4, C10 and D10) were
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course (5 h). Clone C10 retained approximately 50%
of the TSST-1 after 5 h at 37 8C. This time course was
taken out to 24 h at 37 8C, and while the levels of
bound TSST-1 decreased, about 15% of TSST-1
remained bound to C10 after 24 h (Figure 5(a)).

Fourteen clones isolated from the off-rate based
selection were sequenced (Figure 2, and data not
shown). Eleven clones contained CDR1 mutations
derived from the CDR1 library. Three clones did not
contain mutations in the regions of the second-
generation libraries (CDR1, CDR2 extended, and
HV4), but they contained single-site mutations
(e.g. clone C10). None of the clones were derived
from the second extended CDR2 library, perhaps
suggesting that residues 54 to 56 were critical for
TSST-1 binding and their sequences could not be
optimized. Each clone contained the FR3 mutation
E61V, which was presumably incorporated from
clone R17 through a PCR-derived error. As
described earlier, each of the affinity-matured
clones also contained the stabilizing mutations
that may act additively in the enhanced surface
display of the hVb2.1 region, as we have observed
for mutations in the 2C TCR.16

The absence of preferred mutations in the CDR1
clones, and the fact that clone C10 lacked CDR1
mutations altogether, suggests that CDR1 may not
be involved in a significant way in binding TSST-1.
Detailed inspection of the sequences indicates that
the longer off-rates of these clones appear to be due
to residues in the CDR2 and/or the E61V mutation,
or a combination of these mutations. These possi-
bilities are supported by mutagenesis results
described below.

Alanine scanning mutagenesis of a high-affinity
hVb2.1 mutant C10

To further examine the role that the individual Vb
residues play in the interactions with TSST-1,
alanine mutagenesis of selected wild-type and
mutated residues of hVb2.1 mutant C10 was
performed. C10 was chosen as it exhibited high
affinity with a decreased off-rate and yet contained
the fewest number of mutations. Residues were
chosen in part based on contact residues within the
hVb2.1–SpeC complex and also to define the
mechanism by which C10 achieves high affinity.

C10 alanine mutants were constructed in the
yeast display vector in order to allow rapid analysis
of binding without the need for protein purification.
Similar approaches have been used to examine the
role of individual residues27 or to map the binding
epitopes of monoclonal antibodies.28 Mutants were
first tested for their levels of surface expression with
the anti-c-myc antibody to determine if mutation to
alanine affected the folding and stability of the
protein. All mutants expressed detectable c-myc
epitopes, with levels that were similar to or slightly
improved relative to C10 Vb (data not shown). To
quantify the binding to TSST-1, each mutant was
analyzed for binding to 5 and 20 nM TSST-1 and
a ratio of anti-c-myc to TSST-1 binding was
determined (Figure 6(a)). These concentrations of
TSST-1 are about 12 and 50-fold above the estimated
KD of C10, respectively (see below), and thus were
used to detect significant changes in affinity. Under
these conditions, only Y56A, a mutation of a wild-
type residue, was shown to affect significantly the
binding of TSST-1. Further binding analysis by flow
cytometry at higher TSST-1 concentrations and by
SPR with soluble Y56A protein showed that TSST-1
binding affinity was reduced by w100-fold (see
below).

In order to characterize more precisely the impact
of each mutation, we performed a single point off-
rate analysis of the yeast-displayed mutants.
Mutants were incubated with 5 nM biotinylated
TSST-1, followed by incubation with a 50-fold molar
excess of unlabeled TSST-1 for 2 h at 37 8C
(Figure 6(b)). Time points were taken at time zero
(before unlabeled ligand was added) and at 2 h to
calculate the percent of remaining bound ligand.
Based on this study, four alanine mutations were
shown to affect the off-rate significantly: F52aA,
H53A, V61A, and K62A. Mutation of these residues
to alanine reduced the fraction of bound ligand to
levels comparable to that of clone R9. Because two
of the four residues are present in R9 (F52a and
H53), we predict that residues 61 (valine) and 62
(lysine) contribute to the longer off-rate of clone
C10.

It is worth noting that one clone, R17, from the
first-generation of high-affinity mutants contained
the E61V mutation, yet did not exhibit the slow off-
rate characteristic of C10 (Figure 6(b)). The only
notable sequence difference between R17 and other
R-series mutants is that the net charge of the CDR2
was neutral, rather than positive. Since the H53A
mutation, like the E61V mutation, appears to affect
the off-rate of C10, we propose that two regions of
electrostatic interactions are necessary to achieve
the slow off-rate and high-affinity of C10. These
regions include CDR2 and FR3.

Binding analyses of selected mutants by surface
plasmon resonance

Several of the clones from the affinity maturation
process, and single-site mutants, were expressed
in E. coli, refolded from inclusion bodies, and
examined using surface plasmon resonance (SPR)
to measure the affinity and kinetics of their
interactions with TSST-1 (Figure 7 and Table 1). As
the wild-type hVb2.1 domain does not express well
in E. coli (data not shown), the stabilizing mutations
appear to enable expression and refolding. The
stabilized mutant EP-8 exhibited an affinity of
0.6 mM, similar to that observed previously for the
full length wild-type hVb2.1 (VbCb) (KDZ
2.3 mM).13 Based on SPR results with the higher
affinity mutants, we were able to confirm findings
from the flow cytometric analysis on yeast. The
affinity of the first generation mutant R9 was
increased by 180-fold (KDZ12.6 nM), compared to
the affinity of wild-type hVb2.1. The affinity of the



Figure 6. Binding of TSST-1 to single-site alanine mutants of hVb2.1 clone C10. (a) Equilibrium binding of alanine
mutants to c-myc antibody (which is a measure for the amount of folded protein on the cell surface; data not shown) and
5 or 20 nM biotinylated TSST-1 were used to determine the mean fluorescence units of binding. These values for c-myc
and TSST-1 were used to calculate the ratio. (b) Examination of the percent biotinylated TSST-1 remaining bound after
2 h. Cells were incubated with 5 nM biotinylated TSST-1 for 1 h on ice, followed by a 50-fold molar excess of unlabeled
TSST-1 for 2 h at 37 8C. A sample of the yeast was removed before transferring to elevated temperature. The red line
indicates the percent of TSST-1 remaining bound to clone C10. First generation clones R9, R17, and R18 are included for
comparison.
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second generation mutants C10 and D10 were
increased by 6800 and 12,800-fold (KDZ340 pM
and 180 pM, respectively). The 180-fold higher
affinity of R9 was accomplished through substi-
tutions of CDR2 residues (residues 50–53: wild-
type, NEGSK; R9, RIDFH). As indicated above, the
highly charged nature of each of the CDR2 mutants
may suggest that electrostatics play a role in this
affinity increase. Alternatively, enhanced affinity
could be achieved through an increase in the buried
hydrophobic surface area. Analyses of the binding
kinetics indicate that the affinity increases from R9
to C10 and D10 are due to significantly reduced
off-rates (17 and 41-fold) and only modest enhance-
ments of on-rates (2.2 and 1.7-fold). The 17-fold
slower off-rate of C10 compared to R9 is consistent
with the results derived from flow cytometry
experiments with C10.
C10 differs from R9 at only two residues, E61V

and I91V. The faster off-rate observed in the V61A
mutant, and the observation that all of the second-
generation clones contain the E61V mutation,
suggest that this mutation accounts for the slower
off-rate and corresponding increase in affinity. We
speculate that this effect could be due to the loss of
an acidic side-chain at position 61, enabling a
productive electrostatic interaction between
TSST-1 and the lysine at position 62 in hVb2.1.
In support of this possibility, the K62A mutation
also resulted in a significant reduction in the



Figure 7. SPR analysis of the interactions between hVb2.1 variants and immobilized TSST-1. The inset in (a) depicts the
Scatchard analysis of equilibrium binding between EP-8 with TSST-1. Global fitting of data ((b)–(f)) to a 1:1 binding
model is shown in black.

316 T Cell Receptor–TSST-1 Interactions
off-rate. In addition, soluble C10-K62A exhibited an
affinity only twice that of R9, 17-fold reduced
compared to C10 (Table 1). The lower affinity was
due to a sevenfold faster off-rate and a 2.6-fold
slower on-rate. Because the lysine side-chain is
known to contribute to the overall hydrophobicity,
we could not exclude the possibility that the K62A
mutation acts through a reduction in buried
hydrophobic surface area. Whatever the mecha-
nism is, these results support the involvement of the
FR3 region at positions 61 and 62 in formation and
stability of the C10-TSST-1 complex.

Because Tyr56 of hVb2.1 appeared to be the most
important of the residues tested for binding to
TSST-1, we examined the binding properties of the
soluble C10-Y56A mutant (Table 1). The binding
affinity of C10-Y56A was reduced 200-fold (KDZ
147 nM), with a 35-fold faster off-rate and a sixfold
slower on-rate. While our results are based on the
affinity of the engineered hVb2.1 variant C10, the
fact that Y56 is in the wild-type protein and that this
residue represents one of the few unique residues of
Figure 8. Competition between TSST-1 and SpeC for bindin
and the stabilized hVb2.1 mutant EP-8 was injected at various
at 12.5 mM was incubated with various concentrations of TSS
chip with immobilized SpeC. (c) EP-8 at 12.5 mMwas incubate
and the mixtures were injected over the chip with immobiliz
hVb2.1 compared to other human Vb regions,29

suggest that it contributes significantly to the
binding energy and specificity of hVb2.1 for TSST-1.

TSST-1 and SpeC bind to overlapping epitopes
on hVb2.1

Our mutational analysis of hVb2.1 binding to
TSST-1 suggested that there might be differences
compared to the binding of hVb2.1 to SpeC (see
Discussion). To determine whether there is overlap
in the binding sites for TSST-1 and SpeC on hVb2.1,
a competition experiment was performed. In this
experiment, SpeC was immobilized on the SPR
chip, the engineered hVb2.1 called EP-8 was
injected at various concentrations, and an affinity
of approximately 6 mM was measured (Figure 8(a)).
To determine if TSST-1 competed for binding of the
hVb2.1 (EP-8), various concentrations of TSST-1
were mixed with 12.5 mM EP-8 (blue curve,
Figure 8(a) and (b)). The ability of EP-8 to bind the
SpeC was reduced as more TSST-1 was present in
g to hVb2.1. (a) SpeC was immobilized on biosensorchip,
concentrations (0.39 to 100 mM) over the chip. (b) EP-8

T-1 (0 to 100 mM) and the mixtures were injected over the
dwith various concentrations of the SAg SEB (0 to 100 mM)
ed SpeC.
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the mixture (Figure 8(b)), as would be expected if
there were competition for the same binding site. In
a control experiment, the SAg SEB, which does not
bind to hVb2.1, was used at the same concentrations
as TSST-1 and competition was not observed
(Figure 8(c)).
Discussion

Secreted bacterial toxins such as TSST-1 act as
SAgs by stimulating cytokine release from a large
fraction of T lymphocytes.6 The elevated systemic
cytokine levels can lead to toxic shock syndrome
and ultimately multi-organ failure. The mechanism
of action of bacterial SAgs is now well known and a
number of SAgs have been examined for the
molecular basis by which they interact with T
cells.24 However, the molecular details of the
interaction of TSST-1 with hVb2.1 has so far been
refractory to structural analyses. TSST-1 is particu-
larly important clinically, as it represents one of the
most common toxins involved in TSS and as such it
has significant involvement in staphylococcal-
mediated diseases.4 We present here an analysis of
hVb2.1, the specific major target associated with the
effects of TSST-1 in humans. The approach was to:
(1) engineer a stabilized hVb2.1 domain that would
be amenable to expression in E. coli and directed
evolution by yeast display; (2) identify specific
targeted mutations in hVb2.1 that would increase
the affinity of the hVb2.1–TSST-1 interaction; and (3)
generate and analyze selected single-site mutations
of hVb2.1 that would reveal both the mechanisms
by which higher affinity was achieved and the
possible docking orientation of the hVb2.1–TSST-1
complex.

The engineering of a stabilized, surface displayed
hVb2.1 mutant enabled expression of the protein in
E. coli and subsequent refolding to concentrations
Figure 9.Model of the hVb2.1–C10 and TSST-1 interaction.
the wild-type human Vb2.1. The Cb is included in the model f
orange. Mutations that were isolated during the screen
(b) Hypothetical model of the hVb2.1–C10–TSST-1 complex.
higher affinity are shown in red (CDR2) or cyan (K62 and Y
human Vb2.1 in complex with the superantigen SpeC (PDB ac
orientation as in the hVb2.1–C10–TSST-1 model for comparis
sufficient for biochemical analyses. The mutations
reside largely at the Vb face, which would normally
be buried at the interface with the Cb region
(Figure 9(a)). The stabilized hVb2.1 mutant EP-8
bound to TSST-1 and SpeC with affinities that are
close to those measured for the full-length b-chain.
Our results also implicate the region spanning the
CDR2 loop and FR3 of hVb2.1 (including residues
51–54, 56 and 61–62) as energetically critical for
TSST-1 binding. Using the hVb2.1 as a starting
point, an energy minimized model of the high-
affinity mutant C10 was generated (the C10
mutations are solvent exposed). We also generated
a hypothetical model of the hVb2.1–TSST-1 complex
(Figure 9(b)), by manually docking the TSST-1 in a
position on hVb2.1-C10 that is consistent with each
of the following observations (described in more
detail below): (1) The most important energetic
residue (Tyrb56) lies near the center of the complex;
(2) the framework region 61 to 63, which was shown
to be important in the engineered hVb2.1 mutants,
is in contact with a region of TSST-1 that shows
electrostatic complementarity; (3) the CDR3 of
hVb2.1 which was not involved in binding based
on mutational analyses, is not in contact with TSST-
1; (4) TSST-1 residues that were previously identi-
fied to be important in hVb2.1 binding are located
within contact distance in the hypothetical model;
and (5) the position of TSST-1 on the hVb2.1 region
overlaps that of the binding site for SpeC
(Figure 9(c)) and thus SpeC binding would be
competed by TSST-1.
In this model, both the positive charges on CDR2

(Arg50 and His53) and FR3 (Lys62) are positioned
near negatively charged residues (e.g. Asp11 and
Asp18) in TSST-1. Alternatively, it is possible that
mutations such as S52aF and E61Vact by increasing
the buried hydrophobic surface area at the hVb2.1–
TSST-1 interface. Consistent with this possibility,
the F52aA and V61A mutations both reduced the
(a) Model of mutant hVb2.1–C10 based on the structure of
or orientation. CDR1, green; CDR2, red; HV4, pink; CDR3,
ing for yeast displayed hVb2.1 are shown in blue.
Mutated residues that were isolated during screening for
56). TSST-1 is shown in blue. (c) The crystal structure of
cession code 1KTK). The Vb domain is shown in the same
on. SpeC is shown in blue.
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affinity, perhaps as a consequence of the reduced
hydrophobicity of an alanine side-chain compared
to phenylalanine and valine side-chains.

Tyrosine 56 is predicted to be at the center of the
interface, in a key position to interact with TSST-1.
This location is consistent with the significant
energetic contribution of Tyr56 (i.e. 100-fold
decrease in binding for the Y56A mutant). Our
recent studies with high-affinity mouse Vb8
mutants also showed that energetically important
residues were located at the center of the interface.30

Thus, it is reasonable to predict that Tyr56 is located
at the center of the engineered hVb2.1–TSST-1
interaction. The identification of Tyr56 as an
important residue within hVb2.1 is also consistent
with the observation that this residue is nearly
unique among over 50 known human Vb regions.29

In fact, only human Vb4 contains a tyrosine at this
position, but Vb4 lacks positive charges in the CDR2
or at position 62 in FR3. This may explain why
TSST-1 appears to be unusual among SAgs in that it
is known to stimulate only a single human Vb
region, hVb2.1.10,11 In further support of the role of
Tyr56, mouse T cells that bear mouse Vb15 are
expanded by stimulation with TSST-1,10 and mouse
Vb15 contains a tyrosine at position 56.31

On the other hand, the putative electrostatic
interactions or increased buried hydrobicity
involved in the hVb2.1–C10 interaction appear to
be at least in part a consequence of engineering
the CDR2 and FR3 regions to enhance these effects.
Interestingly, the wild-type hVb2.1 is highly
charged at these positions and while the electro-
static effects may be masked to some degree by
nearby neutralizing residues (e.g. Glu51 and
Glu61), it is possible that there are electrostatic
contributions that facilitate the docking of the
wild-type hVb2.1 in an orientation similar to that
predicted for hVb2.1–C10. Sequence analysis of
human Vb regions shows that the combination of
lysine residues at positions 53 and 62 are unique to
hVb2.1.29 While two Vb regions (Vb19, Vb30) have a
lysine at position 62, they lack a positive charge
within the CDR2. Furthermore, many Vb regions
actually contain aspartic acid or glutamic acid
residues at position 53 or 62, which could be
detrimental to productive electrostatic interactions
with TSST-1, based on our model. While structural
studies will be required to examine these issues, the
hypothetical model suggests a different three-
dimensional orientation of TSST-1 on hVb2.1
compared to the hVb2.1–SpeC complex
(Figure 9(c)). In this model, TSST-1 does not extend
to the CDR3 of hVb2.1, and it is shifted further
toward the FR3 region. While the hVb2.1 footprints
of the TSST-1 and SpeC contact regions may differ,
the model predicts that TSST-1 and SpeC have
overlapping binding regions on hVb2.1 in the area
of CDR2.

Finally, it is worth noting that the engineering of
soluble, high-affinity Vb receptors for TSST-1 that
have half-lives of many hours provides the basis for
effective neutralizing agents against TSST-1.32 Our
previous study showed that soluble Vb domains
could be engineered with w1500-fold higher
binding affinity (KDw5 nM) for the SAg Staphylo-
coccal enterotoxin C3 (SEC3).15 Soluble forms of
these Vb mutants were effective inhibitors of the
in vitro activity of SEC3. It is desirable to generate
Vb domains with even higher affinities, since the
enterotoxins are toxic at very low concentrations.4

Thus, this new generation of hVb2.1 mutants, with
greater than 10,000-fold improvements in affinity
above the wild-type interaction (KD value of
hVb2.1–D10 of 180 pM affinity, for example), could
be useful as protein-based neutralizing agents
against TSST-1.
Materials and Methods

Cloning and yeast display of human Vb2.1

The gene for human Vb2.1, residues 1–117, containing
the mutation C13A, was cloned into the yeast display
vector, pCT302, as a NheI-BamHI fragment.14,33 This
construct contains two epitope tags, HA on the N
terminus, and two tandem c-myc tags on the C terminus
that serve as internal controls for protein expression. To
generate a library of random mutants, the hVb2.1 gene
was amplified from the pCT302 plasmid using flanking
primers with a method of error-prone PCR to give a 0.5%
error rate (data not shown). The PCR product was
transformed along with NheI-BglII digested pCT302
into the yeast strain EBY100, which allows the PCR
product to be inserted into the plasmid by homologous
recombination.34,35 The resulting library of approximately
106 transformants was grown on selective media for 48 h.

Fluorescence activated cell sorting (FACS)

The randomly mutated hVb2.1 library was cultured for
36 h at 20 8C in medium containing galactose to induce
protein expression. One hundred million cells were
incubated with 10 mg/ml of mouse anti-human Vb2
monoclonal antibody (Beckman Coulter). Cells were
stained with a 1:50 dilution of goat F(ab’)2 anti-mouse
Ig-RPE (Southern Biotech) and selected on a MoFlo high-
speed cell sorter (Cytomation). The most fluorescent cells
(1%) were collected, cultured overnight in selective
media, and then induced in galactose-containing media
for 20 h. For the second sort, about 50!106 cells were
incubated with a 1:50 dilution of anti c-myc (9E10)
antibody (Roche), followed by a 1:50 PE-labeled second-
ary antibody. For the third sort, cells were incubated with
a 1:20 dilution of the anti-human Vb2 antibody (selecting
the top 0.5%), and for the fourth sort cells were incubated
with a 1:50 dilution of anti-human Vb2 antibody
(selecting the top 0.25%). After four rounds of sorting,
individual clones were obtained by plating on selective
media.

Flow cytometry of isolated mutants

Individual yeast clones were cultured in glucose-
containing media at 30 8C and induced in galactose-
containing media at 20 8C for 30 h. Expression levels of
hVb2.1 were examined by incubating 0.4!106 yeast
cells with anti-HA antibody (Covance) (1:75 dilution),
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anti-c-myc 9E10 antibody (1:75 dilution), or anti-human
Vb2 antibody (1:50 dilution) in PBS-BSA for one hour on
ice. After washing, cells were incubated with PE-
conjugated secondary antibody (1:50 dilution). TSST-1
binding was measured by incubating cells with various
concentrations of biotinylated TSST-1 (Toxin Technology),
followed by streptavidin-PE (BD Pharmingen) at a 1:500
dilution. Fluorescence levels were measured using a
Coulter Epics XL flow cytometer gating on a healthy yeast
population.

Affinity maturation of hVb2.1

The genes encoding stabilized hVb2.1 mutants were
amplified using site-directed mutagenesis with overlap-
ping degenerate primers (with NNS codons). Five
residues in the CDR2 (50, 51, 52, 52a and 53) were
randomized by this method. DNA from stabilized mutant
clones EP-6, 7, 8, 9, 11, and 12 were pooled in equal
amounts to use as the template DNA for the PCR. PCR
products were incorporated into the yeast display
plasmid pCT302 by homologous recombination to
generate a library of 14!106 independent transformants.
The CDR2 library was sorted using a similar approach as
described above, except that yeast cells were incubated
with decreasing concentrations of biotinylated TSST-1 for
each round of sorting, followed by a 1:1000 dilution of
streptavidin-PE. Yeast cells were sorted through four
cycles, and clones isolated from the fourth cycle were
plated on selective media for further analysis.
In a second round of affinity maturation, clones R9,

R17, and R18 were used as templates. Libraries were
constructed in CDR1 (residues 27, 27a, 28, 29 and 30),
CDR2 (residues 52a, 53, 54, 55 and 56), and HV4 (residues
68, 69, 70, 71, and 72). To select for higher affinity mutants
with increased off-rates, the three libraries were pooled in
equal amounts, incubated with 5 nM biotinylated-TSST-1
for 1 h on ice, followed by an incubation with a tenfold
molar excess of unlabeled TSST-1 for 2 h at 25 8C. Yeast
cells were selected using these conditions through four
cycles of sorting, and clones from the third and fourth
cycle were plated.

Alanine scanning mutagenesis

Alanine residues were introduced into the human
Vb2.1 clone C10 in the following residues: CDR1 (Q28,
T30), CDR2 (R50, I51, D52, F52a, H53, T55, Y56), FR3/
HV4 (V61, K62, D63, K64, L66, N68, H69), and CDR3 (S98,
S101). In addition two surface-exposed residues not
predicted to be near the binding interface, K40 and E85,
were included as controls. These single-site alanine
mutations were constructed using the PCR method of
splicing by overlap extension. The single-site mutants
were transformed into yeast along with linearized
pCT302 plasmid. Mutations were confirmed by sequen-
cing and expression of the alanine mutants on the surface
of the yeast was induced as described above. Alanine
mutants were analyzed individually by flow cytometry.

Surface plasmon resonance

Affinity-matured variants of hVb2.1 were expressed in
E. coli and refolded in vitro from inclusion bodies as
described for murine Vb8.2 variants affinity-matured for
SEC3 binding.30 Affinity and kinetic analyses of the
interactions between hVb2.1 variants and TSST-1 were
determined using a BIAcore 3000 SPR instrument
(BIAcore) in 10 mM Hepes buffer containing 150 mM
sodium chloride, 3.4 mM EDTA and 0.005% (v/v)
surfactant P-20, at 25 8C. TSST-1 at a concentration of
20 mg/ml in 10 mM sodium acetate (pH 4.6) was
immobilized (w250 resonance units) to a CM5 sensor
chip (Biacore) using standard amine coupling methods.
Staphylococcal entertoxin B (SEB) in an equivalent
surface density was used as the control surface, as there
is no specific binding between hVb2.1 and SEB. All of the
binding experiments were carried out at a flow rate of
25 ml/min. Pulses of 10 mM HCl were used to regenerate
both surfaces between injections. SPR data for association
(ka) and dissociation (kd) rates, as well as the dissociation
constant (KD) were determined by globally fitting the data
from different concentrations to a simple 1:1 Langmuir
binding model using BIAevaluation software version 4.1.
For the EP-8 variant, which exhibits kinetics that are not
possible to measure accurately by SPR, the affinity (KD)
was determined by the Scatchard analysis of equilibrium
binding of varying concentrations.
A competition assay to determine if TSST-1 and SpeC

compete for binding of hVb2.1 was performed using a
CM5 sensorchip with SpeC (w500 RU) immobilized via
standard amine coupling. Serial dilutions of the stabilized
hVb2.1 mutant EP-8 (100 mM–0.39 mM) were injected over
the SpeC surface. Non-linear regression analysis yielded
an affinity of w6 mM for the EP-8–SpeC interaction (data
not shown). For the competition experiment, mixtures of
EP-8 and TSST-1 were injected over the SpeC surface. The
concentration of EP-8 was held constant at 12.5 mM while
the concentration of TSST-1 was varied from 100 mM to
12.5 mM. As a control, an identical experiment was
performed, in which SEB, which does not bind to EP-8/
hVb2.1, was used.

Molecular modeling

A model of C10 hVb2.1 was constructed using the
coordinates of hVb2.1 in complex with SpeC (PDB
accession code 1KTK). The C10 model was subjected to
energy minimizations using the Gromos96 reaction field
in Swiss PDB DeepView. Minimizations were performed
using 50 steps of steepest descent and 50 steps of
conjugate gradient. The model of the hVb2.1–TSST-1
complex was based on the C10 energy minimized model
and the crystal structure of TSST-1 (PDB accession code
2TSS). The molecules were docked manually using the
program MacPyMOL† and all structural representations
were prepared using MacPyMOL.
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