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Abstract

Activation of cytotoxic T cells is initiated by engagement of the T-cell receptor (TCR) with peptide-major histocompatibility class I complexes
(pMHCI). The CDS co-receptor also binds to pMHCI, but at a distinct site, and allows the potential for tripartite TCR/pMHCI/CD8 interactions,
which can increase T cell antigen sensitivity. There has been a substantial interest in the effect of the pMHCI/CD8 interaction upon TCR/pMHCI
engagement, and several conflicting studies have examined this event, using the soluble extracellular domains of CD8 and the TCR, by surface
plasmon resonance. However, the evidence to date suggests that the TCR engages cognate pMHCI before CDS recruitment, so the question of
whether TCR engagement alters CD8 binding is likely to be more relevant to the biological order of T cell antigen encounter. Here, we have
examined the binding of CD8 to several variants of the HLA A2-restricted telomerasesso sqg antigen (ILAKFLHWL) and the HLA A2-restricted
NY-ESO-1,57_165 antigen (SLLMWITQC) that bind to their cognate TCRs with distinct affinities and kinetics. These interactions represent a range
of agonists that exhibit different CD8 dependency for activation of their respective T cells. By using engineered affinity enhanced TCRs to these
ligands, which have extended off-rates of ~1h compared to seconds for the wildtype TCRs, we have examined pMHCI/CDS binding before and
during TCR-engagement. Here we show that the binding of the extracellular domain of the TCR to pMHCI does not transmit structural changes

to the pMHCI-CD8 binding site that would alter the subsequent pMHCI/CDS interaction.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Cytotoxic T lymphocyte (CTL) antigen recognition and CTL
activation are mediated by T-cell receptor (TCR) engagement
of peptide-major histocompatibility complex class I (pMHCI).
However, the activities of the CDS8 co-receptor (expressed
mainly on MHC class I-restricted CTLs) (Cantor and Boyse,
1975) can increase T-cell antigen sensitivity, and aid activa-
tion (Janeway, 1992). The CD8 co-receptor binds to the same
pMHCI complex as the TCR, but at a spatially distinct site
from the TCR/pMHCI antigen-specific interaction (Gao et al.,
1997; Janeway, 1992), enabling the possibility for tripartite
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TCR/pMHCI/CDS interactions to take place. This system of
two receptors engaging one ligand to generate intracellular sig-
nal transduction is unique to T cells. Cooperative binding of the
TCR and CD8 during pMHCI engagement may be an impor-
tant mechanism by which T cell activation is achieved, and has
therefore been the subject of many studies (Garcia et al., 1996;
Wooldridge et al., 2005; Wyer et al., 1999).

Experiments using soluble pMHCI have determined that
CDS stabilizes the TCR/pMHCI interaction at the cell surface
(Luescher et al., 1995; Wooldridge et al., 2005) by about two-
fold and there has been considerable interest in the possibility
that the binding of the extracellular domain of CD8 to pMHCI
modifies the TCR binding site (Garcia et al., 1996; Wyer et
al., 1999). The first study to examine whether the extracellular
domains of the TCR and CD8 cooperate in binding pMHCI con-
cluded that CD8 enhances formation of TCR/pMHCI complexes
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(Garcia et al., 1996). However, the surface plasmon resonance
(SPR) data presented in this study exhibited characteristics con-
sistent with the presence of protein aggregation (Wooldridge et
al., 2005) and our own subsequent studies utilizing the same
techniques have reached the opposite conclusion (Wyer et al.,
1999). More recently, fluorescent resonance energy transfer
(FRET) based examinations of the TCR/pMHCI/CDS antigen
recognition complex have shown that the TCR binds before CD8
(Yachi et al., 2006). This order of antigen engagement is likely to
be important in ensuring that the specific interaction between the
TCR and pMHCI dominates CTL recognition. Thus the ques-
tion of whether TCR binding alters the binding site for CD8§
is more relevant to T cell biology than the question that has
been addressed previously of whether CD8 binding affects TCR
engagement.

Here, we used a range of ligands known to exhibit the full
spectrum of CD8-dependencies, from total CD8 dependence to
near CD8 independence in order to elicit T cell activation, in
order to study whether the engagement of pMHCI by the TCR
affects subsequent CD8 binding. By utilizing engineered high
affinity TCRs that bind to pMHCI with the same overall con-
formation as the wildtype TCRs, but with half-lives of ~1h as
opposed to a few seconds for the wildtype TCR/pMHCT interac-
tions, we were able to use SPR to measure CD8 binding before
and during TCR/pMHCI engagement in real time.

2. Materials and methods
2.1. Generation of expression plasmids

The HLA-A*0201 telomerasesso_s4g restricted wildtype
TCR (Tel TCR), the HLA-A*0201 telomerasess(_s48 high affin-
ity TCR (c13 TCR) and the HLA A*0201 NY-ESO-1;57_165
restricted high affinity TCR (c49¢50 TCR) o and 3 chains, the
CDS8 «a chain and the HLA-A*0201 (A2), A*02402 (A24) (Cole
et al., 2006) and B*0801 (B8) a chain and (2m sequences
were generated by PCR mutagenesis (Stratagene) and PCR
cloning. All sequences were confirmed by automated DNA
sequencing (Lark Technologies). The high affinity c13 TCR
and c49c¢50 TCR were produced using a phage display library
based on the HLA-A*0201 telomerasesqg_s4g (ILAKFLHWL)
antigen (A2 Tel) and the HLA A*0201-restricted NY-ESO-
1157-165 (SLLMWITQC) antigen (A2 NY-ESO-1) respectively,
the method of which has been previously reported (Li et al.,
2005). The Tel TCR, the c13 TCR and the c49¢50 TCR were
constructed using a disulphide linked construct to produce the
soluble domains (variable and constant) for both the « (residues
1-207) and B chains (residues 1-247) (Boulter et al., 2003;
Garboczi et al., 1996). The A2, A24 (Cole et al., 2006) and B8
(Kjer-Nielsen et al., 2002) soluble heavy chain (residues 1-248)
(al, a2 and o3 domains), tagged with a biotinylation sequence,
and B2m (residues 1-100) were also cloned and used to make
the pMHCI complexes. For CD8, the o chain domain (residues
1-120) was cloned to make the CD8 aa homodimer. The TCR
a and B chains, CDS8, the A2 a chain and 32m sequences were
inserted into separate pGMT?7 expression plasmids under the
control of the T7 promoter (Garboczi et al., 1996).

2.2. Protein expression, refolding and purification

BL21 Rosetta DE3 E. coli cells were used to produce the TCR
o and (3 chains, the CDS8 « chain and the A2, A24 and B8 heavy
and 2m chains in the form of inclusion bodies (IBs) using
0.5mM IPTG to induce expression as described previously
(Garboczi et al., 1996). For a 1 L refold, 30 mg of TCR « chain
IBs were incubated at 37 °C for 15 min with 10 mM DTT and
added to 1L of cold refold buffer (50 mM TRIS pH 8.1, 2mM
EDTA, 2.5M urea, 6 mM cysteamine hydrochloride and 4 mM
cystamine). After 10—15 min, 30 mg of TCR 3 chain, incubated
for 10—15 min at 37 °C with 10 mM DTT, was added. Fora 1L
pMHCT refold, 30 mg of « chain was mixed with 30 mg of 32m,
4 mg of synthetic peptide and 10 mM DTT at 37 °C for 15 min,
which were then added to 1 L of cold refold buffer (50 mM TRIS
pH 8.1, 2mM EDTA, 400 mM L-arginine, 6 mM cysteamine
hydrochloride and 4 mM cystamine). For the pMHCI/CDS8
binding analysis before and during TCR/pMHCI engagement,
three different A2 complexes were refolded with three different
9 mer peptides derived from the screening of a mutant peptide
library based on the A2 Tel antigen. These included; A2 Tel,
A2-ILGKFLHWL (A2 3G) and A2-ILAKYHWL (A2 5Y).
The A2 NY-ESO-1 protein was also refolded for this analysis.
Furthermore, we screened CD8 binding against a number of
other pMHCI complexes in order to compare CD8 binding
over a broad range of different ligands. These were as follows;
A*0201-LLFGYPVYV (A2 Tax), A*2402-PYLFWLAAI
(A24 EBV), A*0201-YLEPGPVTV (A2 GP100), A*0201-
ELAGIGILTV (A2 Mel), A*0201-GILGFVFTL (A2 Flu) and
B*0801-FLRGRAYGL (B8 EBNA). Refolding of TCR and
pMHCI was performed at 4 °C for >1 h. Dialysis was carried
out against 10 mM TRIS, pH 8.1 until the conductivity of the
refolds was under 2000 wS. The refolds were then filtered
through a 0.45 pM filter, ready for purification steps. The
refolded TCR and pMHCI proteins were purified initially by
ion exchange using a Poros SOHQ™ column.

Refolding of CDS8 was carried out as previously described
(Cole et al., 2007b; Gao et al., 1998) with some modifications.
For a 1L refold, 60 mg of CD8 « chain IBs were incubated in
6 mL of 6 M guanidine buffer at 37 °C for 15 min with 10 mM
DTT. The denatured IBs were then added to 1 L of cold refold
buffer (100 mM TRIS-base, 76 mM TRIS-acid, 1 mM EDTA,
600 mM L-arginine, 6 mM cysteamine hydrochloride and 4 mM
cystamine). The CD8 refold was then mixed at 4 °C for >1 h.
Dialysis was carried out against 10 mM MES pH 6 until the
conductivity of the refolds was under 2000 w.S. The refolds were
then filtered through a 0.45 M filter, ready for purification steps.
The CDS protein was initially purified by cation exchange using
10 mM MES pH 6 as binding buffer and 10 mM MES pH6, 1 M
NaCl as elution buffer, using a Poros50 HS™ ¢olumn.

All of the soluble proteins (TCR, pMHCI and CDS) were
then gel filtered into BIAcore buffer (10 mM HEPES pH 7.4,
150 mM, NaCl, 3 mM EDTA and 0.005% (v/v) Surfactant P20),
using a Superdex 200HR™ column. This step was implemented
on the day of analysis, and concentration of the proteins was kept
to a minimum in order to minimize protein aggregation. Proteins
quality was analyzed by Coomassie-stained SDS-PAGE.



2702 D.K. Cole et al. / Molecular Immunology 45 (2008) 2700-2709

2.3. pMHCI biotinylation

Biotinylated pMHCI was prepared as previously described
(Wyer et al., 1999).

2.4. SPR equilibrium analysis

The binding analysis was performed using a BIAcore 3000™
equipped with a CMS5 sensor chip as previously reported (Wyer
et al., 1999). Approximately 400-800 RUs of each pMHCI was
coupled to the CMS5 sensor chip via a biotin—streptavidin inter-
action to ensure the correct orientation of the pMHCI ligand. For
the analysis, 10 serial dilutions of the Tel TCR (300-0.3 wM)
were injected over the chip coupled pMHCT to test the Tel TCR
binding affinity and kinetics to the A2 Tel variants at concentra-
tions at least 10 times above and 10 times below the known
Kp of the interaction. Secondly, 10 serial dilutions of CDS,
at 500-0.5 uM, were injected over the chip coupled pMHCI.
This was followed by a single injection of the high affinity c13
TCR, or c49c¢50 TCR, at ~0.5 wM. Due to the longer high lives
of the high affinity TCRs (~1h), this resulted in the forma-
tion of more stable TCR/pMHCI complex on the chip surface
compared to wildtype TCR/pMHCI interactions. Following this
injection, a further 10 serial dilutions of CD8 was immediately
injected over the TCR/pMHCI complex. As a control, these
steps were repeated independently using a buffer injection, and
a pMHC class I (pMHCII)-restricted TCR (HA1.7) injection,
between the two CD8 serial dilution injections. These controls
were used in order to determine whether any observed effect
on pMHCI/CDS binding during TCR/pMHCI engagement was,
in fact, due to the alternation of the CD8 binding domain of
the pMHCI molecule in the TCR/pMHCI complex, or whether
any differences were due pMHCI degradation after an extended
period of experimentation. Results were analyzed using BIAe-
valuation 3.1™, Microsoft Excel™ and Origin 6.1™. The
Kp values were calculated assuming 1:1 Langmuir binding
(AB =B x AByax/(Kp + B)) and were plotted using a nonlinear
curve fit (y = (P1x)/(P2 + x)).

2.5. SPR kinetic analysis

Experiments were carried out to determine the Ko, and Ky
values for the Tel TCR, the c13 TCR and the c49¢50 TCR
at 25°C. For all kinetic experiments, approximately 300 RUs
of pMHCI was coupled to the CMS5 sensor chip surface. The
Tel TCR was concentrated to 300 uM and 10 serial dilutions
(300-0.3 M) were injected onto the chip at 30 wL/min. The
response was measured over a 45 s injection period with a 60 s
dissociation period. In order to examine the binding of the c13
TCR and c49¢50 TCR at a concentration identical to that used
during the CD8 binding experiments, each TCR was used at
a concentration of ~0.5 uM and a single kinetic injection was
carried out with a 120 s association period and a 90 min dissoci-
ation period. The K, and K, values were calculated assuming
1:1 Langmuir binding (AB =B x ABMax/(Kp + B)) and the data
were analyzed using a global fit algorithm (BIAevaluation™
3.1).

2.6. SPR kinetic titration analysis

In order to more stringently examine the binding of the c13
TCR and c¢49c50 TCR at a greater range of concentrations,
we used a new method for analyzing the kinetic parameters of
high affinity interactions with long off-rates, utilizing state of
the art BIAcore T100™ technology. The c13 TCR was ana-
lyzed at five concentrations ranging from 317 to 1.24nM and
the c49¢50 TCR was analyzed at five concentrations ranging
from 228 to 0.89 nM. These concentrations represent the great-
est range we could accurately achieve around the Kp of each
interaction. During the analysis, ~200 RUs of pMHC were
immobilized onto the CMS5 sensor chip surface. Each concen-
tration of TCR was injected at a high flow rate of 45 pL/min
for a 240 s association period and a 120 s dissociation period.
The final and highest concentration had a longer dissociation
period of 600s. A fast flow rate and a low amount of immo-
bilized pMHC were used in order to limit association and
dissociation mass transfer limitations as recommended by the
experts at BIAcore™. The K, and Kofr values were calculated
assuming 1:1 Langmuir binding (AB=B x ABmax/(Kp +B))
and the data were analyzed using the kinetic titration
analysis algorithm (BIAevaluation™ 3.1) (Karlsson et al.,
2006).

2.7. Statistical analysis

A two-tailed Student 7-test using equal variance (calcu-
lated using an F-test) was performed to analyze the statistical
difference between the average Kp values for pMHCI/CD8
(n=>5) binding before and during TCR engagement (n =15) using
Microsoft Excel XP™. An identical statistical test was used
to measure the difference between the pMHCI/CDS binding
before and during TCR engagement (Fig. 3) to the other wildtype
pMHCI/CDS interactions measured (Fig. 4).

3. Results and discussion

3.1. Wildtype and high affinity TCR binding to the A2

variants

It is well established that CTLs exhibit differential depen-
dencies on the CDS8 co-receptor in order to recognize cognate
antigen (Gostick et al., 2007; Laugel et al., 2007; MacDonald et
al., 1982). More recent studies indicate that CD8 can enhance
antigen recognition by over a million-fold, and that CD8 is
required for the recognition of all natural antigens presented
at physiological levels (Holler and Kranz, 2003). Our own stud-
ies of the recognition of A2 Tel have identified a number of
variants that bind to the Tel TCR with affinities both sides of
the Tel TCR/A2 Tel interaction (Kp =34 £2 uM) (Cole et al.,
2007a; Laugel et al., 2007). At one end of this spectrum, the A2
3G variant binds with an affinity over 10-fold higher than the
wildtype peptide, while the range at the other end of the affini-
ties are too low to measure reliable by SPR (Kp <500 wM). For
the purposes of this study we examined the A2 Tel, the A2 3G
and the A2 5Y antigens, the last of which represents the weak-
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est of the Tel TCR/A2 variant interactions where we were able
to reliably measure the binding affinity and kinetics by SPR.
These three peptides exhibit different potencies, from super-
agonist through to weak agonist (Laugel et al., 2007) and also
exhibit the full range of CD8-dependencies from being almost
CDS8-independent (A2 3G) through to exhibiting a complete
dependency on the CD8 co-receptor for activation at all peptide
concentrations (A2 5Y) (Laugel et al., 2007). These observa-
tions, made with the same TCR and ligands that are different at
just a single amino acid position, seriously challenge the suppo-
sition that CD8-dependent and CD8-independent TCRs exhibit
different docking orientations on the pMHCI binding platform
(Buslepp et al., 2003).

In order to address whether soluble TCR/pMHCI binding
affects the soluble pMHCI/CDS interaction, we used two newly
developed soluble high affinity TCRs. The c13 TCR, which has
been affinity matured against A2 Tel (Purbhoo et al., 2007), and
the ¢49¢50 TCR, which has been affinity matured against A2
NY-ESO-1 (Dunn et al., 2006). These TCRs bind with affinities
(Kps) in the nM range, compared to Kps in the M range for the
wildtype TCRs, and have extended off-rates of ~1 h, compared
to wildtype TCRs that have off-rates off a few seconds. The
longer half-lives of these high affinity TCR/pMHCI interactions
were sufficient to allow CD8 equilibrium binding experiments
to be undertaken whilst the TCR was docked to pMHCI, thus
enabling CDS affinity measurements to be determined before
and during TCR/pMHCI engagement.

SPR was used to determine the equilibrium binding constant
(Kp) and the Ko, and K¢ values for the Tel TCR to three antigens
that differ widely in their CD8-dependency (Fig. 1; Table 1a).
The Kp values calculated from the kinetics (Ky/Kon = Kp) were
virtually identical to the Kp values calculated from the equi-
librium plots (data not shown). The Tel TCR bound to A2
Tel, A2 3G and A2 5Y with binding affinities of Kp =33 puM,
Kp=3puM, Kp =242 uM, respectively and half-lives of 4.6,
9.9 and 2.2s, respectively at 25°C (Fig. 1, Table la). The
wildtype TCR specific for the A2 NY-ESO-1 antigen (1G4
TCR), has previously been shown to bind to A2 NY-ESO-
1 with a Kp of 13.3 uM and a half-life of 4.1s (Table la)
(Chen et al., 2005). These half-lives were not sufficient to
enable examination of CDS8 binding to pMHCI during TCR
engagement.

In order measure CD8 binding to pMHCI during TCR
engagement, we used the high affinity c13 TCR, which bound
to A2 Tel, 3G and 5Y variants with a higher affinity (Kp =3,
3.3 and 16.7 nM, respectively) and a longer half-life (55, 31 and
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Fig. 1. Kinetic binding analysis of the Tel TCR to the A2 variants at 25°C.
(A-C) The binding of the Tel TCR to the A2 variants confirms correct native
folding of the proteins. Ten serial dilutions of concentrated TCR were injected
at 30 wl/min for 45s association periods and 60s dissociation periods (seven
or eight injections are shown). The solid lines for each binding response were
calculated assuming 1:1 Langmuir binding (AB = B x ABvax/(Kp + B)) and the
data was analyzed using a global fit algorithm (BIAevaluation™ 3.1) to calculate
Kon and K values.

Table la

Tel TCR kinetic, and equilibrium binding values for the A2 variants and for the IG4 TCR against A2 NY-ESO-1 (previously published (Chen et al., 2005))
pMHCI epitope Peptide Sequence Kon M~ 1571 Ko s™1) Half-life (s) Kp (nM)
Tel ILAKFLHWL 4.5x 10 0.15 4.6 33+ 1.8
3G ILGKFLHWL 2.3 x 10* 0.07 9.9 3+£02
5Y ILAKYLHWL 1.3 x 103 0.32 22 242 £+ 20
NY-ESO-1 SLLMWITQC 1.2x 10* 0.17 4.1 133+ 04

Standard deviation is shown for the K values (n=4).
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Fig. 2. Kinetic titrations analysis of the c13 TCR and the c49¢50 TCR to the A2 variants at 25 °C. (A—C) The c¢13 TCR kinetic binding responses to (A) A2 Tel, (B)
A2 3G and (C) A2 5Y. (D) The c49¢50 TCR kinetic binding response to A2 NY-ESO-1. The K of the c13 TCR and the c49¢50 TCR to their specific ligands was of
sufficient duration to allow equilibrium binding analysis of CD8 whilst the pMHCI on the chip was still coupled to the high affinity TCRs. The main plot shows the
kinetic titration injection series for each TCR. The solid line for each binding response was calculated assuming 1:1 Langmuir binding (AB =B x ABmax/(Kp + B))
and the data was analyzed using a kinetic titration analysis algorithm (BlAevaluation™ 3.1) to calculate Ky, and Kot values. The smaller panel in each window shows
single kinetic injections of the c13 TCR and the c49c¢50 TCR, at a flow rate 30 wL/min, and a concentration of ~500 nM. For these analyses, a 120 s association period
and 90 min dissociation period were used. The solid line for each binding response was calculated assuming 1:1 Langmuir binding (AB =B x ABmax/(Kp + B)) and
the data was analyzed using a global fit algorithm (BIAevaluation™ 3.1) to calculate Ky and Ko values.

Table 1b

¢13 TCR kinetic binding values for the A2 Tel variants and c49¢50 TCR kinetic binding values for A2 NY-ESO-1

pMHCI epitope Peptide sequence Kon M~ 1571 Koie s™1) Half-life (min) Kp (nM)
A2 Tel ILAKFLHWL 7.2 x 10* 2.1x 1074 55 3

A2 3G ILGKFLHWL 1.1x10° 37 %1074 31 33
A25Y ILAKYLHWL 4.4 % 10* 41x 10~ 28 16.7

A2 NY-ESO-1 SLLMWITQC 3.8 x10° 1.1x 1074 105 0.3

28 min, respectively) than the Tel TCR (Fig. 2, Table 1b), and the
c49¢50 TCR that bound to A2 NY-ESO-1 stronger than for the
1G4 TCR, with a Kp of 0.3 nM and a longer half-life of 105 min
(Fig. 2, Table 1b). These data were calculated by using both
kinetic titration analysis, and a single kinetic injection of each
TCR. Both of these analyses produced virtually identical results
(data shown is from the kinetic titration analysis). These vastly
extended half-lives for the high affinity TCR/pMHCI interac-
tions enabled complete saturation of pMHCI with TCR during
the CDS equilibrium binding experiments. The increased affin-
ity of the c13 TCR and the c49¢50 TCR meant that they could be
utilized at lower concentrations than the wild type TCRs, and a
concentration of ~0.5 uM was sufficient to completely saturate
all of the pMHCI bound to the chip surface, as observed by an
Rmax within 90% of the number of RUs of immobilized pMHCI
(Fig. 2).

3.2. CD8 binding to pMHCI before and during TCR
engagement

Equilibrium binding experiments were used to determine the
affinity of CD8 to each of the A2 variants before and after
c13 TCR and c49c50 TCR engagement (Fig. 3; Table 2a). The
binding affinity of CDS8 to the A2 Tel variants, before TCR
engagement, ranged from Kps of 132-183 wM, with an average
Kp of 149 M. The binding affinity of CDS8 to the A2 NY-ESO-1
antigen before TCR engagement was Kp = 125 wM. These val-
ues fall within the previously published values for CDS8 binding
(Cole et al., 2007b; Garcia et al., 1996; Kern et al., 1999; Wyer
et al., 1999). The binding of CD8 to the c13 TCR engaged A2
Tel variants ranged between of 141-191 uM, with an average
Kp of 159 pM. The binding affinity of CD8 to the c49¢50 TCR
engaged A2 NY-ESO-1 antigen was Kp = 131 M. The statisti-
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Fig. 3. Equilibrium binding analysis of CD8 to the A2 variants before and during TCR/pMHCI engagement at 25 °C. (A-D) CD8 equilibrium binding responses
to all of the A2 variants were within the normal CD8 binding range (120-200 uM). (E) CD8 equilibrium binding to A2 Tel as an independent control. (F~H) CD8
equilibrium binding responses to each of the A2 variants during c13 TCR engagement. (I) CD8 equilibrium binding responses to A2 NY-ESO-1 during c49¢50 TCR
engagement. (J) CD8 equilibrium binding responses to the A2 Tel control after the injection of a pMHC class II specific TCR (HA1.7). The duration of each CD8
equilibrium binding experiment was ~10 min, during which the pMHCI coupled to the chip was completely saturated with the c13 TCR, or the c49¢50 TCR. The
affinities recorded for pMHCI/CD8 before and during TCR/pMHCI engagement were not significantly different (P =0.66). Ten serial dilutions were carried out for
each equilibrium experiment. The average response for each concentration was plotted with standard deviation (n=4). The equilibrium dissociation constant (Kp)
values were calculated assuming 1:1 Langmuir binding (AB =B x ABymax/(Kp + B)) and were plotted using a nonlinear curve fit (y = (P1x)/(P2 +x)).

cal difference between CDS8 binding to the A2 variants before
and during c¢13 TCR and c49¢50 TCR binding was measured
using a two tailed 7-test with equal variance. This analysis sug-
gested there was no significant difference between pMHCI/CD8

binding before and during TCR/pMHCI engagement (P =0.66)
and the difference was within the experimental error. Although
statistically insignificant, a consistent decrease in CD8 affinity
was observed during TCR docking for all of the A2 variants
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Table 2a
CDS8 equilibrium binding values for the A2 variants pre- and during high affinity
TCR engagement

pMHCI epitope A2/CD8 Kp (M) A2/CD8 +¢13 TCR Kp (uM)
A2 Tel 183 +4 191418

A2 3G 132+4 141 +8

A2 5Y 133£15 145+ 14

A2 NY-ESO-1 125+5 131+5

F-test 1 Same variance

T-test 0.66 P-value

Standard deviation is shown for the Kp values (n=4).

Table 2b
Control equilibrium binding experiment for the pMHCI/CDS interaction before
and during TCR engagement

PMHCI Epitope ~ A2/CD$ Kp (M)  A2/CDS +control TCR Kp (p.M)

A2 Tel 153 £ 22 163 £ 2

pMHCI/CDS binding was measured before and after a pMHC class II specific
TCR (HA1.7) was injected over the chip. Standard deviation is shown for the
Kp values (n=4).

Table 3

CD8 equilibrium binding values to five pMHCI antigens

pMHCI epitope CD8 affinity (M)
A*0201 Tax (LLFGYPVYV) 160 + 8.7
A*2402 EBV (PYLFWLAAI) 142 £ 45

A*0201 GP100 (YLEPGPVTYV) 144 £ 3.9
A*0201 Mel A (ELAGIGILTV) 127 £ 3.7
B*0801 EBNA (FLRGRAYGL) 135 £ 8.6
A*0201 Flu (GILGFVFTL) 172 £ 11.6

Standard deviation is shown for the Kp values (n=3).

(Table 2a). In order to test whether this was due to an effect
of TCR-docking, the experiment was repeated using a pMHC
class II restricted TCR that did not bind to A2 Tel or A2 NY-
ESO-1 (HA1.7 TCR). The same small decrease in affinity was
observed for this (Fig. 3E and J; Table 2b) and other control
conditions (datanot shown). Therefore, this statistically insignif-
icant decrease in CD8 binding affinity to pMHCI before and
during TCR/pMHCI binding is unlikely to be an effect of TCR
docking to pMHCI. The small difference observed during the
experiments is most likely due to pMHCI instability over the
time course of the experiment at 25 °C. This would create a
larger degree of conformation diversity of bound pMHCI dur-
ing later CDS injections, thereby decreasing rate of association,
and therefore reducing the observed binding affinity of CD8.

To further analyze the binding affinity of CD8 to pMHCI and
to confirm that CD8 bound to the A2 variants within the normal
range, we measured this interaction using A2 Tax, A2 GP100,
A2 Mel, A24 EBV, B8 EBNA and A2 Flu (Fig. 4, Table 3). The
CDS8 binding affinity ranged between Kp = 127-172 pM, with an
average response of Kp =147 uM. A two-tailed student 7-test
with equal variance analysis showed no significant difference
between CDS8 binding to these other pMHCI molecules, and
those recorded for the pMHCI/CD8 binding before (P =0.8) and
during TCR/pMHCI docking (P=0.7).

3.3. Structural analysis of TCR binding affects on the CDS8
binding site of pMHCI

The binding sites for TCR and CD8 on pMHCI are spa-
tially distinct. Thus, the only way the binding of the soluble
extracellular domain of the TCR can alter pMHCI/CDS engage-
ment would be to transmit a structural change to the pMHCI
CDS8 binding site. In order to gain a structural perspective
of the events occurring around the pMHCI o3 CDS8 bind-
ing loop (residues 223-227) during TCR/pMHCI docking, we
compared the conformation of this region using the crystal struc-
tures of free pMHCI and TCR/pMHCI complexes. Although
unlikely, we first considered the possibility that differences in
the mode of pMHCI binding for the high affinity TCRs might
not lead to any potential structural rearrangement in the CD8
binding region of pMHCI that would occur during a wildtype
TCR/pMHCI interaction. In order to investigate this, we com-
pared the co-crystal structures of the 1G4 TCR and the c49¢50
TCR complexed to the A2 NY-ESO-1 antigen. Our previous
structural analyses of the 1G4 TCR (Chen et al., 2005) and
the c49¢50 TCR (Dunn et al., 2006) complexed to this anti-
gen exclude the possibility of different modes of binding for the
wildtype and high affinity TCRs (Sami et al., 2007). Fig. 5A
shows a superposition of the 1G4 TCR/A2 NY-ESO-1 and the
c49¢50 TCR/A2 NY-ESO-1 structures. In both cases, the TCRs
contact the A2 NY-ESO-1 antigen in an identical overall con-
formation, with the TCRs binding approximately diagonally to
the pMHCI surface. The CDR-loops of the TCRs also contact
the pMHCI surface in an identical manner, with the CDR3-
loops contacting mainly the antigenic peptide, and the CDR1
and CDR2-loops contacting mainly the surface of the MHCI
molecule (Fig. 5B). This analysis confirmed that the higher
affinity interaction observed between the c49¢50 TCR and A2
NY-SEO-1 was due to the formation of a few new specific inter-
actions between residues in the a and 3 CDR2-loops of the
TCR and the MHCI surface, rather than a major conformational
rearrangement (Dunn et al., 2006). These differences in binding
between the c49¢50 TCR and the 1G4 TCR to A2 NY-ESO-
1 had no significant structural effect on the pMHCI a3 CD8
binding loop of the pMHCI molecule (Fig. 5C) (Chen et al.,
2005).

In order to test whether our data was consistent with other
TCR/pMHCI structures, we compared the structure of the CD8
binding site in A2 Tax, uncomplexed and complexed to the A6
TCR (Garboczi et al., 1996; Saper et al., 1991), and the structure
of the CD8 binding site of B§ EBNA, bound and unbound to the
LC13 TCR (Fig. 5D) (Kjer-Nielsen et al., 2002; Kjer-Nielsen et
al., 2003). In both of these pMHCI molecules, where the struc-
ture of pMHCI complexed and uncomplexed to TCR has been
determined, we observed a small degree of flexibility in the Ca
backbone of residues either side of the MHC o3 CDS8 binding
loop, but the overall conformation of the loop remained virtu-
ally identical (Fig. 5D). Although the events on the surface of
the cell may not be identical to those represented in crystal struc-
tures, these observations support our findings that the binding of
soluble CD8 to pMHCI is unaffected by soluble TCR/pMHCI
docking.
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Fig. 4. Equilibrium binding analysis of CD8 to the pMHCI variants at 25 °C. (A) A2 Tax/CD8, (B) A24 EBV/CDS, (C) A2 GP100/CDS8, (D) A2 Mel/CDS, (E) B8
EBNA/CDS and (F) A2 Flu/CD8. The average binding affinity (Kp =147 wM) was not significantly different to the average Kp recorded for CD8 binding to the
A2 variants before (P=0.8) and during (P =0.7) TCR engagement to pMHCI. Ten serial dilutions were carried out for each equilibrium experiment. The average
response for each concentration is plotted with standard deviation (n = 3). The equilibrium dissociation constant (Kp) values were calculated assuming 1:1 Langmuir
binding (AB =B x ABymax/(Kp + B)) and were plotted using a nonlinear curve fit (y = (P1x)/(P2 +X)).

3.4. Conclusions

Previously, the effect of pMHCI/CD8 docking upon TCR/
pMHCI engagement has been investigated in a number of
studies, the conclusions of which remain disparate (Garcia et
al., 1996; Wyer et al., 1999). However, recent FRET exper-
iments indicate that the TCR binds to pMHCI before CDS§
(Yachi et al., 2006), an observation which is consistent with
the more extensively studied CD4 +T helper cell system, in
which the TCR has been shown to bind to pMHC class II before
the engagement of the CD4 coreceptor (Hampl et al., 1997;
Madrenas et al., 1997). Therefore, the question of whether the
initial binding of the TCR to pMHCI affects the subsequent
engagement of the pMHCI by CD8 may be more relevent.
This study is the first direct real-time analysis, using SPR,
of CDS8 binding affinity to pMHCI before and during TCR
engagement. We show that TCR binding to pMHCI does not

affect the subsequent binding of CD8. Our use of high affin-
ity TCRs with a half-life of ~1h has enabled us to perform
independent CDS8 binding experiments during TCR/pMHCI
engagement. These data suggest that the cooperation observed
between the TCR and CD8 at the cell surface during antigen
engagement (Wooldridge et al., 2005) is not a consequence of
structural alterations in the pMHCT after docking to the TCR,
which would enhance the binding of CD8 to the TCR/pMHCI
complex. Our observations are further supported by the avail-
able crystal structures of unbound pMHCI and TCR/pMHCI
complexes (Garboczi et al., 1996; Kjer-Nielsen et al., 2002;
Kjer-Nielsen et al., 2003; Madden et al., 1993). From our anal-
ysis, it is clear that there are no significant conformational
changes in the Ca backbone of the MHCI a3 CDS8 bind-
ing loop, which constitutes the main contact area for CD8
binding (Fig. 5c and d). We therefore conclude that the co-
engagement of the soluble extracellular domain of CDS8 to
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Fig. 5. A structural investigation of the effect of TCR/pMHCI engagement on the CD8 binding domain of pMHCI. (A) The 1G4 TCR (pink and yellow cartoon)
complexed to A2-NY-ESO-1 (green and cyan cartoon with the NY-ESO-1 peptide shown at sticks) superposed to the c49¢50 TCR (magenta and sand cartoon)
complexed to A2 NY-ESO-1 (dark green and blue with the NY-ESO-1 peptide shown at sticks). The overall conformation of both complexes in the superposition is
virtually identical. (B) The 1G4 TCR CDR1 (green), CDR2 (blue) and CDR3-loop (yellow) superposed with the c49¢50 TCR CDRI1 (dark green), CDR2 (dark blue)
and CDR3-loop (sand) orientation over the surface of the A2 NY-ESO-1 molecule. The conformation of the CDR-loops is remarkably similar in both complexes.
(C) A superposition of the A2 NY-ESO-1 o3 domain, residues 223-227 which constitutes the main pMHCI/CDS binding region, from the 1G4 TCR/A2 NY-ESO-1
complex (green) and the c49¢50 TCR/A2 NY-ESO-1 complex (dark green). There are no large differences in the conformation of this region of the pMHCI molecule.
(D) Superposition of the MHC a3 domain, residues 223-227, of A2 Tax (yellow), A2 Tax complexed to the A6 TCR (green), B§ EBNA (blue) and B8 EBNA
complexed to the LC13 TCR (red). It is evident in this superposition that the CD8 binding region of the pMHCI molecule remains virtually unaltered in the free
pMHCI and the complexed TCR/pMHCI structures.

pMHCT is independent of, and unaffected by, the TCR/pMHCI

interaction.
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