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Recombinant Technology

Characterizing the functionality of recombinant T-cell receptors
in vitro: a pMHC tetramer based approach
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Abstract

The very low affinity of the T-cell receptor (TCR) for the peptide-major histocompatibility complex (pMHC) has made it
very challenging to design assays for testing the functionality of these molecules on small scales, which in turn has severely
hampered the progress in developing expression and refolding methodologies for the TCR. We have now developed an
ELISA assay for detecting pMHC binding to functional recombinant TCRs. It uses tetramers of biotinylated pMHCs bound
to a neutravidin–horseradish peroxidase conjugate and detects the presence of functional TCR, bound in a productive
orientation to an immobilized anti-Cb antibody. Specificity can be stringently demonstrated by inhibition with monomeric
pMHCs. The assay is very sensitive and specific, and requires only very small amounts of protein. It has allowed us to study
the unstable recombinant TCR P14, which we expressed and refolded from Escherichia coli. The TCR P14 is directed
against the most abundant epitope of LCMV. We have confirmed the specificity of the interaction by BIAcore, and were able
to determine the dissociation constant of the interaction of the P14 TCR and of the gp33-pMHC as 6 mM. This affinity ranks
it among the tighter ones of TCR–pMHC interactions, and unusually low affinity thus does not seem to be the cause of the
modest protective power of these T-cells, compared to others elicited in the anti-LCMV response. This strategy of
multimerizing one partner and immobilizing the other in both a native form and productive orientation should be generally
useful for characterizing the weak interactions of cell-surface molecules.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction al., 1996b), they require purified components and are
not suitable for even medium throughput assays.

The crucial decision of the immune system, self Native PAGE has the additional disadvantage of
or non-self, with all of its consequence in health involving the separation of the complexed and free
and disease, is based on a quantitative read-out forms of the proteins, which can lead to dissociation
of binding energies between the peptide-major of complexes during migration. Indeed, it failed to

24histocompatibility complex (pMHC) and the T-cell show complexes with K values of 10 M (PecorariD

receptor (TCR). To understand this at the molecular et al., unpublished). The BIAcore method is one of
level, with the vision of being able to manipulate it, the few methods available for studying weak interac-
it is essential to have facile access to quantitative tions, but these weak interactions requires very high
data, both binding affinity and kinetics, and to 3D- concentrations of protein. This can often be the
structural data of the complex. While affinity data bottleneck when dealing with unstable molecules,
(reviewed in Davis et al., 1998) and crystallographic and prevent their characterization. Furthermore, it
data (Garboczi et al., 1996a; Garcia et al., 1996; cannot be carried out with impure fractions during
Ding et al., 1998; Garcia et al., 1998; Wang et al., the purification procedure.
1998) have been reported for a few pMHC–TCR There are several examples where nature uses
systems, many more structures will be necessary to multimeric interactions to confer high functional
reach an understanding of the structure–activity affinity (avidity) to intrinsically weak monomeric
relationship at the required level of detail. interactions (van der Merwe and Barclay, 1994;

The stumbling block has been the preparation of Chothia and Jones, 1997), and this strategy has also
TCR in sufficient amounts and in good quality, i.e. been used to engineer mini-antibodies for high

¨ ¨with the native structure. Again, several examples avidity (Pack and Pluckthun, 1992; Pluckthun and
using a variety of expression systems have been Pack, 1997). Multimerization of weak binding do-
reported (Lin et al., 1990; Weber et al., 1992; Chang mains (Dal Porto et al., 1993) has the advantage of

¨et al., 1994; Chung et al., 1994; Wulfing and increasing binding and specificity at the same time
¨Pluckthun, 1994; Alam et al., 1996; Garboczi et al., (Klemm et al., 1998). This avidity effect is well

1996b; Golden et al., 1997; Khandekar et al., 1997; documented in the case of cell adhesion molecules
Plaksin et al., 1997; Pecorari et al., 1999). The (Chothia and Jones, 1997).
problem for all of this work, however, has been to The recently developed pMHC tetramer staining
quantitatively assess the proper folding of the TCR, method of Altman et al. (1996) makes use of this
and to quantitatively characterize its binding to the effect by tetramerizing in vitro biotinylated pMHCs
pMHC complex. on streptavidin, conjugated to phycoerythrin. These

The central problem is that the affinity of the reagents have already found widespread applications
pMHC–TCR interaction is very weak. To detect this (Dunbar et al., 1998; McMichael and O’Callaghan,
interaction, high concentrations of the components 1998; Murali-Krishna et al., 1998; Gallimore et al.,
are therefore necessary, which is very inconvenient 1998b) and have given for the first time a general
for the development of expression systems, refolding method of identifying T-cell clones through the
methodologies or any quantitative or routine assay. molecule which they recognize, the pMHC.
Furthermore, all assays have to take into account the We have adapted this method to use it with
potential intrinsic instability of the TCR, and allow recombinant proteins outside the context of the cell,
its immobilization in the native state. We have now in the convenient format of an ELISA assay. This
solved these problems by using tetrameric pMHC in has allowed us for the first time to have an assay on
conjunction with refolded and productively immobil- a microscale which functionally assesses the weak
ized TCR in a general way. affinity between pMHC and TCR, using recombi-

Only few methods are available to measure inter- nant, in vitro refolded molecules. Thus, we now have
24 26actions with K values of 10 –10 M. While a methodology at hand for not only testing theD

surface plasmon resonance (SPR) and native PAGE functionality of proteins expressed and refolded from
have been described (Corr et al., 1994; Garboczi et E. coli, but one which is in principle extendible to all
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other expression hosts producing soluble TCRs. SGVENPGGYCL, np396–404 (np396):
Provided that a protein can be biotinylated at one of FQPQNGQFI, flu: ASNENMETM. The flu peptide
its termini, this assay can be useful for any low corresponds to the epitope np366–374 of the in-
affinity ligand–receptor interaction. fluenza virus nucleoprotein (Townsend et al., 1986).

We applied our assay to the optimization of the Tris-buffered saline (TBS) buffer is 20 mM Tris–
expression, refolding and characterization of the P14 HCl, 150 mM NaCl, pH 8.0. HEPES-buffered saline
TCR. The P14 TCR is derived from the cytotoxic (HBS) buffer is 20 mM HEPES, 150 mM NaCl, pH
T-lymphocyte (CTL) clone P14, and is specific for 7.4. N-hydroxysuccinimide (NHS) and N-(3-di-
the epitope gp33 of the LCMV viral glycoprotein, methylaminopropyl)-N9-ethyl-carbodiimide-hydro-

bpresented by the class I MHC H-2D (Pircher et al., chloride (EDC) were from Fluka (Buchs, Switzer-
1987; Pircher et al., 1993). We have used as controls land).

b bthe other major H-2D restricted epitopes of the The plasmids encoding H-2D and b -microglob-2

immune answer to LCMV, the peptide gp276 of the ulin (Young et al., 1994) were obtained from Dr. J.
same viral glycoprotein, and np396 of the nucleopro- C. Sacchettini (Department of Biochemistry, Albert
tein (Hudrisier et al., 1996; Gallimore et al., 1998a). Einstein College of Medicine, New York, USA).

bWe also used two other unrelated H-2D restricted
epitopes as controls, the myhsp60 peptide, derived 2.2. Construction of expression plasmids
from the Mycobacterium bovis Hsp60 (Schoel et al.,
1994; Pecorari et al., 1999), and an epitope of the The genes of the a- and b-chain of the P14 TCR
influenza nucleoprotein, np366–374 of the influenza were amplified by PCR from the cDNA clones of
virus nucleoprotein (Townsend et al., 1986; Young et Pircher et al. (1987). The N-terminus of the Va chain

¨ ¨al., 1994). was as described previously (Wulfing and Pluckthun,
During the immune response to the virus strain 1995; Gregoire et al., 1996) (Fig. 1a) with addition

LCMV-WE, much of the cytotoxic T-cell response is of codons for N-terminal methionine and alanine for
directed against the epitope gp33, but this does not cloning and expression purposes. The beginning of
seem to correlate with the protective power of the the Vb chain was as described (Pircher et al., 1987;

¨ ¨CTLs (Gallimore et al., 1998a). Since the epitope Wulfing and Pluckthun, 1994), with the N-terminal
density of the naturally processed peptides of LCMV, addition of codons for methionine and aspartate for
as well as the relative density of TCRs on the CTLs cloning and expression purposes. An NcoI and
are now known (Gallimore et al., 1998a), it was HindIII site were removed from the constant region
interesting to characterize the affinity of the P14 of the a-chain, and an NcoI site was removed from
TCR to see whether the postulated lower activity for the constant region of the b-chain gene. The un-
the CTLs of the gp33 specificity could be attributed paired cysteine residue of the Cb domain was
to a low affinity TCR. We show here that this is not mutated to serine (Fig. 1a, bold), while the C-
the case. The protective power must thus depend on terminal cysteines were left intact in both chains. An
other factors. NcoI and EcoRI site were added to the 59 and 39

ends of both genes, respectively, for cloning into the
vector pTFT74 (Freund et al., 1993; Ge et al., 1995).

¨2. Materials and methods The Fos and Jun dimerization domains (Pluckthun
and Pack, 1997) were added as a EcoRI–HindIII

2.1. Materials cassettes to the a- and b-chain, respectively, leading
to the final expression plasmids pAT105 and

The peptides were synthesized by Chiron Tech- pAT106. The sequence coding for the Fos dimeriza-
nologies (Clayton Victoria, Australia) to 95% purity tion domain was obtained from plasmid packn1fosh5
and checked by mass spectrometry analysis. The (Pack et al., unpublished) and contained a sequence
peptides had the following sequences: myhsp60 coding for a his tag, while the sequence coding for5

peptide: SALQNAASIA, gp33–41 (gp33): the Jun domain, obtained from plasmid packn1jun,
KAVYNFATM, gp276–286 (gp276): did not contain any tag. Both Fos and Jun domains
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Fig. 1. (a) Amino acid sequences of the expressed a- and b-chains of the TCR P14. The Va gene segment is of the Va2, and the Vb gene
segment of the Vb8.1 gene family. The free cysteine at position 183 in Cb was mutated to serine, which is in boldface in the sequence. The
complementarity determining regions (CDRs, represented in boldface and underlined) were assigned as described by Kabat et al. (1991).
The Fos coiled-coil was added to the a-chain construct, while the Jun coiled-coil was added to the b-chain construct. N-terminal
methionines were added for bacterial cytoplasmic expression. (b) Schematic representation of the TCR with its Fos and Jun additions. The
two subunits contain the cysteines at the end of the extracellular part of the constant domains, which is depicted in this drawing by the dash
connecting the two chains.

were connected to the TCR by a spacer region, the C-terminus of the a chain (Pecorari et al., 1999)
EFGPSGNE and EFPSGNEA, respectively. The was cloned into the vector pAT105 as an NcoI–
nucleotide sequence of the a- and b-chains were EcoRI fragment, in front of the sequence coding for
confirmed by sequencing, and the protein sequences the Fos domain. The b-chain (Pecorari et al., 1999),
are shown in Fig. 1a. A schematic depiction of the also without the C-terminal cysteine at the end of
domains of the receptor is given in Fig. 1b. Cb, was cloned as an NcoI–EcoRI fragment into a

The a-chain of the UZ TCR, without a cysteine at variant of the pAT106 vector, containing a sequence



A.C. Tissot et al. / Journal of Immunological Methods 236 (2000) 147 –165 151

coding for a his tag at the end of the Jun domain. comparison with dilutions of known quantities of6

This sequence coding for a his tag was added by marker proteins.6

cloning a BglI–BlpI fragment of packihjunh6 into
packn1jun, and subcloning it as an EcoRI–HindIII

2.4. Refolding and purification of the TCRs
fragment into pAT106.

A 59 NcoI and a 39 EcoRI site were added to the
bH-2D gene by PCR amplification for cloning into 2.4.1. Refolding of the UZ TCR

¨the plasmid pKK74PCLbiot37 (K.M. Muller, un- Expression, refolding and purification of the UZ
published), a derivative of pTFT74 containing a TCR was performed as described (Pecorari et al.,
sequence coding for the following biotinylation tag 1999).
(Schatz, 1993), LHDFLNAQKVELYPVTS. Be-
tween the MHC and the biotin tag a spacer of the

2.4.2. Refolding of the P14 TCR by multi-step
sequence ASGAEF was encoded. The biotin tag

dialysis
sequence is coded as an EcoRI–HindIII cassette

Solubilized inclusion bodies (10 mg/ml) of the
¨(K.M. Muller, unpublished). The nucleotide se-

two chains were combined by diluting each to 1 mMbquence of the H-2D gene was confirmed by se-
into a buffer containing 6 M Gdn–HCl, 100 mM

quencing.
Tris–HCl, 2 mM EDTA, pH 8.0, at 48C, and
dialyzed overnight against 20 volumes of 3 M Gdn–

2.3. Expression of the proteins for inclusion body
HCl, 100 mM Tris–HCl, 2 mM EDTA, 0.2 mM

formation
reduced L-glutathione, pH 8.0, at 48C. All subsequent
dialysis–refolding steps were against 20 volumes of

The expression plasmids were cotransformed with
buffer. The dialysis buffer was changed to a buffer

the plasmid pUBS520 (Brinkmann et al., 1989),
containing 2 M Gdn–HCl, 100 mM Tris–HCl, 2 mM

encoding an arginine-specific tRNA to overcome the
EDTA, 0.2 mM reduced L-glutathione, pH 8.0, at

problem of rare arginine codons, into the E. coli
48C, and dialysis continued overnight. The third

strain BL21(DE3)pLysS as an expression host
dialyis step was against a buffer containing 1 M

(Studier et al., 1990). Cells were grown in 1 l of SB
Gdn–HCl, 100 mM Tris–HCl, 2 mM EDTA, 0.37

medium containing 1% (w/v) glucose, 100 mg/ml
mM oxidized L-glutathione, 0.37 mM reduced L-

ampicillin, 35 mg/ml kanamycin and 15 mg/ml
glutathione, pH 8.0, at 48C, overnight. The fourth

chloramphenicol up to late logarithmic phase (A 5550 step was against a buffer containing 0.4 M arginine,
1–1.2) at 378C, and induced with 1 mM isopropyl

100 mM Tris–HCl, 2 mM EDTA, pH 8.0, at 48C,
b-thiogalactoside (IPTG). After 4 h of induction,

overnight. Finally, the protein was dialyzed against
cells were harvested and pelleted by centrifugation.

TBS, pH 8.0, at 48C, overnight. The protein was then
They were resuspended in about 30 ml of 20 mM

treated with N-ethylmaleimide of a final concen-
Tris–HCl, pH 8, briefly sonicated on ice to reduce

tration of 45 mM for several hours at 48C. It was
viscosity, and further lysed with a French press. The

then extensively dialyzed against TBS, and concen-
lysate was then treated with 1% Triton X-100 and

trated, so that the maximal concentration of the
stirred for 30 min on ice. The inclusion bodies were

protein did not exceed 400 mg/ml.
then pelleted by centrifugation for 10 min at 39 000
g, washed twice with 20 mM Tris–HCl, 20% (w/v)
sucrose, 2 mM EDTA, pH 8.0, and stirred for 2 h at 2.4.3. Refolding of the P14 TCR by one-step
RT (room temperature) in a solubilization buffer dialysis
containing 6 M (Gdn–HCl), 100 mM Tris–HCl, pH For this purpose, the two chains were combined
8.0 and 25 mM dithiothreitol (DTT). The solubilized by diluting each to 1 mM into a buffer containing 6
inclusion bodies were then centrifuged at 39 000 g M Gdn–HCl, 100 mM Tris–HCl, 2 mM EDTA, pH
for 10 min, and stored at 2708C. Concentrations 8.0, at 48C, and dialyzed overnight against 20
were estimated by sodium dodecylsulfate-poly- volumes of a buffer containing 0.4 M arginine, 100
acrylamide gel electrophoresis (SDS–PAGE), by mM Tris–HCl, 2 mM EDTA, pH 8.0, at 48C,
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bovernight. The protein was then dialyzed against 2.6. Preparation of the H-2D complexes
TBS, and concentrated.

bThe complexes, consisting of peptide, H-2D , and
2.4.4. Refolding of the P14 TCR by dilution b -microglobulin were refolded as described (Peco-2

Refolding of the protein was initiated by 100-fold rari et al., 1999) and purified by anion-exchange
dilution of a solution, containing equimolar amounts chromatography on the BioCAD system with a Poros
of both chains in 6 M Gdn–HCl, into a refolding 20 HQ column, using a step gradient of NaCl. The
buffer containing 1 M arginine, 100 mM Tris–HCl, 2 complexes of the biotin-tagged heavy chain were
mM EDTA and either 6.3 mM reduced and 3.7 mM produced and purified identically.
oxidized L-glutathione, or 0.2 mM reduced and 0.2
mM oxidized L-glutathione, to give a final con- 2.7. Biotinylation of the tagged complexes and
centration of 1 mM of each chain. The proteins were tetramerization
then dialyzed against TBS.

The P14 TCR, refolded by either method, was The complexes were biotinylated essentially as
bpurified by three runs over a Superdex G200 (Phar- described (Altman et al., 1996). The H-2D complex

macia) gel filtration column. Fractions were pooled was biotinylated at 5 mM in a buffer containing 50
and concentrated after each run, so that the maximal mM Tris–HCl, 5 mM ATP, 100 mM biotin, 5 mM
concentration of protein did not exceed 400 mg/ml. MgCl and 5 mM BirA, pH 7.5, overnight at RT2

Heterodimer containing fractions were identified by without stirring. The biotinylated protein was exten-
reducing and non-reducing SDS–12% PAGE as sively dialyzed against TBS to remove the free
described in Results. The concentration of the a- and biotin, and concentrated to 12–16 mM. It was mixed
b-chain was determined by spectrometry, using at a ratio of 4:1 with a neutravidin–horseradish
extinction coefficients at 280 nm of 26,330 peroxidase conjugate (Nav–HRP, Pierce, Rockford,

21 21 21 21M cm and 49,800 M cm , respectively, calcu- IL, USA) and incubated for 1 h to give a complex of,
lated from their sequences according to Gill and von ideally, four pMHCs with Nav–HRP.
Hippel (1989).

2.8. ELISA with tetramers
2.5. Expression and purification of the BirA
protein The anti-Cb monoclonal antibody H57–597

(Kubo et al., 1989) was coated at 2 mg/ml, 50
The expression plasmid for the BirA protein (K. ml /well onto Maxisorp ELISA plates (Nalge Nunc,

¨Brandt and K.M. Muller, unpublished) was trans- Rochester, NY, USA), in TBS buffer (pH 8.0 at RT)
formed into the E. coli strain BL21(DE3)pLysS, and overnight at 48C or for 2 h at RT with shaking. The
grown in SB medium containing 100 mg/ml ampicil- plate was washed once with TBS buffer containing
lin, 15 mg/ml chloramphenicol at 308C up to mid- 0.05% Tween (TBST buffer) and blocked by adding
logarithmic phase (A 50.6). The cells were then 5% skim milk in TBST for 1 h at RT. The plate was550

induced with 1 mM IPTG, and grown for another 3 washed once with TBST, and the TCR was added at
h. They were then harvested, centrifuged and finally concentrations between 0.2 and 2 mg/ml, 50 ml /
resuspended in 20 mM Tris–HCl, pH 8.0. They were well, and shaken for 1 h at 48C. The plate was then
briefly sonicated on ice to reduce viscosity, and washed three times with TBST buffer, and the
further lysed with a French press. The lysate was pMHC-tetramer Nav–HRP complex was added at a
centrifuged at 39 000 g for 10 min, and passed concentration of 12.5–50 nM, in 0.25% bovine
through a 0.22-mm filter. Purification was performed serum albumin (BSA) in TBST, 50 ml /well. For
first on a BioCAD 60 system (PerSeptive Biosystems inhibition experiments, the tetramer solution addi-
Cambridge, MA, USA) by immobilized metal affini- tionally contained the pMHC monomers at the final
ty chromatography on a Poros 20 IDA column, and concentration indicated in Results. The plate was
then by cation-exchange chromatography, on a Poros shaken for 1 h, and then washed three times with
10 S/H column, at pH 7.3. TBST and once with TBS as follows. Since the very
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weak interaction of TCR and monomeric pMHC subtracting the signal obtained on the deactivated
could lead to dissociation of the complex after surface from the signal on the TCR-containing
extended washing, one row was washed at a time, by surface, to remove the contributions of the bulk
dispensing the liquid with a multipipetter, and re- effect and possible non-specific binding. Each mea-
moving it again immediately by rapidly inverting the surement was performed at least twice.
plate, to minimize contact time. At this stage the For the measurement of the affinity of the P14
plate was brought back to RT, and detection was TCR to the cognate pMHC gp33, the running buffer
achieved by dispensing 50 ml BM-blue POD sub- was HBS, containing 0.005% Tween. The procedure
strate (Roche Diagnostics, Rotkreuz, Switzerland) in was essentially the same, the TCR was first injected
the wells, and shaking until the signal had developed. on a surface containing the monclonal antibody,
The reaction was stopped by adding 125 ml of 0.1 M followed by injection of the pMHC. The surface was
HCl. regenerated as above, after each injection. The

pMHC was injected on the deactivated surface,
2.9. Surface plasmon resonance which was also regenerated after injection, although

the signal returned to baseline level after completion
All measurements were performed on a BIAcore of the injection of pMHC. The signal was again

instrument (Pharmacia Biosensors, Uppsala, Sweden) calculated by subtracting the signal obtained on a
at 208C. The anti-Cb monoclonal antibody H57–597 deactivated control surface from the signal obtained
(Kubo et al., 1989) (378 mg/ml, 30 mM acetate, pH on the TCR surface. Each data point was the average
4.2) was immobilized on a CM5 sensor chip using of two measurements. The dissociation constant was
the following protocol, with HBS containing 0.005% obtained by plotting (KALEIDAGRAPH 3.08, Synergy
Tween as the flow buffer. The surface was activated Software, Reading, PA, USA) the signal in RUs
with a 7 min pulse of a 0.1 M EDC–0.05 M NHS against the concentration of the injected pMHC, and
mixture (35 ml, 5 ml /min), 20 ml of the anti-Cb fitting to a hyperbolic curve RU 5 RU ? [pMHC]/max

antibody H57–597 were then injected over 4 min, (K 1 [pMHC]), where RU is the maximal valueD max

and the surface was finally deactivated by injecting at saturation.
35 ml of 0.1 M ethanolamine–HCl, pH 8.5. The
procedure resulted in about 4800 RUs of antibody
bound to the chip. A deactivated control surface was 3. Results
prepared using the same protocol, except that no
antibody was injected, but instead the surface was 3.1. Expression and purification of the TCRs
directly deactivated with ethanolamine after activa-
tion. As the association of the TCR a- and b-chain with

For the determination of the specificity of the TCR each other is very weak (Pecorari et al., 1999), the
P14 interaction with pMHC, the running buffer was stability of the ab-heterodimer has long been a
TBS, pH 8.0, 0.005% Tween. First, 10 ml of the problem in production of TCRs (Weber et al., 1992;
purified P14 TCR (50 mg/ml) was injected at 5 Chang et al., 1994; Pecorari et al., 1999). While in
ml /min over the anti-Cb monoclonal antibody H57– our previous studies on TCR UZ we found yields of
597 surface, giving a signal of about 650 RUs. The the unmodified and non-disulfide linked ab-com-
pMHCs (10 mM) were then injected, in 7-ml pulses, plexes to be higher than any other variant tested, this
in the following order: (the names refer to the was not the case for TCR P14. First, we observed the

bpeptides, all MHCs are H-2D ) myhsp60 (non-cog- presence of a-homodimers when trying to refold a
nate), gp33 (cognate) and gp276 (non-cognate). The construct devoid of any dimerization domain, and
surface was regenerated with 10 ml of 0.1 M second, we noticed strong aggregation to high mo-
glycine–HCl, 500 mM NaCl, pH 2.5, at 30 ml /min, lecular weight species. Therefore, we cloned the
after injection of the three pMHCs. The three a-chain in front of a Fos leucine zipper domain, and
pMHCs were then injected over a deactivated control the b-chain in front of the Jun leucine zipper
surface, and the final signal was calculated by domain, to improve chain association and possibly
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solubility, since the leucine zippers have a high that both chains are fully oxidized to a dimeric form.
content of charged residues. The two fusion proteins On the other hand, the peak is a heterogeneous
were produced separately as inclusion bodies, and mixture of several oxidized species, as can be seen
refolded together in equimolar amounts. A multi-step from the diffuse pattern of bands. This had also been
dialysis method according to Tsumoto et al. (1998) observed by Garboczi et al. (1996b), when they
was used, with omission of the last dialysis step from refolded the A6 TCR containing the terminal cys-
1 to 0.5 M Gdn–HCl. This sample of P14 TCR, teine residues in both chains, albeit by a different
which gave unequivocal results demonstrating its method.
functionality (see below), was then used as a control While the above experiment could not rigourously
in testing the efficiency of other refolding methods, exclude the fortuitous presence of an equimolar
and a simpler one-step dialysis method was de- mixture of a- and b-homodimers, we confirmed by
veloped as the optimal procedure (see below). BIAcore that the two chains are actually present in a

The protein from multi-step dialysis was then heterodimeric assembly. This was achieved by bind-
purified by three cycles of gel filtration followed by ing the TCR first to the anti-Cb monoclonal antibody
concentration steps. A peak of molecular weight H57–597 (Kubo et al., 1989), derivatized on the
(M ) of 82 kD (expected M 62 kD) could be chip, and subsequently demonstrating the binding ofW W

isolated after the three successive gel filtration runs the anti-Va2 monoclonal antibody B21.5 (Pircher et
(Fig. 2a). An analysis of this peak by both reducing al., 1992) to the bound TCR (data not shown).
and non-reducing SDS–PAGE is shown in Fig. 2b. The UZ TCR (Pecorari et al., 1999) was also
As seen from the band in the reducing lane, the two cloned in the same format, with a Fos domain behind
chains are present in approximatively equal amounts the a-chain, and a Jun domain behind the b-chain. In
in the isolated peak. The non-reducing lane shows this case, however, the two chains were cloned

Fig. 2. (a) Gel filtration chromatogram of the P14 TCR. The chromatogram of the third passage over the Superdex G200 (Amersham
Pharmacia Biotech, Uppsala, Sweden) is shown. The arrows indicate the molecular weight of the calibration proteins. The peak isolated has
a molecular weight of 82 kD (expected 62 kD). (b) The fraction isolated by gel filtration chromatography was analyzed by reducing (red)
and non-reducing (ox) SDS–PAGE. The peak contains approximately equimolar amounts of both a- and b-chains, and as seen from the
non-reduced sample, contains species migrating at the molecular weight of dimers. The non-reduced sample is heterogeneous, showing that
there must be several disulfide-crosslinked species in the sample. The a-chain with the Fos coiled-coil is very acidic, and runs higher than
the b-chain with the Jun coiled-coil.
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without the C-terminal cysteine. The reason for now Coating of the TCR was achieved indirectly by first
using dimerization domains for the UZ TCR was that coating the anti-Cb monoclonal antibody H57–597,
we wanted to immobilize the receptor for the various and subsequently binding the TCR to it at 48C. This
assays described below, and we therefore needed the was done as to maximize functionality of the TCR
two subunits of the receptor to be stably associated and allow for productive orientation of the TCR on
(Pecorari et al., 1999). The expression, refolding and the plate. We indeed found a dramatic improvement
purification of the protein was identical to the in signal when comparing the indirect TCR coating
previously described method used for the variant to an ELISA performed with direct coating of the
without the Jun and Fos domain (Pecorari et al., TCR (data not shown). Our concern was to reach a
1999), albeit with a lower yield for the Jun and Fos high enough density of potentially active TCR
fusions. This supports our previous conclusion that molecules in order to allow for multimeric pMHC
overcoming the weak association by linking the two binding to occur.
chains may cause aggregation problems during re- Biotinylation of the MHC was carried out as
folding. For TCR P14, however, it seems that the described by Altman et al. (1996). To the C-terminus

bleucine zipper domains, which contain several of the heavy chain H-2D was fused a cassette
charged residues, outweigh this disadvantage by encoding a spacer and a biotin tag. The tagged heavy
contributing to solubility. The mode of refolding chain was refolded as described for the untagged
could also play a role, since the TCR P14 was heavy chain, and purified under the same conditions,
refolded by dialysis. It thus appears as if the optimal followed by enzymatic biotinylation. Multimeriza-
format and refolding method may not only be tion of the biotinylated pMHC monomers with
dependent on each other, but also on the particular neutravidin–HRP was achieved by mixing the two
TCR sequence. components in a 4:1 molar ratio with the biotinylated

pMHC and neutravidin–HRP at final concentrations
3.2. Development of the MHC-tetramer assay of 13–14 mM, or 3.2–3.5 mM, respectively.

The efficiency of complex formation and of
In an effort to simplify and accelerate the analysis biotinylation was assessed by SDS–PAGE in two

of the functionality of recombinant TCRs, we de- ways. We made use here of a property of avidin and
veloped an assay based on the tetramerization of the streptavidin to not dissociate into monomers upon
MHC through biotinylation, similar to the method of SDS treatment (Bayer et al., 1996), if not heated
Altman et al. (1996), used originally for identifying above 508C. When the complex was formed with an
T-cells which recognize a given pMHC complex. excess of streptavidin over pMHC, no protein re-
The goal was to be able to analyze several samples mained at the size of the monomeric biotinylated
in parallel, and we turned therefore to an ELISA pMHC, indicating that all pMHCs are engaging in
format. The need for tetramerizing the MHC was complexes with neutravidin and thus full biotinyla-
given by the very weak dissociation constants (K ) tion must have occurred (data not shown). Further-D

of the TCR–pMHC interactions (reviewed in Davis more, complex formation with Nav–HRP was tested
24et al., 1998). They are mostly between 10 and by forming the complex at a 4:1 ratio, and separating

2610 M, with the exception of an allogeneic pMHC– the uncomplexed from the complexed pMHC mono-
TCR interaction reported to be of higher affinity. The mers by ultrafiltration with a concentrator of MW

experience in our laboratory has been that enzyme- cut-off of 100 kD, through which pMHC was shown
linked immunosorbent assay (ELISA) assays do not to be able to pass (data not shown). The filtrate and
work reliably for monovalent antibody fragments the supernatant were analyzed by SDS–PAGE, and

26when the dissociation constant is worse than 10 M the absence of a band at the monomer size in the
¨(Pack and Pluckthun, 1992), as would be expected filtrate indicated that complex formation was com-

from simple equilibrium and off-rate considerations. plete.
A schematic description of the assay is shown in As the neutravidin in the neutravidin–pMHC

Fig. 3a. A neutravidin–HRP conjugate was chosen tetramers was already conjugated to horseradish
for building the tetramer and to allow for detection. peroxidase, it could be directly detected by using a
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Fig. 3. (a) Schematic representation of the tetramer ELISA assay. The assay detects binding of tetrameric pMHC bound to TCR, indirectly
coated to an ELISA plate through the anti-Cb monoclonal antibody H57–597. Detection is achieved by reaction with a peroxidase substrate.
The assay is performed with or without inhibition with soluble monomeric pMHC. (b) The TCRs were bound to an ELISA plate coated with
the H57–597 anti-Cb monoclonal antibody. The tetramers were then added, and after washing, binding was detected with a peroxidase
substrate. The numbers below the bar graph indicate the concentration of the tetramer. The cognate pMHC of the P14 TCR is the
gp33-pMHC, which is not recognized by the UZ TCR. As seen in this graph, the signal of the tetramers with the cognate TCR is
dose-dependent. Two additional controls are shown in this experiment. First, the tetramers do not give any signal in the absence of TCR, and
second, there is no interaction between a non-cognate TCR and the gp33-tetramer. (c) Inhibition assay, where the tetramers are added in the
presence of two concentrations of cognate and non-cognate monomeric pMHCs as inhibitors of the interaction of the tetramers with the
TCR. The signal of the gp33-tetramer can only be inhibited by the cognate gp33-monomer, and not by the non-cognate pMHC monomers.
The numbers below the chart bars indicate the inhibitor concentration in mM. The first bar (darker) shows the signal without inhibition. The
P14 TCR was bound to the plate at a concentration of 1.7 mg/ml through its interaction with the anti-Cb monoclonal antibody H57–597 and
detection was achieved in all cases with a tetramer concentration of 0.05 mM.

peroxidase substrate. This had the further advantage lowed by a second antibody conjugated to HRP for
of avoiding additional washing steps which would be detection.
necessary when using, for example, a two-step The result of a tetramer binding experiment is
detection system with a monoclonal antibody fol- shown in Fig. 3b. As can be seen, the signal is
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dependent on the concentration of pMHC-tetramers. actions of very low affinity. The TCR was injected
Furthermore, there is no signal above background onto the surface, and bound to the antibody (Fig. 4a).
when a non-cognate TCR, the UZ TCR, is bound to The pMHC complexes were in turn injected after an
the plate via the anti-Cb antibody instead of the P14 equilibration time of 100 s. The non-cognate pMHC
TCR. Likewise, no signal above background is seen containing the myhsp60 peptide, recognizing the UZ-
in those wells where the P14 TCR is bound, but TCR, was always injected first, followed by the
detection is attempted by using a tetramer of the cognate pMHC containing the gp33 peptide and
pMHC containing the non-cognate myhsp60 peptide another non-cognate pMHC, containing the gp276
instead (data not shown) (Pecorari et al., 1999). The peptide. The antibody surface was then regenerated,
tetramers also do not bind non-specifically to the and the pMHCs were injected on a inactivated naked
anti-Cb monoclonal antibody H57–597 in the ab- sensor lane. The specific signal of each pMHC on
sence of any TCR bound to the plate (Fig. 3b). the TCR surface was obtained as the difference of

Interactions taking place on surfaces can be due to the signal on the TCR subtracted from the signal on
many artefacts, and although the criteria of recogni- the uncoated lane, consisting of the bulk effect of the
tion of only the cognate TCR on the one hand, and protein and possible non-specific interactions with
no recognition by a non-cognate pMHC tetramer on the sensor matrix. Each experiment for obtaining
the other hand, are quite stringent, we chose to apply such a sensorgram was repeated at least twice. The
an even more stringent test to our system. We thus background-corrected sensorgrams are shown in Fig.
measured the inhibition of the interaction between 4b. The two non-cognate pMHCs containing
the tetrameric pMHC complex and the TCR bound to myhsp60 and gp276 do not interact with the TCR
the plate by monomers of various pMHC complexes, P14, and the signal produced by these pMHCs is
containing different peptides. As shown in Fig. 3c, of identical on a P14 TCR surface and on an uncoated
the five pMHC tested, only the cognate monomeric inactivated surface. The cognate pMHC containing
gp33-pMHC is able to inhibit the signal of the gp33, however, gives a strong specific signal on the
gp33-pMHC tetramers at 5 mM concentration. Inhi- TCR P14, showing that there is a significant fraction
bition is concentration dependent, and this further of functional protein in the peak isolated by gel
demonstrates the specificity of the interaction, since filtration.
the various pMHCs differ only in their displayed We ruled out any interaction between the pMHC

bpeptide, the heavy chain H-2D being identical. containing gp33 and the anti-Cb monoclonal anti-
body H57–597, by testing this pMHC on the freshly

3.3. Functionality test of the TCR using BIAcore regenerated antibody surface, which produced a
analysis signal identical to the signal obtained on the inacti-

vated surface (data not shown). The plateau shape of
The use of tetrameric pMHCs in an ELISA type the curve indicates a rapid equilibration of the

assay thus allowed us to demonstrate the function- molecules on the surface (Plaksin et al., 1997;
ality of our refolded TCR. We decided to use a Pecorari et al., 1999). As we can see from Fig. 4b,
different method of analyzing the interaction be- the subtraction of the trace obtained on the control
tween the TCR and its cognate pMHC as an addi- surface from the one obtained on the TCR surface
tional control. Surface plasmon resonance using yields a nearly rectangular binding curve. The off-
biosensors has been already used successfully for a rate of the interaction between the P14 TCR and the
number of TCR–pMHC interactions (Corr et al., gp33 pMHC is thus within the range of the dead time
1994; Matsui et al., 1994; Alam et al., 1996; Lyons of the instrument when injecting pMHC. We esti-

21et al., 1996; Pecorari et al., 1999). We chose to mated a value of about 0.5 s at a flow-rate of 30
immobilize the TCR to the surface through the anti- ml /min for the off-rate, by fitting the dissociation
Cb antibody, in order to minimize the heterogeneity part of the binding trace (data not shown). These fast
of the surface. In addition, the pMHC is stable at kinetics are however a superimposition of the mixing
very high concentration in the injected solution, process of the instrument and the real kinetics, and
which is also of advantage when investigating inter- therefore contain large errors. Dissociation rate con-
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Fig. 4. (a) Binding of the P14 and UZ TCRs at a concentration of 50 mg/ml to the anti-Cb monoclonal antibody H57–597 derivatized on a
BIAcore chip, detected by SPR. The binding curves obtained with the UZ TCR and P14 TCR are labeled accordingly. The two surfaces used
in the experiment had the same amount of anti-Cb monoclonal antibody derivatized, as judged by the resulting amount of RUs coupled. The
measurements were repeated several times, and the surfaces could be regenerated with 100 mM glycine HCl, pH 2.5, 500 mM NaCl. (b)
Sensorgrams of the binding of the cognate pMHC, gp33, and two non-cognate pMHCs (gp276 and myhsp60) to the P14 TCR. The TCR was
bound to a sensor chip derivatized with the anti-Cb monoclonal antibody H57–597. Each pMHC was also injected over a blank inactivated
surface, and this signal was subtracted from the signal obtained on the TCR surface, to remove contributions from the bulk effect and
potential unspecific binding. The non-cognate and cognate pMHCs differ only in the peptide they are harboring, the heavy chain being the

bsame (H-2D ). The solid line represents the signal of the cognate pMHC gp33, the dashed line the signal of the non-cognate pMHC gp276,
and the dotted line the signal of the non-cognate pMHC myhsp60.

stants within this range have also been found for 3.4. Using the tetramer assay to optimize folding
high affinity TCRs recognizing class-I pMHCs (Ding
et al., 1999; Willcox et al., 1999). The isolated P14 With an easy and fast assay now available, we
TCR thus recognizes the cognate peptide gp33 in the decided to directly compare three different refolding

bcontext of the MHC molecule H-2D , but not the methods. Two of them have been published (Gar-
two other peptides gp276 or myhsp60 in the context boczi et al., 1996b; Pecorari et al., 1999), and are
of the same MHC molecule, proving the specificity based on the dilution of the protein into a non-
of the interaction. denaturing buffer, while the third one is a multi-step

A comparison of the association phase obtained by dialysis method, which we adapted from a published
injecting the P14-TCR and the UZ-TCR at the same refolding method for antibody fragments (Tsumoto
total concentration on an anti-Cb antibody surface of et al., 1998). The three methods were performed in
the same coating density (Fig. 4a) illustrates the parallel, using equal amount of protein at the start,
heterogeneity of the P14 TCR preparation. The and leaving the protein to refold for the same amount
indirect coupling of the TCR to the surface of the of time. The crude refolding mixtures obtained by
sensorchip via the anti-Cb monoclonal antibody the three methods were analyzed by the tetramer
H57–597 is thus a functional purification step, ELISA in parallel, using a dilution series. The
presumably enriching for correctly folded and associ- protein from the three refolding mixtures was diluted
ated TCR molecules. to the same theoretical value before performing the
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Fig. 5. (a) The efficiency of three refolding methods was compared using the tetramer ELISA assay. Refolding was performed at the same
protein concentration in all three cases, and volumes were kept identical. The x-axis indicates the concentration of TCR applied to the wells,
calculated assuming the absence of any protein loss during refolding. The filled squares show the result of the multi-step dialysis method
(details in the text). The open triangles show the result of a dilution–refolding method, with a redox shuffle of 6.3 and 3.7 mM reduced and
oxidized L-glutathione, respectively. The open circles show the result of a dilution–refolding method where the redox shuffle contains
equimolar concentrations (0.2 mM) of reduced and oxidized L-glutathione. The multi-step dialysis refolding method produces about five
times more active protein than the dilution methods. (b) Comparison of the efficiency of refolding of the one-step dialysis method with that
of the multi-step dialysis method. The x-axis indicates the concentration of TCR applied to the wells, calculated assuming the absence of any
protein loss during refolding. The filled circles show the result of the one-step dialysis method, while the filled squares show the result of the
multi-step dialysis method. The one-step dialysis method produces about three times as much functional protein as the multi-step method.

ELISA, such that the total protein concentration in We also compared a more straightforward one-step
the three mixtures would be equal in the absence of dialysis with the multi-step dialysis method. In this
aggregation or other protein loss. The refolding procedure, the protein is dialyzed directly against a
mixtures were centrifuged before performing the native refolding buffer, in the absence of added
ELISA test. redox reagents in the refolding buffer. The results are

As shown in Fig. 5a, the multi-step dialysis shown in Fig. 5b. Clearly, for this TCR, the one-step
method performs best, giving about five times as approach has a higher yield than the multi-step
much functional protein as the two other methods, approach described above, which in turn had been
when comparing the signals in the linear domain of the best of the published methods. Furthermore, the
the plot below saturation. Interestingly, the amount derivatization with maleimide, which is necessary for
of total protein (not shown) parallels the functional the multi-step approach to prevent disulfide re-
protein (Fig. 5a), indicating that the two dilution arrangements occurring upon concentrating the pro-
methods lead to loss of total protein by aggregation, tein, is avoided. We could also inhibit the ELISA
but do not produce more soluble misfolded mole- signal for the protein produced by the one-step
cules than the multi-step dialysis method. This is dialysis method specifically with the cognate, but not
strongly suggestive of an early aggregation step that with an irrelevant pMHC (data not shown). We thus
would be prevented by the more gradual approach used this method for the further experiments.
towards native conditions, as occurring in the multi- Structural characterization of TCR–pMHC inter-
step dialysis method. actions, and possibly bigger complexes, remain one
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Fig. 7. Measurement of the dissociation constant (K ) of theD
Fig. 6. Stability to concentration. Purified P14 TCR was increas- gp33-pMHC for the immobilized P14 TCR by SPR with the
ingly concentrated to the values indicated, up to 1.36 mg/ml. The BIAcore (Pharmacia Biosensors). The TCR was bound on the
samples were then rediluted to the original volume before anti-Cb monoclonal antibody H57–597 immobilized on a CM5
concentration, which was the same for all samples, and analyzed sensorchip. The pMHC was first injected on the TCR surface and
by tetramer ELISA. The number below each bar stands for the then over a blank inactivated surface. The signal over the blank
concentration of the TCR in mM reached in the concentration step surface was subtracted from the signal obtained on the TCR to
prior to redilution. If the TCR could be concentrated with no loss, eliminate the contribution of the bulk effect and of possible
a constant signal would be expected. unspecific binding to the dextran matrix of the sensorchip. The

surfaces were regenerated after each injection, and new TCR was
injected for each run. K was obtained by fitting a hyperbolicD

of the challenging questions in immunology, and for curve to the plot of the BIAcore signal in RUs against the
concentration of injected pMHC. The value obtained was 6 mM.this purpose highly stable receptors are required. We

thus investigated the ability of our receptor to be
concentrated. For this experiment, we first concen- pMHC. The surface was regenerated with a glycine
trated the protein, and then diluted again the various buffer of a low pH, and the pMHC was injected over
concentrations of TCR to an identical final theoret- a blank, inactivated surface to obtain a control value
ical concentration, and analyzed the signal by tetra- for the bulk effect. The measurements were carried
mer ELISA. A constant signal would mean that the out in duplicate for several concentrations, and the
protein is not precipitating upon concentration. As response for each concentration was calculated by
seen in Fig. 6, however, the intensity of the signal subtracting from it the signal obtained on the blank
strongly decreases if the protein is concentrated surface, and averaging over at least two measure-
above 2.9 mM. The P14 TCR is thus unstable when ments. The result is shown in Fig. 7. The K valueD

concentrated. obtained for the P14 TCR of 6 mM indicates that it is
in the upper range of affinities measured so far for

3.5. Determination of the binding constant of the these receptors (reviewed in Davis et al., 1998).
P14 TCR by SPR

4. DiscussionWe chose the same BIAcore coupling strategy as
above to measure the dissociation constant (K )D 4.1. Performance of the assay
between the P14 TCR and its cognate pMHC, the
gp33 pMHC. We first bound the receptor to the Assays for detecting the expression and function-
anti-Cb antibody-coated chip, and then injected the ality of T-cell receptors at small scales or in crude
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mixtures have so far relied on antibodies, some of series of strategies have been developed (Buchner et
which recognize conformational epitopes. Antibodies al., 1992; Kurucz et al., 1995; Maeda et al., 1996;
have the advantage of being very specific and Rozema and Gellman, 1996; Rudolph and Lilie,
generally of high affinity, thus allowing sensitive 1996; Stempfer et al., 1996; Tsumoto et al., 1998)
detection of molecules in crude extracts during which, however, have not proven to be general, and
expression (Wung and Gascoigne, 1996). There are, so they have to be optimized for each protein. For
however, very few antibodies which have epitopes the TCR and other heterodimeric proteins, chain
encompassing both the Va and the Vb domain of the pairing has also been recognized as one of the
same TCR (Sykulev et al., 1994), and most if not all limiting factors (Chang et al., 1994; Scott et al.,
of the so-called conformationally specific antibodies 1996; Pecorari et al., 1999). The use of association

¨ ¨also recognize TCRs in non-reducing Western blots domains (Pack and Pluckthun, 1992; Pluckthun and
¨(Schodin et al., 1996), and thus cannot a priori be Pack, 1997; Muller et al., 1998), such as the Jun and

considered a proof of functionality. Instead, they Fos domains, or the immunoglobulin constant do-
may already give positive signals when partial mains have been used to circumvent this with some
folding has occurred and possibly in the absence of success (Traunecker et al., 1989; Chang et al., 1994;
the correct Va–Vb interaction. Scott et al., 1996). We have now found evidence for

We have used our tetramer assay to detect func- a third bottleneck on the way to refolded TCRs,
tional TCRs in crude refolding mixtures by directly namely the stability of the native receptor.
measuring the interaction with pMHC. We were able We have produced our TCR as a fusion to the Fos
to use tetramer concentrations as low as 10 nM to and Jun domains for the a- and the b-chains,
detect the functional TCR at concentrations of less respectively, and have kept the terminal cysteines in
than 16 nM. The sensitivity of the assay will the constant domains, which did oxidize in the
certainly be dependent on the intrinsic affinity of the refolding procedure to an intermolecular disulfide
particular pair of TCR monomer and pMHC mono- bridge as evidenced in Fig. 2a. Chain pairing thus
mer for each other, but in principle, even the low does not seem to be a limitation in the present
affinity TCRs should be recognized, as both the constructs. Expression of the two chains in E. coli,
density of coating of the receptors and the con- however, produces unglycosylated protein, and this
centration of the tetramers can be further increased. might conceivably be affecting stability, as has been
The assay is also not limited to TCRs refolded from shown for several proteins (Wang et al., 1996),
E. coli, since proteins from any type of supernatants notably for CD2 (Withka et al., 1993), or ribonu-
can be captured in the initial step. clease B (Joao et al., 1992). On the other hand,

The ability of the assay to detect proteins from the numerous other examples are known where
crude refolding extract is also essential for isolating glycosylation does not affect stability (Powell and
receptors of low stability, since these may aggregate Pain, 1992; Tams and Welinder, 1998). In the crystal
upon concentration, a step usually needed for the structure of the glycosylated 2C TCR (Garcia et al.,
purification of the TCRs (Garboczi et al., 1996b; 1996), there is a large ordered carbohydrate stretch
Plaksin et al., 1997; Pecorari et al., 1999). Indeed, involved in the Ca–Cb interaction. Although several
we would not have been able to characterize the P14 receptors have now been successfully produced from
TCR, had we concentrated the protein too much E. coli (Garboczi et al., 1996b; Golden et al., 1997;
(Fig. 6). Pecorari et al., 1999), it is conceivable that for some

receptors of lower intrinsic stability, the lack of these
interactions would be enough to decrease stability

4.2. Refolding of recombinant TCRs such that they cannot be isolated at high concen-
tration. Alternatively, the stability of the receptor

Early aggregation (Buchner and Rudolph, 1991; might be sufficient for fulfilling its function in the
Kiefhaber et al., 1991), has long been recognized as cellular context. The chains of the coreceptor CD3,
one of the major side reactions limiting the yield of which are part of the TCR complex on the cell
refolding of proteins. To circumvent this problem, a surface, might also provide stabilization. Finally, it is
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possible that anchoring of the receptor in the mem- found for the affinity of syngeneic TCR–pMHC
brane could be sufficient to prevent aggregation. interactions of 2 mM (Sykulev et al., 1994). How-

ever, we cannot rigorously exclude that some of the
4.3. Affinity and activity of TCRs in vivo other peptides might elicit T-cell responses with

unusually high affinity, and the final interpretation
The successful production of soluble and func- will have to wait for the K determination of theD

tional recombinant P14 TCR allows us to compare in other pMHC–TCR complexes as well. The P14 T-
vitro interaction data between the gp33-pMHC and cell clone is quite representative of gp33-specific
P14 TCR, obtained in this study, with in vivo data on polyclonal T-cell lines, and the dose–response curve
this T-cell response and the response of other T-cells of cytotoxicity or activation in dependence of the
in the mouse upon infection with the lymphocytic peptide concentration is the same as the average dose
choriomeningitis virus (LCMV). response curve obtained with the T-cell line, within

To correlate affinities, measured between soluble the experimental deviation of such assays (Ohashi et
TCRs and pMHCs, and cytotoxicity at the level of al., 1993; Bachmann et al., 1996; Oxenius and
the cytotoxic T-cells, one has to assume that the Bachmann, 1997; Gallimore et al., 1998a). It will
interaction between cell-bound receptors taking place thus be interesting to compare directly the P14 T-cell
at the cell–cell interface can be described by the law clone and the polyclonal T-cell line for the level of
of mass action, albeit in the more complicated expression of coreceptors such as CD8. This will
context of mobile, cell bound molecules (Sykulev et help to clarify whether it is the affinity of the
al., 1995). The free concentrations of the interacting receptors of the T-cell line or the level of expression
pMHC and TCR have to be replaced by their density of coreceptors that are responsible for the dramatic
at the surface of the antigen presenting cells (APCs), difference in dose–response curves between the
and T-cells, respectively. Gallimore et al. (1998a) gp33- and the np396-specific T-cell lines. Alter-
have found the peptide gp33 to be the most abundant natively, the difference in dose–response of the cell
of the three major epitopes of LCMV when eluting lines might be explained by differences in the

bpeptides from H-2D molecules purified from kinetics of recognition (Matsui et al., 1994; Davis et
LCMV-infected MC57 cells. They found that this al., 1998) that would be affecting signalling through
epitope was about seven and twelve times more the TCRs. The correlation of these in vivo data with
abundant than the epitopes gp276 and np396, respec- direct measurements of the isolated molecules, great-
tively. The magnitude of the T-cell response stimu- ly facilitated by the methods described in the present
lated after virus infection for each of these epitopes study, will be decisive to describe T-cell activation at
followed the same order. In cytotoxic assays using the molecular and structural level.
cell lines generated with APCs pulsed with the
peptide gp33, or np396, respectively, half-maximal
lysis however occurs only at a 1000-fold higher
concentration of the peptide gp33 than of np396 5. Conclusions
(Gallimore et al., 1998a). Likewise, T-cells elicited
against the np396 epitope are much more efficient at We have developed a method to rapidly identify
clearing virus in adoptive transfer experiments (Gal- and quantify functional soluble T-cell receptors on a
limore et al., 1998a). No difference in the level of microscale, which should be independent of the
TCR expression between the T-cell lines specific for expression system used. This has allowed us to
the three epitopes was found (Gallimore et al., isolate an unstable T-cell receptor and characterize
1998a), and it could be thus argued that the affinity its binding to its cognate pMHC. The signal could be
of the TCRs of the gp33-specific T-cell clones might detected in a highly sensitive manner, and was
be, on average, much lower than the affinity of the shown to be specific, and could be confirmed by
np396 T-cell clones. We have measured the affinity BIAcore measurements. We believe that this method
of the P14 TCR for the gp33-pMHC, and have should accelerate the characterization of TCR–
obtained a K of 6 mM, close to the highest values pMHC interactions, and generally broaden the scopeD
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