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T-cell receptors (TCR) recognize complexes between human leukocyte antigens (HLA) and peptides
derived from intracellular proteins. Their therapeutic use for antigen targeting, however, has been hin-
dered by the very low binding affinity of TCRs, typically in the 1- to 100-pM range. Therefore, to construct
mutant TCRs with high binding affinity, we need to understand the relationship between the structure

KeyV{’O"dS-' ] and activity of these molecules. Here, we attempted to identify the amino acids of the TCR that are impor-
/l\\dla;‘”’e'sca"“'“g tant for binding to the peptide/HLA complex. We used a TCR that recognizes complexes between
elanoma

HLA-A*0201 and the peptide from tyrosinase, antigen overexpressed in melanoma. We changed 16 amino
acids in the third complementarity-determining region within the TCR to alanine and examined the effect
on binding affinity. Five alanine substitutions decreased the binding affinity to below 10% compared with
that of wild-type TCR. In contrast, one alanine substitution caused a faster on-rate and slower off-rate,
and increased the binding affinity to three times that of the wild-type TCR. Our results provide funda-

Protein engineering
T-cell receptor

mental information for constructing mutant TCRs with high binding affinity.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The T-cell receptor (TCR) is a membrane-bound disulfide-
linked heterodimer consisting of an o and a B chain [1-3]. Each
chain comprises a constant region and a variable region with four
framework regions and three complementarity-determining re-
gions (CDR1 to CDR3) [1-3]. TCRs are expressed on T lympho-
cytes and recognize small peptide antigens on the surfaces of
host cells via the major histocompatibility complex [MHC; also
called the human leukocyte antigen (HLA) system in humans]
[1-3]. These peptides consist of about 10 amino acids derived
from intracellularly expressed or exogenous proteins. Accordingly,
the use of TCRs for antigen-targeting therapy has been explored.
In fact, adoptive immunotherapies that make use of T-cells
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expressing TCRs against specific intracellular cancer antigens cur-
rently represent an area of intense interest in the field of cancer
treatment [4-6]. In addition, TCRs conjugated to cytokine may
provide novel cytokine therapies, because they also target intra-
cellularly expressed proteins [7-9].

However, TCRs generally exhibit much lower affinities for their
peptide-MHC complexes (Kp=10"4-10"7 M) than antibodies do
for their antigens (Kp = 1077-107'2 M) [10,11]. Therefore, to devel-
op TCR-based therapeutic interventions, mutant TCRs with high
affinities are needed. One approach to the augmentation of TCR
affinity is to selectively alter the amino acids of the CDR1, 2, and
3 loops in the TCRs [12,13]. The amino acids of CDR1 and 2 inter-
face with peptide-MHC complexes, predominantly through the
MHC rather than the peptide. In contrast, CDR3 amino acids inter-
act with the peptide as it lies in the MHC groove, leading to the be-
lief that CDR3 is an important region for peptide-MHC complex
binding [14,15]. However, which CDR3 amino acids are important
for this binding is not yet known.

Here, we used alanine scanning of CDR3 amino acids to deter-
mine which amino acids are required for peptide-HLA complex
binding. Our results provide fundamental information for con-
structing mutant TCRs with high binding affinity.
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2. Materials and methods
2.1. Cloning of TCR chains

We used TCRyy, specific for the complex between HLA-A*0201
and the tyrosinasesgg-37¢ peptide (YMDGTMSQV) [16-18]. We
cloned the extracellular domains of the oo and B chain sequences of
TCRyyr into pET15b plasmids (Novagen, Darmstadt, Germany) sepa-
rately. Two-step PCR amplification of the o chain was performed by
using three primers: primer 1,5-gatataccatggcccttgctaagaccac
ccagcccatctctatggactcatatgaaggacaagaag-3'; primer 2,5'-ctgatgtgta
tatcacagacaaatgcgtgctagacatgaggtctatggac-3’; and primer 3,5'-cc
ggatcctggagttattaggaactttctgggctggggaagaagg-3'. By using these
three primers, we changed threonine 162 of the TCRyy, o chain to a
cysteine codon and the native inter-chain cysteine codon to a TAA
stop codon. In addition, three-step PCR amplification of the § chain
was performed by using four primers: primer 4,5'-gatataccatggcc
gatgctggaatcacccagagecc-3'; primer 5,5'-acccaaaaggccacactggtgtg
cctggecaccggtttettcectgaccacgtggagetgagetggtgggtgaatgggaaggaggt
gcacagtggggtctgcacggacccgcageccctc-3’; primer 6,5-ccggatcctcga
gttattagtctgctctaccccaggectcgge-3'; and primer 7,5-gaccctcagge
ggctgctcagagegtatctggagtcattgagggcegggcetgetecttgaggggetgegggtecg
tgcag-3'. By using these 4 primers, we changed serine 177 of the
TCRyy: B chain to a cysteine codon; we also changed the native
inter-chain cysteine codon to a TAA stop codon and cysteine 195 of
the TCRyy, B chain, which is not used for disulfide binding, to an
alanine codon.

2.2. Expression and refolding of TCRy,,, protein

pET15b plasmids separately encoding the o and B chains were
prepared and used to transform Escherichia coli BL21(DE3) cells
(Stratagene, Cedar Creek, TX) for the expression of recombinant
proteins. Expression was induced by adding 1 mM Isopropyl
B-p-1-thiogalactpyranoside and incubating at 37 °C for 6 h in Ter-
rific Broth (Invitrogen, Carlsbad, CA) containing 0.4% glucose,
1.68 mM MgS04, and 100 mg/mL ampicillin; all products accumu-
lated as inclusion bodies. Inclusion bodies prepared from cell ly-
sates were washed in 25% Triton-X 100 and solubilized in 6 M
guanidine-HCl, 10 mM dithiothreitol, and 10 mM ethylenedia-
minetetra-acetate, buffered with 50 mM Tris (pH 8.1). TCRy,, was
refolded by rapid dilution of a mixture of the dissolved o and B
chain inclusion bodies into 5 M urea, 0.4 M L-arginine, 100 mM Tris
(pH 8.1), 3.7 mM cystamine, and 6.6 mM B-mercapoethylamine to
a final concentration of 60 mg/L for 36 h at 4 °C.

2.3. Purification of TCRy, protein

After being dialyzed against demineralized water and 10 mM Tris
(pH 8.1) at 4 °C, the refolded proteins were filtered and purified by
use of ion-exchange chromatography (Q Sepharose Fast Flow; GE
Healthcare, Buckinghamshire, UK). The column was washed with
10 mM Tris (pH 8.1) before elution with a 0- to 500-mM Nacl gradi-
entin the same buffer. The elutes were further purified over a HiLoad
Superdex 200PG column (GE Healthcare) equilibrated with PBS (pH
7.4). Fractions comprising the main peak were pooled and analyzed
further. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis of the final purified TCRy, was conducted un-
der reducing and non-reducing conditions; proteins were stained
with Coomassie brilliant blue (CBB).

2.4. Determination of binding affinity by using surface plasmon
resonance (SPR) analysis

SA Sensor chips (BlAcore, St Albans, UK) were coated with strep-
tavidin covalently immobilized on a carboxymethylated dextran

matrix, and tyrosinasesgg_376/HLA-A*0201 complexes conjugated
to biotin (MBL, Nagoya, Japan) were passed over individual flow
cells until the response measured about 1000 response units
(RU). TCRyy, protein diluted in HBS-EP running buffer (GE Health-
care) was passed over the tyrosinasessg_376/HLA-A*0201 com-
plexes for 2min at a flow rate of 20 pL/min. During the
dissociation phase, HBS-EP was run over the sensor chip for
10 min at a flow rate of 20 pL/min. The data obtained were evalu-
ated by using BlAevaluation 4.1 software (GE Healthcare) to apply
a 1:1 Langmuir binding model. The sensorgrams were fitted glob-
ally over the range of injected concentrations and simultaneously
over the association and dissociation phases. To evaluate specific-
ity, we also conducted experiments with MART-1 peptide,s_ss
(ELAGIGILTV)/HLA-A*0201 complexes conjugated to biotin (MBL).

2.5. Generation of alanine scanning TCR,, mutants

To create alanine scanning TCR;y, mutants, we used the o and B
chains in the pET15b plasmids as templates with a KOD-plus muta-
genesis kit (Toyobo, Osaka, Japan), according to the manufacturer’s
instructions. The following four amino acid residues of the ot chain
CDR3 (Lo90, Va91, Ax92, and La93) and 12 amino acid residues of
the p chain CDR3 (Ap93, 1894, SR95, Pp96, TR97, ER98, EB99, G100,
Gp101, Lp102, 13103, and FB104) were mutated to alanine. The
third amino acid of the o chain CDR3 and the first amino acid of
the B chain CDR3 were alanine residues initially, so two alanine
residues were changed to glycine residues. Together with wild-
type TCRy, (WtTCRyy,), the alanine scanning TCRy,, mutants were
produced, purified, and confirmed by SDS-PAGE. Their binding
kinetics were analyzed by using SPR analysis.

2.6. Statistical analysis

All data are represented as the means + SD and differences were
compared by using Student’s t-test.

3. Results and discussion
3.1. Construction of recombinant TCRy,, protein

Several approaches have been used to generate recombinant
TCR proteins; however, there is no universally applicable method
for the production of a broad range of TCR proteins [19,20]. Boulter
et al. developed a generic recombinant TCR protein production
method in which disulfide bond-linked TCRs are generated by
introducing a cysteine residue within each of the TCR constant re-
gions [21]. Thus, the TCR proteins can refold from inclusion bodies
by using E. coli to yield large amounts of soluble, stable, and func-
tional TCRs. First, we attempted to generate recombinant TCRy,
proteins by using an E. coli system. TCR.y, genes were cloned into
the o and B chain constructs that contained engineered cysteines
at positions Ta162 and SB177, respectively, by a method similar
to that of Boulter et al. [21]. In addition, a free cysteine in the con-
stant domain of the B chain was mutated to alanine to facilitate
in vitro refolding. The o and B chains were expressed by using
E. coli strain BL21(DE3) cells separately containing the pET15b
plasmids that encoded the o and B chains. After the E. coli were
lysed, the soluble and insoluble fractions were analyzed by using
SDS-PAGE, which confirmed that the o and B chains were present
only in the insoluble fraction (data not shown). After solubilization
and refolding of the inclusion bodies, we purified the TCR,, by ion
exchange and gel filtration chromatography (Fig. 1A). The protein
was eluted as a single major peak at an elution time of ~80 min.
Examination of the molecular weight markers indicated that the
molecular weight of the protein was about 50 kDa. After fractions
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corresponding to the main peak were collected and pooled, the
purified protein was analyzed by using CBB staining after SDS-
PAGE under reducing and non-reducing conditions (Fig. 1B). The
o and B chains ran separately under reducing conditions. Under
non-reducing conditions, the introduced disulfide bond held the
chains together such that they ran as a single band. These results
show that the recombinant TCR,y, formed a heterodimer consisting
of o and B chains.

3.2. Binding affinity of TCRy,, to tyrosinasesss_sz¢/HLA-A*0201
complexes

To measure the binding affinity of TCRy, to tyrosinasesgs.376/
HLA-A*0201 complexes, we performed an SPR analysis with a BIA-
core 2000. The TCRyy, bound to the tyrosinasesgs-376/HLA-A0201
complexes (Fig. 1C), but it failed to bind to MART-1,4_35/HLA-
A*0201 complexes (Fig. 1D). The equilibrium association constant
(KD) of TCRy, to tyrosinasesgs_s7¢/HLA-A*0201 complexes was
2.7 pM (Table 1). This value is almost equivalent to that of TCRs
that specifically recognize other peptide-MHC complexes [11].
These results suggest that the recombinant TCRy, protein has both
binding affinity and specificity for tyrosinasesgs_376/HLA-A*0201
complexes.

3.3. Alanine scanning of the 16 amino acids in CDR3

To define the amino acids of CDR3 that are important for deep
binding of the tyrosinasesgg_376/HLA-A*0201 complexes, we per-
formed alanine scanning mutagenesis of the TCR.,;. We attempted
to create 16 alanine substitutions, which we then purified by ion ex-
change and gel filtration chromatography (data not shown). We
were able to produce all of the desired mutants except for Va91A.
Therefore, we could not assess the role of this mutation. The purified
proteins were analyzed by using CBB staining after SDS-PAGE under
reducing and non-reducing conditions. The created point mutants
formed the same heterodimeric structure that wtTCRy, formed
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(data not shown). We confirmed that all substitution mutants could
not bind to MART-1,4_35/HLA-A*0201 complexes (data not shown).
When we examined the interaction of the mutants with tyrosi-
nasesgg-376/HLA-A*0201 complexes (Fig. 2), we found that eight of
the substitution mutants, Aa92G, La93A, 1894A, PRI6A, TRI7A,
EB98A, Ip103A, and FB104A, showed significantly decreased binding
responses to the tyrosinasesgg_37¢/HLA-A*0201 complexes com-
pared with those of wtTCRyy,. In particular, Au92G and F3104A did
not bind at all. We also found that the KDs of TB97A, EB98A and
IB103A decreased to less than 10% relative to WtTCRyy, (Table 1).
On the other hand, SB95A, EB99A, GB100A and LB102A showed in-
creased binding responses to the tyrosinasesgg_s7s/HLA-A*0201
complexes compared with those of WtTCRyy,. Furthermore, only
GPB100A raised ko, and reduced ko compared with those of
WLETCRyyy, resulting in the highest relative binding affinity (315%).
We concluded that Aa92, TB97, EB98, G100, 13103 and F3104 were
key residues for the interaction of TCRy, with tyrosinasesgs-376/
HLA-A*0201 complexes. In contrast, the relative bindings of the
other nine substitutions (La90A, La93A, AB93G, IB94A, SPI5A,
PB96A, EBI9A, GB101A, and LB102A) ranged from 12.8% to 171.7%
compared with that in wtTCRy, (Fig. 2 and Table 1). We concluded
that these residues were not important for binding to the tyrosi-
nasesgg-376/HLA-A*0201 complexes.

The detailed crystal structure of the TCR-HLA complex would be
useful for understanding binding modes and kinetic behaviors.
However, high-resolution crystal structure of the TCR¢,-HLA com-
plex has not yet been solved and the number of different crystal
structures of TCR-HLA complexes is very small [22]. In addition,
it is difficult to speculate as to the precise interaction mode of a
TCR with a given HLA from the crystal structure of other TCR-
HLA complexes, because the interaction mode of the TCR,
especially CDR3, differs with each HLA [22]. Therefore we could
not discuss why only GB100A raised ko, and reduced k¢ compared
with the ko, and ke values of wtTCRyy,, resulting in the highest
relative binding affinity. Structural information on a large number
of TCR-HLA complexes, including that from this study, will help us
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Fig. 1. Construction of wtTCRy, protein expressed in E. coli. (A) Purification of wtTCRyy, by size-exclusion chromatography. Refolded wtTCR,y, was purified by gel filtration
chromatography on a Superdex 200PG 16/60 column at a flow rate of 1 mL/min in PBS. (B) SDS-PAGE of pooled fractions. TCRy, was analyzed by using CBB staining after SDS-
PAGE under non-reducing and reducing conditions. Samples were applied to a 4% to 20% SDS-polyacrylamide gel and strained with CBB. Lane M, molecular weight standards;
lane 1, wtTCR;y, under non-reducing conditions; lane 2, wtTCRyy, under reducing conditions. Comparison of BlAcore sensorgrams obtained by the binding response to (C)
tyrosinasesgs-376/HLA-A"0201 complexes and (D) MART-156_35/HLA-A"0201 complexes. Duplicate injections of 6.8 pM (—) or 3.4 uM (--) WtTCRy, were passed over the
immobilized peptide/HLA-A*0201 complexes at a flow rate of 20 mL/min. The amount of TCRy, bound to the peptide/HLA-A*0201 complexes was recorded in response units
(RU). The sensorgrams shown were normalized by subtracting the control surface sensorgram.
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Table 1

561

Evaluation of the kinetic parameters of alanine substitution TCRy, for binding to tyrosinasesss-376/HLA-A*0201 complexes by using surface plasmon resonance (SPR) analysis.
Each kinetic parameter was calculated from the respective sensorgram by using BIA evaluation 4.1 software.

Clone kon® (x 10° 1/Ms) kot 7 (x 1073 1/s) Kp © (uM) Relative binding affinity ¢ (%)
WETCRyr 53+04 14.2+ 0.6 27%0.1 100
La90A 73406 22108 3.0+£03 88.7
A092G N.D. N.D. N.D. N.D.
La93A n.d. n.d. 21.0+1.17 12.8
AB93G 11.1£2.7% 38.6+0.2" 3.62038 75.0
IB94A nd. n.d. 17.6+2.07 153
SB95A 11.0+2.9% 16.6+0.3™ 1.6+0.3" 171.7
PB9GA 6.8+£3.2 76.0+ 03" 12.8+5.3" 21.2
TRI7A 0.1£0.0% 29.2+3.7" 658.1£63.6" 0.4
EB98A n.d. n.d. 732+156" 3.7
EB99A 9.9+ 0.2 17.7 02" 18200 150.4
Gp100A 9.6+1.9" 8.1+0.1"" 0920.1" 3145
Gp101A 59+1.2 173+1.2° 3.0+£04 90.1
Lp102A 9.1+1.6* 14903 1.7+02" 161.5
18103A nd. n.d. 102.1 244" 2.6
Fp104A N.D. N.D. N.D. N.D
All data are represented as the means * SD.
2 kon is the association kinetic constant.
> ko is the dissociation kinetic constant.
¢ Kp is the equilibrium association constant.
4 Relative binding affinity values are calculated as 100 x Kp (WLTCRyy,)/Kp (mutant). N.D., not detectable; n.d., no data.
* P<0.05.
##* P<0.01 versus value for ko, of WtTCRyyy.
* P<0.05.
** P<0.01 versus value for ko of WtTCReyy.
" P<0.05.
* P<0.01 versus value for Kp of WtTCRyy.
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Fig. 2. BlAcore sensorgrams of alanine substitution TCRy, obtained by the binding response to tyrosinasesgg-376/HLA-A"0201 complexes. Duplicate injections of 3.9 UM TCRyy,
were passed over the immobilized peptide/HLA-A"0201 complexes at a flow rate of 20 pL/min. The sensorgrams shown were normalized by subtracting the control surface
sensorgram. The amount of protein bound to the surface was recorded in RU.
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to understand the precise interaction mode of the TCR with HLA in
the future.

Yi Li et al. constructed high-affinity TCRs (Kp = 2.5 x 10 ° M) by
using phage display [12]. Their TCRs were generated by extensive
mutation of the TCR CDR loops and loop-flanking residues. In con-
trast, Dunn et al. acquired high-affinity TCRs (Kp = 1.3 x 1079 M) by
mutating only CDR2 amino acids [13]. Although CDR2s contact
only the HLA surface and not the bound peptide, the CDR2 muta-
tions did not compromise the selectivity for the bound peptide
antigen. We selected CDR3 because its amino acids residues are
thought to be most involved in the binding to the peptide-HLA
complexes. From here, we plan to similarly characterize the amino
acids of CDR1 and 2 to provide the same basic information about
them as we were able to obtain about the amino acids of CDR3.

Here, we defined several important amino acids for peptide-
HLA complex binding by using alanine scanning of CDR3 amino
acids. We showed that the binding affinities of five alanine substi-
tutions dropped to below 10% compared with that of WtTCRyy,. Fur-
thermore, one alanine substitution reduced the dissociation kinetic
constant compared with that of wtTCRy, and, as a result, improved
the binding affinity. We believe that these results provide basic
information of value for a variety of potential biomedical applica-
tions of TCRs.
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