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ABSTRACT T-cell receptors (TCRs) are membrane an-
chored heterodimers structurally related to antibody mole-
cules. Single-chain antibodies can be engineered by linking the
two variable domains, which fold properly by themselves.
However, proper assembly of the variable domains of a human
TCR (Va and Vp) that recognize the HLA-DR2b/myelin basic
protein-(85-99) peptide complex was critically dependent on
the addition of a third domain, the constant region of the TCR
13 chain (Cp), to the single-chain construct. Single-chain mol-
ecules with the three-domain design, but not those with the
two-domain design, expressed in a eukaryotic cell as chimeric
molecules linked either to glycosyl phosphatidylinositol or to
the transmembrane/cytoplasmic domains of the CD3 ' chain
were recognized by a conformation-sensitive monoclonal anti-
body. The chimeric three-domain single-chain TCR linked to
CD3 C chain signaled in response to both the specific HLA-
DR/peptide and the HLA-DR/superantigen staphylococcal
enterotoxin B complexes. Thus, by using this three-domain
design, functional single-chain TCR molecules were expressed
with high efficiency. The lipid-linked single-chain TCR was
solubilized by enzymatic cleavage and purified by affinity
chromatography. The apparent requirement of the constant
domain for cooperative folding of the two TCR variable
domains may reflect significant structural differences between
TCR and antibody molecules.

T-ceil receptor (TCR) recognition of antigen fragments pre-
sented by major histocompatibility complex (MHC) mole-
cules is a critical step in the initiation of a specific immune
response (1, 2). The TCR a and p chains are each composed
of two immunoglobulin-like domains; most of the amino acid
residues that are found to be highly conserved in the variable
(V) region of immunoglobulins are also found in TCR V
regions, suggesting that the tertiary structure ofthe TCR may
resemble that of immunoglobulins (3, 4). However, TCR V
regions have significantly more primary sequence variability,
an increased apparent rate of divergence in phylogeny, and
peaks of variability in addition to those noted in immuno-
globulins (5, 6). In order to understand and control the
molecular interactions underlying T-cell recognition of
MHC/peptide complexes, complete structural knowledge of
the TCR is required.

Several approaches have been employed to produce sol-
uble, recombinant TCRs. In these recombinant TCR mole-
cules, the transmembrane/cytoplasmic regions of a and p
chains were replaced with sequences from lipid-linked pro-
teins (7), the CD3 ; chain (8), or immunoglobulins (9, 10).
Soluble TCRs were either recovered as secreted proteins or
obtained by enzymatic cleavage of the surface-expressed
recombinant proteins. All ofthese approaches rely, however,
on the assembly of the heterodimer, which is inefficient (11).
In addition, high-level expression of the human TCR a chain

in transfected eukaryotic cells is not stable. These problems
can be avoided by the design of a single-chain (sc) recombi-
nant protein in which the V regions of the heterodimer are
joined by a short peptide linker. Such a design has been
successfully applied to antibody molecules (12). Such recom-
binant molecules, scFv, have a specificity and affinity similar
to that of native antibodies (12). Several reports have de-
scribed the production of scTCRs in bacterial expression
systems using the sc antibody (Fv) design (13-16), but none
have presented functional data indicating that these scTCRs
could recognize their MHC/peptide complexes or superan-
tigens. Recently, however, the production in bacteria of a
scTCR with the two-domain Fv design that could recognize
its natural ligands has been reported, although the fraction
correctly refolded was extremely low (17).

In the present report, different scTCR designs were eval-
uated in transfected eukaryotic cells with respect to surface
expression of TCR molecules, proper folding, and recogni-
tion of the appropriate MHC/peptide ligand. A three-domain
sc construct [a-chain V (Va)-linker-P-chain V (Vq)-P-chain
constant (Cp)] was stably expressed on the cell surface when
linked to a glycosyl phosphatidylinositol (GPI) anchor and
recognized by a conformation-dependent monoclonal anti-
body (mAb) specific for the V,17 segment. The soluble form
of this recombinant protein could be readily obtained by
enzymatic cleavage with phosphatidylinositol-specific phos-
pholipase C (PI-PLC). Replacement of the GPI domain with
the cytoplasmic portion of the chain resulted in a functional
TCR molecule that transduced an intracellular signal follow-
ing recognition of either the proper MHC/peptide or the
MHC/staphylococcal enterotoxin B (SEB) superantigen
complex. The production of a functional scTCR directly
demonstrates the feasibility of employing sc design to pro-
duce soluble TCRs.

MATERIALS AND METHODS
Construction of Recombinant TCR Molecules. cDNAs of

TCR a and , chains were prepared from mRNA of Hy.2H9
cells (18) with Superscript reverse transcriptase (BRL) and an
oligo(dT) primer (Sigma) and were amplified by PCR using
Vent DNA polymerase (New England Biolabs) and primers
5'-GCTCGAGGCGGCGATGGAAACTCTCCTGGGAGT-3'
(A5) and 5'-GGAATTCAGCTGGACCACAGCCGC-3' for
a-chain and 5'-GCTCGAGCTCTGCCATGGACTCCTG-
GA-3' and 5'-GGAATTCAGAAATCCTTTCTCTTGAC-3'
for 3-chain. The cDNAs were cloned into the mammalian
expression vector pBJ-neo (8). GPI-anchored TCR molecules
(a-PI and P-PI) were constructed as follows. A Ban I site was
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constant; IL-2, interleukin 2; mAb, monoclonal antibody.
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engineered after the fifth amino acid residue beyond the last
cysteine by oligonucleotide-directed mutagenesis. The region
3' of the Ban I site was then replaced with a Ban I-Not I
fragment encoding the GPI signal domain from the human
placental alkaline phosphatase. For the construction of vari-
ous scTCRs, variable domains of the 2H9 TCR a and 8 chains
were prepared by PCR using primers A5 and 5'-CAGAGCT-
CACGGATGAACAATAAGGCTGGT-3' for the Va domain
in all the scTCR constructs, 5'-TCGGATATCGATGGTG-
GAATCACTCAGTCC-3' (B5) and 5'-CAGAGATCAG-
CACGGTGAGCCGGTTCCC-3' for the Vp domain in AB-
PI-1, 5'-GTGGGAGATCTCTGCTTCTGATGGCTCAAAC
and B5 for the Vp domain in AB-PI-2, 5'-CACGGATC-
CCCGTCTGCTCTACCCCAGGC and B5 for the Vp and Cp
domains in ABC-PI, and 5'-CACGGATCCCCGTCTGCTC-
TACCCCAGGC-3' and B5 for the V# and Cp domains in
ABC-;. The cDNA encoding the transmembrane and cyto-
plasmic domains of murine CD3 {chain (8) was a gift of R. D.
Klausner (National Institutes of Health). Convenient restric-
tion sites were engineered at the end of each fragment to aid
in the assembly of the construct. The linker was a 15-amino
acid motif of GGGGS repeated three times (12) with Sac I at
the 5' end and EcoRV at the 3' end. Except for a-PI, all the
constructs were cloned into pBJ-neo, which carries the G418-
resistance gene. a-PI was cloned into pCEP-4 (Invitrogen),
which bears the hygromycin-resistance gene. All constructs
were verified by multiple restriction digests and by sequencing
with the Sequenase kit (United States Biochemical).

Affinity Purification and Characterization of a Soluble
Three-Domain scTCR. After transfection and G418 selection
(8), cells expressing a high level of GPI-linked three-domain
scTCR (ABC-PI) were isolated by three rounds of sorting.
The resulting cells were grown in spinner culture to a density
of 106 per ml and harvested by centrifugation. The pellet was
washed twice with phosphate-buffered saline (PBS) and
resuspended in PBS containing 2 mM Pefabloc (Centerchem,
Stamford, CT) to a density of 5 x 107 per ml with PI-PLC
(Sigma) added at 1 unit/ml. Cells were incubated at 37°C for
1 hr with constant rocking. The supernatant was collected by
centrifugation and by passage through a 0.45-gm filter and
applied to a column of Acti-gel (Sterogen, Arcadia, CA) with
immobilized pF1. The column was washed with 10 volumes
of PBS and the soluble TCR was eluted with 0.15 M glycine
(pH 2.8). Fractions were immediately neutralized with 0.1
volume of saturated Tris. The soluble TCR was then dialyzed
against >100 volumes ofPBS at 4°C with at least four changes
and concentrated to 0.5 mg/ml by vacuum dialysis against
PBS. Five micrograms of purified soluble three-domain
scTCR was analyzed by SDS/PAGE under reducing condi-
tions.

Stimulation of Transfectants with Antibodies, SEB, and
Peptide/MHC Ligands. ABC-;-transfected BW5147P a-/3-
(19) cells (5 x 104 per well) were cultured in a 96-well
round-bottom plate to which various antibodies had been
immobilized (1 Mg per well). The supernatants were collected
after 24 hr and interleukin 2 (IL-2) production was assessed
in a bioassay using an IL-2-dependent cell line (CTLL) and
the CellTiter-96 nonradioactive proliferation assay
(Promega). In the case of ABC-v-transfected RBL-2H3 (8)
cells, the cells were incubated with [3H]serotonin (NEN) at
0.5 uCi (18.5 kBq) for 24 hr before they were added to the
antibody plate. After incubation at 37°C for 2 hr, radioactivity
released into the supernatant was measured in a liquid
scintillation counter. The specific serotonin release was
calculated as described (8). For SEB stimulation, 5 x 104
transfected cells per well were cultured with various con-
centrations of SEB (Toxin Technology, Sarasota, FL) in the
presence or absence of 2 x 105 B cells. For antigen presen-
tation, 5 x 104 transfected cells per well were cocultured with
2 x 105 B cells which were incubated with or without the

myelin basic protein (MBP)-(85-99) peptide for 3 hr before
the experiment. The assays were conducted as described
above.

RESULTS
mAb Cl Recognizes a Conformational Epitope of TCR.

Recombinant TCR molecules were generated by using the
TCR a- and p-chain sequences of the human MBP-specific
T-cell clone Hy.2H9 (18). This clone TCR is composed of the
Va3.1 and Vp17.1 segments and is specific for the immuno-
dominant MBP peptide MBP-(85-99) in the context of HLA-
DR2 (DRA, DRB1*1602) (18). Usage of the Vp17.1 segment
allowed the proper folding ofrecombinant TCRs to be probed
with the superantigen SEB (20) and the mAb Cl (21). To
confirm the V,017 specificity of Cl, the extracellular domains
of TCR a and /3 chains of Hy.2H9 cells were fused to the
C-terminal sequence from human placental alkaline phospha-
tase for GPI anchorage (Fig. 1) and the DNAs encoding the
GPI-anchored 8 and a chains (p-PI and a-PI) were sequen-
tially transfected by electroporation (8) into a TCR a- and
p-chain-deficient murine lymphoma cell line, BW5147 a-p,
(BW-) (19). The surface expression of the GPI-anchored
TCR chains was monitored by staining with mAbs aFl (22),
PF1 (23), and Cl. aFl and ,F1 recognize nonconformational
epitopes located in the C region of the TCR a and 13 chains,
respectively. Surface expression of the GPI-anchored TCR ,B
chain is independent of heterodimer formation and assembly
of the CD3 complex (7). In the p-PI-transfected cells (Fig. 2,
open curves), high-level expression ofp-PI was confirmed by
staining with pF1. Interestingly, there was little Cl staining
of these transfectants. However, when a GPI-anchored 2H9
a chain was supertransfected into the p-PI transfectant (Fig.
2, shaded curves), Cl reactivity was greatly increased while
the level of BF1 staining remained constant. Thus, the
V,17-specific Cl epitope is conformational and dependent on
the proper pairing of TCR a and p chains and can therefore
be used to assess the proper folding of recombinant TCRs
bearing a V,917 sequence.
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FIG. 1. Schematic representation of TCR a- and 3-chain genes
and various chimeric constructs. S-S, disulfide bond; L, leader; V,
variable segment; J, joining segment; C, constant region; TM,
transmembrane region; Cy, cytoplasmic region; ATG, start codon;
Li, 15-residue peptide linker containing three repeats ofGGGGS; PI,
GPI domain of human placental alkaline phosphatase with the
sequence LAPPAGTTDAAHPGRSVVPALLPLLAGTLLLL (7).
The ; region contains transmembrane and cytoplasmic domains of
the murine CD3 ; chain starting at position 31 (8).
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FIG. 2. Coexpression of a-PI and 3-PI are required for Cl
reactivity. Flow cytomeric analysis of (-PI-transfected BW- cells
stained with mAb aFl, 1BF1, or Cl before (open curves) and after
(shaded curves) the supertransfection of the a-PI construct.

High-level expression of the TCR a chain (a-PI) was,
however, not stable either alone or in the presence of (-PI.
Attempts were made on several cell lines, including COS-7,
CHO-Kl, and a TCR-deficient variant of Jurkat cells, JK-,B-
(J.RT3-T3.5, American Type Culture Collection). The ex-

pression level of a-PI was comparable to that of 3-PI after the
initial drug selection, but continued culture for less than a
month yielded a population of cells with little surface ex-
pression of a-PI, whereas (3-PI expression was stable (data
not shown). The inability to obtain cell lines with stable
high-level expression ofthe PI-anchored human TCR a-chain
has been reported by other laboratories as well (24).

Expression and Purification of a Three-Domain scTCR. To
overcome the limitations set by the unstable expression ofthe
human TCR a chain, various sc designs were examined.
Initially, a design similar to that of sc antibodies (Fv) was
chosen (12). A 15-residue flexible linker was used to link the
C terminus of the Vd-Ja domain to the N terminus of the (3

chain. The GPI domain was then ligated to the C terminus of
the Vg-Jp domain. The construct (AB-PI-1, Fig. 1) was
transfected into several cell lines, including JK-/-, COS-7,
CHO-Kl, and BW-. Although the expression ofthe gene was
confirmed by the detection of the correct RNA transcripts
(Fig. 3B), no surface expression was detected, as evidenced
by negative Cl antibody staining (Fig. 3A). Immunoprecip-
itation after metabolic labeling failed to recover any Cl-
reactive sc molecules from these transfectants (data not
shown). The inability to identify any Cl-reactive protein
could have been due to the design of this molecule, such as

insufficient linker length between the extracellular domain
and the GPI domain. To improve the accessibility of the sc
construct, another two-domain scTCR was designed in which
an extra 30-amino acid portion of the N terminus of the CO
domain was added as a hinge region. The transfectants of this
construct (AB-PI-2, Fig. 1) were still not reactive with the Cl
antibody (data not shown). Finally, the entire Cp domain was
added to the sc construct. A complete Cs domain should
provide enough distance for the Vd-Vp domains to be ex-
pressed on the cell surface and, more importantly, should
allow surface expression to be monitored with another anti-
body, (BF1 (23). This three-domain scTCR was constructed
by extending the TCR (3-chain sequences to the residue right
before the last cysteine (the sixth cysteine), which was then
fused to the GPI domain. The last cysteine was deleted to
prevent dimerization between C9 domains. This construct
(ABC-PI, Fig. 1) was transfected into BW- cells and surface
expression was confirmed by staining with both 83F1 and Cl
(Fig. 3C, shaded curves). Both antibodies stained the cells
with comparable efficiency, suggesting that most of the
molecules were expressed in the correct conformation.
Moreover, the molecule could be efficiently cleaved from the
cell surface with PI-PLC (Fig. 3C, open curves).

Soluble three-domain scTCR was purified from transfec-
tants after PI-PLC cleavage followed by affinity chromatog-
raphy using the ,BF1 antibody. The purified three-domain
scTCR appeared as multiple bands at 50-70 kDa after SDS/
PAGE (Fig. 3D). The heterogeneity ofscTCR is probably the
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FIG. 3. Flow cytomeric analysis of surface expression of scTCR
constructs. (A) Lack of Cl reactivity in BW- cells transfected with
two-domain scTCR (AB-PI-1). (B) RNA analysis of poly(A)-enriched
total cell RNA isolated from BW- cells transfected with two-domain
and three-domain scTCR constructs AB-PI-1 and ABC-PI, respec-
tively. Samples were analyzed in a nuclease Si protection assay (25)
using probes specific for the 5' end of the transcripts from the TCR
constructs. The coexpressed neo (G418-resistance gene) transcripts
from the vector were analyzed with a probe at the same time as a
control. (C) Flow cytometric analysis of ABC-PI-transfected BW-
cells with both 3F1 and Cl antibodies before (shaded curves) and
after (open curves) PI-PLC treatment. (D) SDS/PAGE of affunity-
purified three-domain scTCR. (E) Comparison of Cl reactivity of
three-domain scTCRs produced from eukaryotic (Euk) and prokary-
otic (Prok) expression systems in a two-antibody ELISA. A plateau
is reached because the amount of ,BF1 attached to the plate became
limiting.

result of variable glycosylation; its polypeptide size calcu-
lated from amino acid composition is 40 kDa. The structural
integrity of the three-domain scTCR was verified by a two-
antibody ELISA (Fig. 3E). The molecules were first captured
by the ,BF1 antibody immobilized to the plate and then
assessed for reactivity with the Cl antibody. When compared
with the three-domain scTCR produced in a bacterial expres-
sion system (unpublished work), the scTCR from the eukary-
otic system gave 10-20 times higher Cl reactivity. The
purified three-domain scTCR was stable and could be stored
in PBS at 4°C for months without significant loss of Cl
reactivity.

Functional Characterization of a Chimeric Three-Domain
scTCR. To directly assess the functional integrity of the
three-domain scTCR, a self-signaling scTCR was produced
by replacing the GPI domain with the transmembrane and
cytoplasmic domains of the CD3 {chain. These regions have
been shown to be sufficient for signal transduction when its

12656 Immunology: Chung et al.
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extracellular fusion partner is crosslinked by an antibody or
by the proper ligand (8, 26, 27). To enable the recovery of
three-domain scTCR as a soluble form, a linker containing a
thrombin cleavage site was inserted into the junction of
three-domain scTCR and the ; domain. The construct
(ABC-i) was transfected into BW- cells (28) and the rat
basophilic leukemia cell line RBL-2H3 (RBL) (8), and the
populations displaying high-level expression ofthree-domain
scTCR were isolated by three rounds of cytofluorometric
sorting using the antibody 8iFI. The ABC- -transfected cells
were first stimulated with various antibodies to confirm the
self-signaling nature of this recombinant molecule. The signal
transduced upon the activation of the three-domain scTCR
was measured as IL-2 production in BW- transfectants,
whereas serotonin release was measured in RBL transfec-
tants. Both transfectants showed a strong response following
,8F1 and Cl stimulation but not to purified mouse immuno-
globulin or anti-CD8 antibody used as controls (Fig. 4 A and
B). The structural integrity of the scTCR was further exam-
ined with the superantigen SEB, which binds to both Vp17
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and MHC class II molecules, resulting in TCR crosslinking
and T-cell activation regardless of the peptide bound to the
MHC molecule (20, 29). ABC-; transfectants displayed a
concentration-dependent response toward SEB (Fig. 4C)
when the superantigen was presented by transformed B-cell
lines with high-level expression of DR1 (DRA, DRB1*0101;
cell line LG2) or DR2 (DRA, DRB1*1602; cell line 9016).
Thus, the lateral face of the TCR V. region to which SEB is
thought to bind (30) is structurally intact.
To prove that the three-domain scTCR did indeed recog-

nize the MHC/peptide ligand, antigen presentation experi-
ments using the natural ligand for the Hy.2H9 clone, 9016
cells bearing the DRB1*1602 allele ofDR2, and MBP-(85-99)
peptide were performed. To ensure detection of subtle ab-
normalities in the structure of the three-domain scTCR, 9009
cells (DRA, DRB1*1601), which also bind MBP-(85-99),
were used as a control. DRB1*1601 and DRB1*1602 differ
only at position 67 in the DRp1 domain; this TCR contact-
residue substitution does, however, abolish recognition of
the peptide by the parent T-cell clone (ref. 18; K.W.W.,
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FIG. 4. (A) [3H]Serotonin release following TCR crosslinking of three-domain scTCR- chimeric construct (ABC-I)-transfected RBL cells.
Cl is specific to V.17 and ,8F1 is specific to the C region ofTCR chain. mlg, mouse immunoglobulin. (B) IL-2 release followingTCR crosslinking
of ABC-{-transfected BW- cells. (C) [3H]Serotonin release following SEB stimulation of ABC-C-transfected RBL cells. (D) MHC-restricted
antigen-specific response from the ABC-2-transfected BW- cells. (E) Dose-response curve of MHC/peptide recognition of ABC-C-transfected
RBL cells.
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unpublished work). The ABC-{-transfected BW- cells se-
creted IL-2 in response to peptide-pulsed 9016 cells, but not
to peptide-pulsed 9009 cells (Fig. 4D). Similar results were
obtained with RBL transfectants (Fig. 4E), as serotonin
release was dependent on the concentration of the MBP
peptide used to pulse 9016 cells. The signal appeared to be
weak when compared with antibody stimulation. This is not
surprising, however, since saturating amounts of antibodies
are expected to crosslink the majority of TCR molecules on
the target cell, whereas a much smaller fraction of TCR
molecules is probably engaged when T cells are cocultured
with peptide-pulsed antigen-presenting cells, in which a max-

imum of 5-15% of the DR molecules bind the peptide. The
requirement for a high concentration of peptide or SEB is not
due to the sc design, since high concentrations of peptide are
also needed to stimulate af3 heterodimers of the TCR-~
constructs (8). It is likely that the decrease in sensitivity
results from the lack of CD3, CD4, and/or other adhesion/
signaling molecules. Nonetheless, these results demonstrate
that the three-domain scTCR was correctly folded and func-
tionally competent. In addition, a soluble form of three-
domain scTCR could be obtained from the ABC-; transfec-
tants by thrombin cleavage and affinity purification (data not
shown).

DISCUSSION
A scTCR molecule was designed which contains the V
domains of both a and , chains and the C domain of the 13
chain. This scTCR molecule could be stably expressed at a
high level in eukaryotic cells and could be isolated in a soluble
form by enzymatic cleavage and affinity chromatography.
The Va and Vp domains appeared to be properly paired, since
the scTCR bound to a conformation-dependent mAb, the
superantigen SEB, and the proper MHC/peptide ligand. This
design of scTCR offers an alternative to the two-chain design
of soluble TCRs and has several advantages. (i) The sc design
avoids the low-efficiency dimerization process which may be
the limiting step in the assembly of TCR heterodimers from
a and p subunits made in Escherichia coli. The sc design
therefore allows efficient expression of the recombinant
protein in quantities suitable for structural analysis and for
some diagnostic or therapeutic applications. (ii) The design
avoids the problems associated with the unstable expression
of the human TCR a chain that have hindered efficient
expression of human TCR molecules in eukaryotic cells. (iii)
The sc design may allow the construction of TCR phage
display libraries similar to those made for sc antibodies (28,
31). scTCR phage libraries may be powerful tools for the
isolation of TCRs with defined specificities and/or high
affinity for selective targeting of malignant and virally in-
fected cells and for analyzing the interactions among TCR,
MHC/peptide complexes, and superantigens.

Unlike antibodies, separately expressed V domains ofTCR
a and p chains have not been reconstituted to form het-
erodimers (ref. 32; K. L. Hilyard, personal communication).
However, despite this success in producing the three-domain
scTCR, a two-domain scTCR with detectable Cl reactivity
could not be produced either in eukaryotic cells or in bacte-
ria. The presence of the Cp domain (or part of the domain)
may be required for the proper folding and/or stabilization of
a scTCR molecule. In any event, the three-domain design
provides a general means for the efficient production of
functional scTCR molecules.
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