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This study describes the secretion and purification of T cell receptor (TCR) Vo, VB domains
and single chain Va-VpB fragments (s¢TCRs) from recombinant Escherichia coli cells. The
TCR Va and Vp genes are derived from a T cell hybridoma that is associated with disease
pathogenesis in murine experimental allergic encephalomyelitis (EAE). Circular dichroism
(c.d.) analyses of the single domains and the scTCR indicate that they are folded into
B-pleated sheet structures similar to those of immunoglobulin variable domains. The
secreted TCR fragments can be purified in milligram quantities, and could therefore be used
in high-resolution structural studies, in immunization to generate anti-clonotypic antibodies

or in vaccination.
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T cell recognition is mediated by surface bound T
cell receptors (TCRst), and the majority (90 to
959,) of T cells bear TCRs that comprize af hetero-
dimers (Meuer et al., 1983; Allison et al., 1982). In
contrast, a much smaller proportion (5 to 109%)
bear 76 heterodimers (Brenner et al., 1986; Borst et
al., 1987). The af TCRs recognise antigenic peptides
bound to the cleft of the highly polymorphic MHC
class I or class II glycoproteins, and are therefore
“MHC restricted” (Zinkernagel & Doherty, 1979).
An understanding at the molecular level of the
interaction of TCRs with cognate peptide-MHC
complexes would expand the available data
concerning this key interaction of the immune
system. Towards this aim, TCR af heterodimers
have recently been expressed as phosphatidyl-
inositol linked polypeptides (Lin et al., 1990) or
TCR-immunoglobulin chimeras (Gregoire et al.,
1991) in mammalian transfectomas, and the produc-
tion of Va-Ck homodimers (Mariuzza & Winter,
1989) and VB-CB monomers (Gascoigne, 1990) in
mammalian cells has also been described. The use of
Escherichia coli as an expression host offers a con-
venient and rapid route for the production of recom-
binant TCRs, and this is the aim of this study. The
expression and secretion of immunoglobulin VH
domains (Ward et al., 1989), Fv fragments (Skerra &

1 Abbreviations used: TCRs, T cell receptors;
MHC, major histocompatibility complex;
c.d., circular dichroism; sc, single chain
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Pliickthun, 1988) and Fab fragments (Better et al.,
1988) has been reported. Analysis by molecular
modeling indicates that there are structural simi-
larities between immunoglobulin Fab fragments and
the extracellular domains of TCRs (Novotny ef al.,
1986; Chothia et al., 1988). These similarities led to
the use of an E. coli secretion system for the
expression of TCR Va and Vf domains (Ward, 1991)
derived from an encephalitogenic (1934.4) T cell
hybridoma (Wraith et al., 1989). In this study, the
purification and characterization, using c.d., of
secreted Vo, VB domains and single chain TCR
(scTCR) fragments derived from this hybridoma are
described.

The plasmids VapelBHis and VfpelBHis for the
secretion and purification of the TCR fragments are
shown in Figure 1, and are derived from expression
plasmids described previously (Ward et al., 1989;
Ward, 1991).-When compared with the myc tag, the
Hisg tag was found to be a superior ligand for
affinity purification using Ni**-NTA agarose
columns (Hochuli et al., 1988) (data not shown). The
Vo and VB domains with the carboxy-terminal Hisg

. tags can be purified in yields of approximately 1 to

2 mg/litre of culture and 01 to 02 mg/litre of
culture, respectively. Shorter induction times were
used in preference to those described previously
(Ward et al., 1989; Ward, 1991), since for longer
induction periods the purification yields were lower,
possibly due to proteolytic loss of the Hisg tag.
Figure 2 shows SDS/polyacrylamide gel analyses

© 1992 Academic Press Limited




886 E. S. Ward

VaVppel8myc2

H B R P
1
O—&2 )

VBpelBmyc

Reclone as Hinal11-Psti
fragment

VaiVBpelB

Ligate In sc linker as
BstEll-Pstl fragment

B Ri

Replace Hindll1-Pstl pelB
leader fragment with Hindili-
Pstl scvasVpeld

scVasdVgpelB

~

peld  Va sc VB myc

scVaVppelBmyc

Cut with 8stEill,

1igate in His6 tag, then
ligate In sCVB as BstE!l
fragment

Cut with 8stEll,
11gate In His6 tag

H 5 Rl H B P Bl @R
O-Lml:Lll-l— ol per ' bla |
Va H1s6 pels Va sc A/ His6

VapelBHis scVaVppelBHis

Ligate VB-HIs6 as Psti-EcoR|
fragment into VBpel8myc

H p 8 88 Rl
vp  HisE
VBpelBHIs

Figure 1. Strategy used for the construction of plasmids for expression and purification of single Ve, VB domains and
scTCR fragments. H, HindIII; B, BstEII; P, PsiI and RI, EcoRI restriction sites. 5B = BstEII site removed by insertion
of the DNA duplex encoding the Hiss tag. Open circles represent the lacz promoter of pUCI19 (Viera et al., 1987), open
boxes represent the Vo and VB genes. The pelB leader is indicated by stippled boxes, the single chain linker (sc) sequence
by vertical hatching, the 5" end of the VP gene in VadVBpelB and scVadVfpelB by horizontal hatching, the His, tag by
diagonal hatching and the myc tag (which is the same as tagl in Ward, 1991) by a filled-in box. Single lines represent
pUC119 sequences. The isolation of the Va and VB genes from the 1934.4 T cell hybridoma, and the cloning of these genes
to generate the expression plasmids VapelBmyc and VPpelBmyc have been described (Ward, 1991). The plasmid
VaVppelBmyc2 was constructed in a similar way to VapelBmyc (Ward, 1991), except that the VfpelBmyc gene has been
cloned 3’ to the VapelBmyec gene. The plasmid scVaVfpelBmyc was constructed as indicated. The single chain linker,
(Gly,Ser),, is the same as that used previously for immunoglobulin scFvs (Huston et al., 1988), and was ligated into
BstETI-PstI restricted VadVppelB as the following DNA duplex:

5 GTC ACC GGT GGA GGC GGT TCA GGC GGA GGT GGC TCT GGC GGT GGC GGA TCG GAG GCT GCA 3
3G CCA CCT CCG CCA AGT CCG CCT CCA CCG AGA CCG CCA CCG CCT AGC CTC CG-5

(coding strand indicated by underlining).

To construct scVaVBpelBmye, the resulting HindIII-PstI fragment (scVadV fpelB) encoding the pelB leader, the Va
gene, the single chain linker and the 5' end of the VB gene was ligated into HindIII-PstI restricted VBpelBmyec (to
replace the pelB leader). To insert the Hisq peptide tag into scVaVfpelBmye, this plasmid was restricted with BstEIT
and the following DNA duplex ligated into the construct;

5 GTC ACC CAT CAC CAT CAC CAT CAC TAA TAASJ

3G GTA GTG GTA GTG GTA GTG ATT ATT CAG TG 5’

(coding strand indicated by underlining). )

Recombinant clones with the correct orientation of the His tag were identified by PCR screening (Giissow & Clackson,
1989). Ligation of the duplex in the correct orientation into BstEII cut scVaVfpelBmyc will remove the 3’ BstEII site.
In addition, the presence of 2 stop codons at the 3’ end of the histidine codons prevents readthrough into the downstream
myc tag sequences. VapelBHis and VBpelBHis were constructed using the strategy shown. Prior to expression analyses,
all DNA constructs were sequenced using the dideoxynucleotide method (Sanger et al., 1977).

of the purified proteins. In addition to the much concentrations of several milligrams per ml

lower purification yields, the VB domain has a ten-
dency to precipitate out of solution at a concentra-
_tion of approximately 02 milligrams per ml. In
contrast, the Vo domain appears to be soluble at

Chemical crosslinking experiments using dithiobis-
(succimidylpropionate) indicate that the Va domain
has a propensity to form homodimers (data not
shown). This observation is not unexpected since
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Figure 2. Purification of the recombinant proteins. 15%, (w/v) SDS/polyacrylamide gel analysis of the purified single
lomains (lanes 2 to 7) and scTCR (lanes 8 to 10). Lane 1, molecular weight markers (with sizes shown on the left margin
n kDa); lane 2, osmotic stock fraction of E. coli harboring VapelBHis; lane 3, flowthrough from VapelBHis osmotic
hock fraction after passage through Ni2*-NTA agarose column; lane 4, purified Va domain; lanes 5 to 7, same as lanes 2
o 4, respectively, but for E. coli harboring VBpelBHis; lanes 8 to 10, same as lanes 2 to 4, respectively, but for E. coli
rarboring scVaVBpelBHis. Recombinant plasmids were transformed into E. coli BMH71-18 (Riither et al., 1981) and the
-esulting transformants grown and induced under conditions that were optimized to maximize the expression levels. For
:his optimization, the plasmid scVaVfBpelBmyc was used, since the myc tag allows detection of unpurified recombinant
orotein in culture supernatants or osmotic shock fractions, using Western blotting and the 9E10 monoclonal antibody
‘Towbin et al., 1979; Evan et al., 1985) as described (Ward et al., 1989). Following optimization, recombinants harboring
VapelBHis, VfpelBHis and scVaVBpelBHis were grown up and induced, using the following procedure: 1 to 2 litre
sultures of transformants were grown up in 4 x TY media (double strength 2 x TY; Miller, 1972) plus 100 ug ampicillin/
ml plus 19, (w/v) glucose for 15 h at 30°C. Cells were pelleted by centrifugation, washed once in 4 X TY and resuspended
in 1 litre of 4 x TY plus 100 pg ampicillin/ml, 0-1 mm-IPTG, 10 ug leupeptin/ml and 100 ug PMSF/ml, and grown at
25°C for 5 to 5'5 h. At this stage the majority of the recombinant protein is located in the periplasm, and can be isolated
by osmotically shocking the cells. The osmotic shock fraction (40 ml/litre of culture) was dialyzed against 3 changes of
phosphate buffered saline, and then passed through an Ni**-NTA agarose column. Bound protein was batch eluted in 1
to 2 ml fractions with 250 mm-imidazole (pH 9-2). To reduce non-specific binding of additional proteins, the column was
washed with 500 mm-NaCl/100 mm-Tris- HCl (pH 8) prior to elution. The purified protein was dialyzed extensively
against 10 mM-NaH,PO, (pH 7:0) prior to c.d. analysis. Purity of TCR fragments was assessed by 15%
SDS/polyacrylamide gel electrophoresis (Laemmli, 1970) followed by staining with Coomassie brilliant blue.

Mariuzza & Winter (1989) have reported the
expression of Va-Ck homodimers in mammalian cell
transfectomas. Such dimerization may contribute to
the increased solubility and expression yields of the
Va domain, since the hydrophobic residues (Chothia
et al., 1988), which in a native TCR interact with
corresponding VpB residues, may no longer be
exposed in the homodimer.

These observations prompted the construction of
the plasmid scVaVpBpelBHis (Fig. 1) in which the
Va domain is covalently linked to the Vf domain as
a scTCR fragment, using the same linker peptide
that has been used to link immunoglobulin heavy
and light chain variable domains as single chain Fv
fragments (Huston e al., 1988). In this construct,

the aims were: (1) to stabilize the Va-Vf association,

since recent work suggests that co-expressed Vo and

VB domains derived from the 1934.4 hybridoma
(Ward, 1991) do not associate (unpublished
results). This lack of heterodimer formation may be
in part, at least, due to the dimerization of the Va
domain. It may also be that for this particular
Va-VB pair the association of the Va and VB
domains is not stable. In this respect, variations in
the stability of VH-VL association for different
immunoglobulin fragments have been observed
(Skerra & Pliickthun, 1988; Ward et al., 1989).
(2) To improve the solubility properties of the VB
domain since association with the Va domain,
driven and stabilized by the single chain linker, may
“cap off’ the exposed hydrophobic residues
(Chothia et al., 1988).

As a single chain polypeptide, the 1934.4 derived
scTCR could be secreted into the periplasm and
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Figure 3. Analysis using circular dichroism of the
recombinant TCR proteins. (a) The spectrum for the Va
domain is represented by a continuous line, for the V§
domain by a broken line and for the scTCR by a dashed
and dotted line. (b) The spectrum for the D1.3 scFv
fragment. All spectra were smoothed and baseline
corrected. The construction of a plasmid derivative of
pSW2 (Ward et al., 1989) for the secretion of the D1.3
scFv has been described (McCafferty et al., 1990).
Transformants harboring this plasmid were grown up,
induced for expression and protein purified from the
culture supernatant using lysozyme-Sepharose (Ward et
al., 1989). c.d. analyses were carried out using an AVIV
model 60DS circular dichroism spectrophotometer at
25°C and a cell of 0-2 em path length. Concentrations of
proteins (in 10 mym-NaH,PO, (pH 7-0)) used varied from
1 um to 7-8 um. For the determination of concentration,
purified proteins (Va, VB, s¢cTCR and D1.3 scFv) were
subjected to quantitative amino acid hydrolysis.

purified in yields of approximately 0:5 to 1 mgj/litre
of culture using Ni**-NTA agarose. Figure 2 shows
an SDS/polyacrylamide gel analysis of the purifica-
tion of this protein. For the scTCR in particular,
lower growth and induction temperatures of 25 to
30°C resulted in higher expression yields. In this
respect, similar observations have been made for the
expression of other recombinant proteins in E. coli
(Takagi et al., 1988). The scTCR could also be
purified using an affinity column, made by linking
the monoclonal antibody KJ16 (specific for murine
VB8: Kappler et al., 1988) to Sepharose, which indi-
cates that the epitope recognized by this mono-
clonal antibody is in the correct conformational
state in the recombinant scTCR.

To assess the folded state of the recombinant
TCR fragments, c.d. spectral analyses were carried
out (Fig. 3(a)). The D1.3 single chain Fv fragment
(D1.3 scFv; McCafferty et al., 1990) has also been
purified and characterized using c.d. (Fig. 3(b)). c.d.
spectra were obtained for each of the recombinant
proteins at several different concentrations, and
Figure 3 shows representative spectra. The minima
in the curves at 218 nm for all of these proteins
indicates the presence of a high proportion of
B-pleated sheet structure (Brahms & Brahms, 1980;
Johnson, 1990). The spectrum for the Va domain
also has a peak at 205 nm, and this may indicate
the presence of f-turns (Brahms & Brahms, 1980).
In addition, from these spectra it can be concluded

that there are no a-helical regions in the recombi-
nant TCR fragments, nor the D1.3 scFv. This latter
observation is consistent with the proposed struc-
tural models for TCR extracellular domains
(Novotny et al., 1986; Chothia et al., 1988), and the
structure of the crystallographically solved D1.3 Fv
fragment (Bhat et al., 1990).

Thus, the data indicate that single Va, VB
domains and single chain heterodimeric TCRs
derived from an encephalitogenic T cell hybridoma
can be expressed and purified in yields ranging from
0-1 to 2 mg/litre of bacterial culture. Novotny et al.
(1991) have recently reported the expression of a
single chain anti-fluorescein TCR in E. coli. In
contrast to the findings with the 1934.4 TCR,
however, the anti-fluorescein scTCR could not be
isolated from the periplasm, although the leader
sequence had been cleaved from the N terminus of
the recombinant protein. This scTCR was found to
be relatively insoluble, and therefore genetic mani-
pulation was used to replace five of the ‘“‘exposed”
hydrophobic residues with hydrophilic ones
(Novotny et al., 1991). The observed solubility
differences between the anti-fluorescein scTCR and
the 1934.4 derived scTCR could be due to: (1)
sequence differences between the two scTCRs.
Sequence comparisons indicate that there are rela-
tively hydrophilic residues in the 1934.4 TCR at the
positions corresponding to three out of five of the
hydrophobic residues that were replaced by more
hydrophilic residues in the anti-fluorescein TCR. (2)
The different orientation of the Vo domain with
respect to the VB domain in the two constructions
used to express the scTCRs. (3) The different condi-
tions (particularly growth/induction temperature)
used for expression of the recombinant proteins in
the two studies.

Structural analysis using c.d. indicates that the
recombinant 1934.4 derived TCR fragments contain
a high proportion of B-pleated sheet structures.
Although molecular modeling has indicated that the
extracellular domains of TCRs may resemble
immunoglobulin Fv and Fab fragments in structure
(Novotny et al., 1986; Chothia et al., 1988), to date
this has not been demonstrated experimentally. The
ability of the Va, VB domains and heterodimeric
scTCR to inhibit the binding of the 1934.4 T cell
hybridoma to cognate peptide-MHC complexes
(N terminus residues 1 to 11 of myelin basic protein
associated with the MHC class II protein I-A%
Wraith et al., 1989) is of particular interest, and is
currently being assessed. It is conceivable, however,
that soluble TCR fragments are ineffective inhibi-
tors of the multivalent, high avidity, interaction
(Harding & Unanue, 1990) of T cell borne antigen
receptors with peptide-MHC complexes. Data also
suggest that the tripartite interaction of “native”
TCR on CD4* T cells with peptide-MHC complexes
is stabilized by contacts between CD4 residues and
the MHC class IT molecule (Sleckman et al., 1987;
Fleury et al., 1991). The absence of this “co-
receptor” in the recombinant TCRs will therefore
decrease the avidity of the interaction further.
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This rapid method for the production of soluble,
heterodimeric TCRs can be readily extended to the
production of soluble TCRs of different specificities,
derived from other species such as man. This opens
up new avenues for immunotherapy and diagnosis,
particularly in relation to T cell-mediated auto-
immune diseases. For example, recombinant TCR
fragments (single domains or heterodimers) could be
used in vaccination to protect and reverse disease
induction. A similar approach, in which synthetic
TCR-derived peptides were used for the treatment
of experimental allergic encephalomyelitis (EAE) in
Lewis rats has been reported (Vandenbark et al.,
1989; Howell et al., 1989). The soluble TCRs could
also be used in immunization to generate anti-clono-
typic antibodies (Devaux et al., 1991), which could
have uses in both passive immunization and diag-
nosis. Finally, in addition to the use of single chain,
heterodimeric TCRs for structure-function studies
directed towards the mapping of the residues that
are involved in binding to cognate peptide-MHC
complexes, the TCR fragments are produced in
sufficient quantities to allow high resolution struc-
tural analyses.
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