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ABSTRACT We have detected rearrangement and expres-
sion of a gene encoding a T-cell antigen receptor a chain in the
keyhole limpet hemocyanin (KLH)-specific, inducible suppres-
sor-T-cell (TJ) hybridoma 34S-281 (BW5147 lymphoma-
C57BL/6 TJ) by using a-chain cDNA clones isolated from this
T, hybridoma. The cDNA clones have a restriction length
polymorphism in the constant region that identifies them as
being of C57BL/6 origin. The cDNA sequence has an ATG
start codon for an open reading frame including variable,
joining, and constant gene segments. Furthermore, the Ts
a-chain gene transcripts were detected on membrane-bound
polysomes by RNA blot analysis using a variable-region frag-
ment from one of the a-chain cDNA clones as probe, suggesting
that they are actively translated in the Ts hybridoma. As the
f8-chain gene is deleted in all Ts hybridomas analyzed, and since
a disulfide-linked dimer is detectable by two-dimensional
NaDodSO4/PAGE of lysates of surface-radioiodinated T., we
suggest that T, antigen receptors are either a-chain homodim-
ers or heterodimers composed ofthe a chain in association with
an undefined chain.

Helper and cytotoxic T lymphocytes express an antigen-
specific receptor composed of a and A subunits, which are
encoded by separate genes (1-4). However, the subunit
composition ofthe antigen receptor on suppressor T cells (Ts)
remains to be solved; several investigators have reported
discrepant results, demonstrating that some Ts lines and
hybridomas express a- and p-chain genes, whereas some do
not (5-9) despite having their Ts function. Thus, two points
should be discussed in this regard. (i) Ts expressing a- and
13-chain genes are likely to be cytotoxic T lymphocytes with
immunoregulatory activity (because of their specificity for
immunocompetent cells) but not factor (Ts factor, TsF)-
producing Ts, which were described by Gershon and Kondo
(10) and by Tada and associates (reviewed in ref. 11). (ii)
Some Ts use the same set of genes as helper and cytotoxic T
lymphocytes, whereas some use entirely different sets of
receptor genes.
Two types of Ts hybridomas have been established in this

laboratory and maintained for more than 7 years, after fusion
of keyhole limpet hemocyanin (KLH)-primed Ts ofC57BL/6
mice and BW5147 lymphoma cells derived from an AKR
mouse (reviewed in ref. 12). One type is represented by
hybridomas 34S-18 and 34S-704, which produce TsF com-
posed of two chains (45 kDa and 28 kDa) with KLH-binding
activity and mediating KLH-specific and H-2b-restricted
suppressor function. The other type is the inducible Ts
hybridoma (34S-281) complementary to 34S-18 or 34S-704.
The inducible hybridoma is activated and starts to produce
another TsF with KLH-specific and H-2b-restricted suppres-

sor activity after stimulation by KLH-specific TsF of the
two-chain type (13) or by an anti-KLH monoclonal antibody
with suppressor activity (14).

Molecular studies on these Ts hybridomas have indicated
that Ts do not use the A-chain gene, because only the
BW5147-type rearrangement pattern was observed by South-
ern blot analysis. No additional rearranged bands or germ-
line bands were detected (6). (In ref. 6, lines 281-31 and
281N3-1, 704F3, and 18F2 are the subcultured lines of
34S-281, 34S-704, and 34S-18, respectively. Line 281-31 is an
activated, and 281N3-1 an unactivated, subcultured line of
34S-281.)

In this communication, we describe the isolation and
nucleotide sequence of Ts a-chain cDNA clones. The nucle-
otide sequence corresponds to a potentially functional a-
chain message composed of variable (V), joining (J), and
constant (C) segments without a frameshift, a stop codon, or
a deletion in the reading frame. The V segment of the Ts
a-chain appears to be actively rearranged and expressed in
the Ts hybridoma, but not in BW5147, and belongs to a Va
family distinct from those previously reported (15). As the
3-chain genes are deleted in all Ts hybridomas tested, the
possible involvement of an undefined chain in the formation
of the Ts antigen receptor is discussed.

MATERIALS AND METHODS
Cell Lines. Characterization of the antigen-specific Ts

hybridomas 34S-704, 34S-18, and 34S-281 has been described
(reviewed in ref. 12). For DNA and RNA extractions, cells
were grown to a density of 106 cells per ml in Petri dishes.
After three washes with phosphate-buffered saline, cell
pellets were frozen in liquid nitrogen and stored at -80°C.
Ca Probe. A cDNA clone (Ta-802) encoding the V-J-C

a-chain message was isolated from a C57BL/6 thymus cDNA
library by screening with three synthetic oligodeoxynu-
cleotides (21-mers) corresponding to the C region of a-chain
gene. A 590-base-pair (bp) Nco I fragment from this clone
was used as the C, probe (Fig. 2b).
DNA Blot Analysis. DNA was digested with restriction

enzymes and separated by electrophoresis according to
standard methods (16). DNA was blotted to nitrocellulose by
the procedure of Southern (17). After hybridization, the
filters were washed with 2x SSC/0.1% NaDodSO4 ( x SSC
is 0.15 M NaCl/0.015 M sodium citrate) at 65°C and then with
0.1x SSC/0.1% NaDodSO4 at 650C. Air-dried filters were
exposed at -80°C to Kodak XAR-5 film with intensifying
screens for one to several days. Long exposures were carried
out for at least 1 week.

Abbreviations: KLH, keyhole limpet hemocyanin; T, suppressor T
cell(s); TsF, T, factor(s); V, variable; J, joining; C, constant; bp, base
pair(s); kb, kilobase(s).
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RNA Blot Analysis. RNA was isolated by a modification of
the method of Glisin et al. (18). Poly(A)+ RNA (2 ,ug),
purified by oligo(dT)-cellulose column chromatography, was
resolved by electrophoresis in a 1% (wt/vol) agarose gel
containing 2.2 M formaldehyde, 20 mM 4-morpholinepro-
panesulfonate (pH 7.0), 15 mM sodium citrate, and 1 mM
EDTA, as described (19). After hybridization, the filters were
washed and exposed as described in the previous section.
Membrane-bound polysomes were separated from free poly-
somes by differential centrifugation (20) and then collected by
magnesium precipitation (21). Poly(A)+ RNA of membrane-
bound polysomes was isolated as described (18, 19).
cDNA Cloning. A cDNA library of 2.5 x 106 plaque-

forming units was constructed in the XgtlO vector, using 1 jig
of poly(A)+ RNA from the hybridoma 34S-281 according to
the method of Davis and coworkers (22), and screened with
the Ca probe as described (23).
Sequence Determination. Restriction fragments were sub-

cloned into both M13mpl8 and M13mpl9 vectors, and
nucleotide sequences were determined by the dideoxy chain-
termination method (24) (see Fig. 3).

Two-Dimensional Gel Electrophoresis. EL-4, 34S-281, and
BW5147 cells (107) were radiolabeled with Na125I as de-
scribed (25). After labeling, cells were lysed with Nonidet
P-40 and radioactive materials were analyzed by two-dimen-
sional NaDodSO4/PAGE under nonreducing conditions in
the first dimension and under reducing conditions in the
second dimension according to the method of Goding and
Harris (26).

RESULTS

T, a-Chain Genes in Hybridomas. We first searched for a
DNA restriction fragment length polymorphism on the ge-
nome around the Ca gene of C57BL/6 and AKR mice,
because our Ts hybridomas were derived by fusion of
C57BL/6 Ts with the AKR lymphoma BW5147. A Bgl I site
was found to be polymorphic between these two strains.
Southern blot analysis of Bgl I-digested DNA (Fig. 1)
revealed that the Ca probe detected a 12-kilobase (kb)
fragment in AKR and a 9.4-kb fragment in C57BL/6 kidney
DNA, whereas both fragments were detected in DNA from
the Ts hybridomas, indicating that the hybridomas had
retained the a-chain genes of Ts origin in their genomes for
more than 7 years. This is quite in contrast to the 8-chain
genes, which have been deleted in all these hybridomas (6).

Cloning of T. a-Chain cDNA. To determine whether the
a-chain gene of Ts origin that was detected is active or not,
we prepared a XgtlO phage cDNA library from mRNA of Ts
hybridoma 34S-281 and screened the library with the Ca
probe. About 260 clones were isolated from the phage library

1 2 3 4 5 6

12 kb -
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Lanes: 1, AKR kidney; 2, BW5147; 3, 34S-281; 4, 34S-704; 5, 34S-18;
6, C57BL/6 kidney. DNAs were digested with Bgl I and hybridized
with the Ca probe. Fragment sizes are indicated in kb.

of 2.5 x 106 plaque-forming units, and 130 positive clones
were further analyzed to determine whether they were of
C57BL/6 or AKR origin by detection of the polymorphic
restriction site in the Ca region. The Hpa II site in this region
is polymorphic between AKR and C57BL/6. Therefore,
cDNA clones isolated were double-digested with Nco I and
Hpa II restriction enzymes, and Southern hybridization was
carried out using the CQ probe. As shown in Fig. 2, three
clones, nos. 13, 26, and 46, were shown to be of C57BL/6
origin, whereas other clones, like nos. 3 and 58, were found
to be of AKR origin. The results indicate that the a-chain
gene of Ts origin is in fact transcribed and processed into
mRNA in the Ts hybridoma 34S-281.

Nucleotide Sequence Analysis of Ts a-Chain cDNA Clones.
Restriction fragments of two overlapping Ts a-chain clones
(nos. 46 and 104) were subcloned into M13 vectors and
sequenced by the dideoxy method (Fig. 3). The nucleotide
sequence (Fig. 4) shows an ATG start codon for a long open
reading frame with V, J, and C segments. When the deduced
amino acid sequence was compared with that of the TT11
a-chain cDNA clone of BW5147 origin (1), several common
residues were observed in both V (30/93 residues) and J (9/22
residues) regions, which also contain most of the highly
conserved residues (12/14 residues in the V region and 4/4 in
the J region, as indicated by underlines) encoded by V- and
J-region genes for the heavy and light chains of immunoglob-
ulin or the P and other a chains of the T-cell receptor (2). The
cysteine residues at positions 23 and 90 are conserved in the
Ts a-chain clones. Furthermore, the C-region sequence is
exactly the same as that of the TT11 cDNA clone at the amino
acid level. However, there are two silent mutations (under-
lined) at the nucleotide level, one of which creates the
C57BL/6-specific Hpa II site in the C region. In the 3'
untranslated region, there are five point mutations (under-
lined) and an 18-nucleotide long insertion (underlined) by
which the Hpa II site present in 3' untranslated region of
AKR is lost in C57BL/6.
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FIG. 2. (a) Southern blot analysis showing AKR vs. C57BL/6
strain polymorphism of Hpa II site within the C region. Lanes: 1,
clone 13; 2, clone 26; 3, clone 46; 4, clone Ta-802 from C57BL/6
thymocyte library; 5, clone 3; 6, clone 58. DNAs were digested with
both Nco I and Hpa II and hybridized with the Ca probe. Fragment
sizes are indicated in bp. The larger band in lane 3 is the clone 46 Hpa
II/EcoRI fragment with XgtlO vector sequence. (b) Restriction maps
of cDNA clones. The EcoRI sites at the ends of clones were created
by EcoRI-linker ligation. Restriction sites: R, Rsa I; N, Nco I; E,
EcoRV; A, Ava II. Hpa sites are indicated by thick arrows. Open box
at the top stands for the 1.7-kb, full-length cDNA structure. UT,
untranslated region; L, region encoding the leader peptide. Solid line
at the bottom indicates the C, probe 590-bp Nco I fragment from
clone Ta-802.
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FIG. 3. Restriction map of overlapping cDNA clones 46 and 104
and strategy of sequencing. E, EcoRI; P, Pvu II; R, Rsa I; H,
HindIII; Hc, HincII. Arrows indicate direction and extent of se-
quencing. EcoRI-Pvu II fragment of clone 46 used as the V46 probe
is indicated by solid line. Clone 104 was isolated by using the V46
probe from the 34S-281 cDNA library.

The V region of T, a-chain gene (designated Va281) was
examined for homology with known Va gene families. The
data indicate that the Va281 gene has at most 34% homology
(at the amino acid level) to other Va gene families reported
(15). Most intriguing is the finding that the Va281 gene
encodes an additional cysteine residue at amino acid position
19. As an identical V gene has not been reported, to our
knowledge, the Va281 gene belongs to a new Va family. The
J sequence of the T, a-chain gene is the same as that used in
two C57BL/6-derived helper-T-cell clones, LB2 and FN1-18
(27).
Expression and Rearrangement of the T. a-Chain Gene.

RNA blot analysis with total and membrane-bound mRNA
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FIG. 4. Nucleotide sequence of T, a-chain gene obtained from
overlapping clones 46 and 104. Deduced amino acid residues are
shown (standard one-letter abbreviations) above the DNA sequence.
Underlined amino acid residues are highly conserved among immu-
noglobulin heavy and light chains and T-cell receptor a and ,8 chains.
5'-Untranslated (5'UT), leader (L), V, J, C, and 3'UT regions are
indicated. L/V and V/J boundaries are approximate. Underlined
nucleotides are polymorphic between C57BL/6 and AKR.

FIG. 5. (a and b) RNA blot-hybridization analysis of T, hybrid-
oma (34S-281) and BW5147 lymphoma mRNA with the Ca probe (a)
and the V46 probe (b). Lanes: 1, BW5147 total poly(A)+ RNA; 2,
34S-281 total poly(A)I RNA; 3, 34S-281 membrane-bound polysomal
poly(A)+ RNA. Size markers represent 28S and 18S ribosomal RNA.
The same amount of RNA (5 ,ug) was loaded in each lane. The
exposure time of the autoradiograms was 12 hr (a) or 1 week (b). (c)
Southern blot analysis showing the Va,281 gene rearrangement in the
T, hybridoma detected by the V46 probe. Lanes: 1, AKR kidney; 2,
BW5147; 3, 34S-281; 4, C57BL/6 kidney.

from the T. hybridoma 34S-281 was carried out using the V46
(EcoRI/Pvu II fragment of clone 46, as shown in Fig. 3) and
Ca probes. The Ca probe detects two RNA species, of 1.7 kb
and 1.3 kb, in the hybridoma as well as in BW5147 cells (Fig.
Sa). However, this Ts hybridoma expresses a 1.7-kb mRNA
that hybridizes with the V46 probe, whereas this mRNA is
absent from BW5147 (Fig. Sb). It is likely that the 1.7-kb
mRNA contains V-J-C sequences, whereas the 1.3-kb mRNA
lacks the V sequences, because it is not detected by the V46
probe. Moreover, the 1.7-kb mRNA is also present in mRNA
from membrane-bound polysomes of 34S-281 (Fig. Sb, lane
3), suggesting that the mRNA hybridized with the V46 probe
represents the productive V-J-C species. From these results,
we conclude that the T, a-chain gene transcript is potentially
functional and is expressed in Ts. However, from RNA blot
analysis and cloning efficiency of the T, a-chain cDNA, the
V46-positive (1.7-kb) mRNA is estimated to be about 10% as
abundant as the V46-negative (1.3-kb) mRNA in the hybrid-
oma.
Rearrangement of the Va281 gene was analyzed by South-

ern blot hybridization with the V46 probe. The results show
several common bands, as well as rearranged bands present
only in the 34S-281 DNA (Fig. Sc). The BamHI restriction
patterns of the hybridoma DNA show missing bands at 12 kb
and 23 kb, which are detected in C57BL/6 kidney DNA, as
well as one additional band at 8.5 kb. Rearrangements were
also detected with the restriction enzymes EcoRI, HindIII,
and Pst I (data not shown). Thus, the Va281 gene is
rearranged in the T, hybridoma 34S-281.
Two-Dimensional Gel Electrophoresis. To detect disulfide-

linked T, antigen-receptor molecules on 34S-281 cells, two-
dimensional NaDodSO4/PAGE was carried out. Disulfide-
linked molecules with a molecular mass of 37-44 kDa were
prominent in the 34S-281 T, hybridoma, as well as in EL-4
lymphoma (positive control). However, such molecules were
barely detectable in BW5147 (Fig. 6).

DISCUSSION
We report here the successful isolation and sequencing of a
potentially functional a-chain cDNA clone from a functional
KLH-specific T, hybridoma. The hybridoma (34S-281) was
derived by fusion of BW5147 cells (of AKR origin) with
C57BL/6 Ts. The cDNA clones 46 and 104 were identified as
a-chain clones of C57BL/6 T, origin because they contain the
C57BL/6 allele (absent in AKR) of a polymorphic Hpa II
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FIG. 6. Two-dimensional NaDodSO4/PAGE of '25I-labeled cell
lysates of EL-4 (a), 34S-281 (b), and BW5147 (c). The samples (106
cpm) were electrophoresed in a NaDodSO4/8% polyacrylamide gel
under nonreducing conditions in the first dimension and then in a
NaDodSO4/10% polyacrylamide gel under reducing conditions in the
second dimension. Arrows indicate the positions of disuffide-linked
dimers with approximate molecular sizes of 36-48 kDa in EL-4 (a)
and 37-44 kDa in 34S-281 (b). Positions and sizes (kDa) of markers
are shown at left.

restriction site in the C region. By using the V46 probe (see
Fig. 3), we detected specific DNA rearrangement and tran-
scripts of the Ts a-chain gene in the hybridoma.
That the Ts a-chain gene we have detected is potentially

functional and likely to be expressed is indicated by the
following. First, the cDNA has an ATG start codon and
encodes a V-J-C polypeptide without frameshifts, stop codons,
or deletions in the reading frame, although nonproductive
messages have been demonstrated to arise in T cells byjoining
events that cause a frameshift, by rearrangement of a pseudo-
gene segment, or by initiation of transcription 5' to the J gene
segment (15). Second, transcripts were detected with the V46
probe in blot analysis ofmRNA isolated from membrane-bound
polysomes, suggesting that the mRNA is actually translated in
the Ts hybridoma.

Analysis of the deduced amino acid sequence of the Ts
a-chain cDNA indicates that the sequence of the C region is
identical to that ofthe Ca gene segments obtained from helper
and cytotoxic T lymphocytes (1, 2). The V region of the Ts
a-chain gene (Va281) shares many residues not only with the
V and J regions of a BW5147 a-chain clone (TT11), but also
with those of genes for immunoglobulin heavy and light
chains and chains and other a chains of the T-cell receptor.
However, there are several notable properties of the Va281
gene. (0) An additional cysteine residue is encoded at position
19. This residue may be responsible for a unique conforma-

tional change of the V-region structure or for interaction with
another molecule to construct a dimeric T, receptor. (ii)
Va281 belongs to a Va family different from the Val-ValO
families reported by Arden et al. (15). (iil) The copy number
of the Va281 family in C57BL/6 (three) is different from that
in AKR (two) (Fig. Sc).

T, hybridoma 34S-281 is quite stable and active. It can be
induced to produce TsF, which suppresses an anti-dinitro-
phenyl (Dnp) IgG secondary response to KLH-Dnp. This
induction occurs after simulation either by KLH-specific TsF
of the two-chain type (13) or by a particular monoclonal
anti-KLH antibody with suppressor activity (14). This acti-
vation of the hybridoma has been found to be mediated
through the receptor on Ts, which works as a stereocopy of
the KLH epitope predominantly seen by regulatory lympho-
cytes (28).
The cDNA clones isolated from the hybridoma contain the

sequence of a productively rearranged a-chain gene. More-
over, disulfide-linked dimeric molecules of the apparent
molecular mass expected for the T-cell receptor a and p
chains are detected in the T, hybridoma. It is thus quite likely
that the T, a chain is expressed in T. as a functional molecule.
As the T, receptor expresses the specific idiotypic determi-
nant, the possibility that the T, a-chain is associated with the
BW5147 P-chain to construct the functional T, receptor
seems unlikely.

If the a chain is responsible for construction of an antigen
receptor on Ts, the Ts antigen receptor may be an a-chain
homodimer or a heterodimer composed of the a chain in
association with an undefined chain (other than the 8-chain,
because the p-chain gene is deleted on all T, hybridomas). It
has been reported that the gene encoding the putative "y
chain" is rearranged and transcribed in some T lymphocytes
(29, 30). Therefore, it is possible that the y chain is a subunit
of the Ts antigen receptor, in association with the Ts a chain.
However, the y gene is not always expressed in KLH-
specific Ts hybridomas. Low levels of y-gene transcripts are
detected in the 34S-281 Ts hybridoma, whereas none is
observed in the other KLH-specific Ts hybridomas, 34S-704
and 34S-18 (unpublished observation). Therefore, in general,
the Ts antigen receptor is not likely to be an a/ y heterodimer.
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