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There is considerable controversy as to whether or not the genes encoding the
T cell antigen receptor are homologous to immunoglobulin gene segments.
Results from a number of different experiments have been interpreted as
evidence that T lymphocytes utilize heavy chain variable (V)" regions to bind
specifically to antigen. For example, some antiidiotypic and anti-Vy framework
sera interfere with T cell function and /or bind to antigen-specific factors secreted
by T cells (1-3). In several cases, the gene encoding the cross-reactive determi-
nant expressed by the T cells is linked to the immunoglobulin heavy chain gene
cluster (4-9). Also, the genes encoding a series of T cell alloantigens have been
mapped to chromosome 12, between the Cy gene locus, Igh-1, and the preal-
bumin gene (9, 10). Recently, these alloantigens have been detected on antigen-
binding factors secreted by T cells (11-13). It has been proposed that the
antigenic determinants encoded by Cy-linked genes are T cell isotypes that may
be expressed in conjunction with Vy gene segments (10, 14). Furthermore, some
T lymphocytes contain rearranged Ju gene segments or a C, transcript (15-23).
This may indicate that the mechanisms controlling Vy-D-Ju joining and immu-
noglobulin transcription also operate upon homologous sequences in the synthesis
of T cell antigen-binding receptors.

Experiments that report the expression of Vy serologic determinants by T
lymphocytes have provided the most extensive and convincing data in support
of Vy gene transcription by T cells. However, the serologic data are indirect,
and there are three possible ways to interpret them. First, T and B cells
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responding to the same antigen may express highly similar or identical Vi gene
segments. This is unlikely since, in several experimental systems the receptor
synthesized by T cells responding to an antigen does not share all the serologic
determinants present on the immunoglobulin synthesized by B cells responding
to the same antigen (1, 24). In addition, we and others have demonstrated that
idiotype-positive T and B lymphocytes that respond to the same antigen do not
transcribe highly similar Vy gene segments (25, 26). Second, it is possible that T
cells use the repertoire of Vy genes differently than B cells do. This might occur
because T lymphocytes do not express light chain genes (3, 4) or because T cells
recognize antigen in the context of syngeneic MHC gene products. If this were
true, then T cells responding to an antigen may transcribe Vu gene segments
that have limited structural similarity to those transcribed in B cells responding
to the same antigen, although these different Vy gene products could share some
idiotopes. Finally, it is possible that the Vy cross-reactive determinants present
on T cells and T cell factors are not the products of Vy genes.

In this paper, we report our attempts to determine whether any Vy gene
segments are expressed in T lymphocytes. cDNA libraries were constructed from
a suppressor T cell hybridoma specific for the synthetic polypeptide GAT, and
from two helper T cell hybridomas, one specific for HGG and the second
responding to KLH. The ¢DNA libraries were hybridized with two sets of
probes; each set capable of detecting a wide range of Vu gene segments. In
constructing the probes, no assumptions were made concerning the degree of
homology between the B cell heavy chain variable regions binding GAT, HGG,
or KLH and Vy gene transcripts that might be present in the T cell hybridomas.
One set of probes was a synthetic oligonucleotide complementary to a conserved
sequence found at the 3’ end of many mouse Vy gene segments and a single-
stranded ¢DNA synthesized primarily from the heavy chain variable genes
present in spleen RNA. The second set of probes was two cloned Vyu gene
segments, one from the Vyll gene subgroup and one from the Vulll gene
subgroup. The cDNA libraries were sufficiently large so that the chance of
detecting a sequence found in the nonabundant messenger RNA class (10-20
copies per cell) was excellent. Since no Vy-containing cDNA colonies were found,
we conclude that Vi gene segments are not likely to encode the T cell antigen-
binding receptor.

Methods

RNA Preparation. T cell hybridomas were grown in liquid culture and harvested. The
cell pellets were lysed in guanidinium thiocyanate, and the RNA was prepared by
centrifugation through a cushion of cesium chloride (27). The percent yield and the
amount of RNA per cell were estimated using a recovery marker as previously described
(20). RNA was similarly prepared from spleens of 6-mo old BALB/c Cum mice. Poly(A)*
RNA was purified by two cycles of oligo(dT)-cellulose chromatography (28).

cDNA Synthesis. Double-stranded cDNA was synthesized as described (29, 30). First
strand synthesis was initiated by random priming using sheared calf thymus DNA (31).
The double-stranded cDNA was fractionated by gel filtration and the material ranging in
size from 400 to 1,500 base pairs was pooled. The average length of the cDNA was ~800
base pairs. The cDNA was cloned into the Pst I site of the tetracycline-resistant plasmid
pBR322 by annealing dC-tailed cDNA to dG-tailed vector (32). Bacterial strain MC1061
(33) was transformed with ¢cDNA and the transformants were selected with tetracycline
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(34). We obtained ~10° colonies per ug of cDNA. Transformation with vector alone (dG-
tailed pBR322) yielded a 2% background.

Synthetic Oligonucleotides. 'Two undecamers were synthesized separately by Dr. S. Hor-
vath (Califorma Institute of Technology) by the phosphite coupling method (35, 36). The
sequences were verified by the method of Maxam and Gilbert (37). The oligonucleotide
probes were labeled with 5’-[y-**P]dATP to a specific activity of >2 uCi/ pmol using T4
polynucleotide kinase (38). Filters were prehybridized and hybridized with the radioactive
oligonucleotides at 4°C as previously described (25). The filters were washed with several
changes of 5X SET (0.75 M NaCl/0.15 M Tris, pH 8.0/5 mM EDTA) with 0.1% sodium
pyrophosphate between 12 and 20°C and were then exposed to film.

Specially Primed cDNA Made from Spleen RNA. The primer was prepared by purifying
a 2-kb Hpa II fragment containing the four Ju coding sequences from a subclone derived
from the bacteriophage lambda clone ChSp 27, which contains germline BALB/c DNA.
This-2-kb fragment was then digested with the restriction enzymes Dde I, Hae I11, Pst I,
and Rsa 1. This results in a number of restriction fragments, including four that contain
part of the Ju coding sequences (21). The restriction fragments were denatured by boiling
and annealed to poly(A)* RNA from spleen. cDNA synthesis primed with the annealed
Ju fragments was carried out as described (29). The concentration of o-**P-labeled and
unlabeled deoxynucleotide triphosg)hates was adjusted so that the synthesized material
had a specific activity of 2-3 X 10° cpm/ug. RNA in the reaction was hydrolyzed with
alkali and the single-stranded cDNA was separated from unincorporated nucleotides by
gel filtration. The yield of cDNA was ~0.5% the mass of spleen RNA in the reaction; a
fourfold stimulation over a reaction with no added primer. Filters were prehybridized at
50°C and hybridized at the same temperature with 5 ng/ml of Ju-primed cDNA for 48
h. Conditions were otherwise as previously described (25). Filters were washed at 50°C in
several changes of 5X SET /0.1% sodium pyrophosphate/0.1% SDS before exposure to
film.

V Region Probes. The plasmid pl07V1 contains the entire gene segment coding for
the heavy chain variable region expressed in the §107 myeloma (39). The Vy gene can
be separated from the pBR322 vector DNA by digestion with Pst 1. The plasmid pVHjs
obtained by the laboratory of Dr. Sam Strober, was provided by Dr. Michael McGrath,
Stanford University. This plasmid has a 1-kb Bam HI fragment that contains the heavy
chain variable gene expressed by the BCL1 lymphoma (40). The 1-kb Bam HI fragment
of pVH; and the 445 base pair Pst I fragment of pl07V1 were nick translated (41) to a
specific activity of 1-8 X 10°® cpm/ug. Filters hybridized with these probes were handled
as described for the Jy-primed cDNA except that the probe was present at a concentration
of 0.2-1.0 ng/ml.

Colony Hybridization. Nitrocellulose filters (HATF 13750, Millipore, Bedford, MA)
were replica plated and prepared for in situ hybridization as described (42). Duplicate
filters were annealed with each probe. For each screening, a positive control filter with
colonies containing a heavy chain variable gene segment (MOPC21) was hybridized in
parallel (Fig. 1).

Southern Blots. Plasmid DNA was prepared from clones isolated from the cDNA
libraries. This DNA was digested with various restriction endonucleases, separated by
molecular weight in 1% (wt/vol) agarose gels and transferred to nitrocellulose (43). The
filters were then hybridized with the synthetic oligonucleotides or the Ju-primed spleen
c¢DNA as described above.

DNA Sequencing. Restriction fragments were labeled at the 5’ end with **P-y-dATP
using polynucleotide kinase (37) or labeled at the 3’ end with *?P-a-cordycepin-5’-
triphosphate using terminal deoxynucleotidyl transferase (44). The labeled fragments
were cut internally with a second enzyme and those isolated fragments were sequenced
according to the method of Maxam and Gilbert (37).

Results

c¢DNA libraries were constructed from three different T cell hybridomas.
Some features of the three hybrid cell lines are summarized in Table 1. These
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FIGURE 1. Positive control hybridizations to cDNA colonies containing a cloned Vy gene
segment. A circular nitrocellulose filter containing DNA from several thousand identical
pF9V21 (MOPC21) Vi cDNA clones was cut into sections. Hybridization conditions are
described in the Methods section. The hybridization probes were: (2) Radiolabeled synthetic
oligonucleotides. The filter was exposed to film for 12 h. (b) Radiolabeled Ju-primed spleen
cDNA. The filter was exposed for 24 h. (c) pVH, plasmid containing the BCL1 Vy gene. The
filter was exposed for 10 h. The same section of filter was hybridized to the synthetic
oligonucleotides washed to remove the probe and was then hybridized with the Ju-primed
spleen cDNA.

TABLE 1
T Cell Hybrids Used to Construct cDNA Libraries

Hybridoma  Normal T cell parent  Fusion partner Antigen Functional  Refer-
specificity class ence
AODK 10.4 KLH immune B10.D2  AO40.10AG1  KLH + [-A? Helper 60
AODH 7.1 HGG immune DBA/2  AO040.10AGl  HGG + I-E? Helper 60
395A4.4 GT immune B10.S BW5147 GT and GAT  Suppressor 59

cells were chosen for several reasons. First, they have retained function that is
antigen specific, and in two cases MHC restricted. Second, they grow continu-
ously in the absence of irradiated feeder spleen cells that, if present, could
contribute contaminating immunoglobulin sequences to the T cell RNA prepa-
rations (21). Third, the hybridomas are specific for structurally unrelated anti-
gens and are therefore likely to employ rather different antigen-binding recep-
tors. If T lymphocytes do transcribe Vy gene segments, this should increase the
probability that the probes will have sufficient homology to hybridize with a Vi
gene transcript from at least one of the lines. Finally, two hybridomas help B
cells secrete antibody and the third secretes a specific suppressor factor. Since
most reports of idiotype expression by T lymphocytes involve the helper or
suppressor functional subclasses, these types of cells may be best suited for the
detection of Vy transcripts (2, 3, 7). To detect virtually any Vy gene transcript
present in these cells, we employed two experimental strategies for screening the
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c¢DNA libraries.

Hybridization with Synthetic Oligonucleotides and Ju-Primed ¢cDNA. In the first
attempt, two types of probes, synthetic oligonucleotides and a Ju-primed cDNA,
were used to screen the libraries. Each probe will hybridize to a variety of Vy
gene segments, as well as to some sequences that do not contain Vy genes. The
frequency of such non-Vy hybridizing sequences is low, so that a clone hybrid-
izing with both types of probes probably contains a Vy gene segment.

The sequences of the eleven-base synthetic oligonucleotides are 5* GCA CAG
TAA/G TA 3’. These probes are complementary to a highly conserved sequence
found at the 3’ end (amino acids 95-98) of mouse heavy chain variable region
gene segments. A sequence perfectly complementary to either oligonucleotide is
found in 50% (17/34) of the murine Vy genes for which DNA sequence data
are available. The degree of homology of the cloned murine Vy gene segments
to the oligonucleotides is listed in Table II. Furthermore, in those cases for which
no DNA sequence but amino acid sequence data are available, 78% (18/23) of
the mouse immunoglobulin variable regions have tyr-tyr-cys-ala at positions 95~
98, and therefore may share complete homology to one of the probes (45, 46).
However, the oligonucleotide is not long enough to identify unambiguously a
Vi gene segment. Given the number of nucleotides of genomic DNA transcribed
into RNA, and the random chance of occurrence of an I 1-nucleotide sequence,
we calculate that any mouse cell, whether it synthesizes immunoglobulin or not,
should contain about five species of messenger RNA that will hybridize with
each oligonucleotide.?

The second type of probe was a cDNA synthesized from spleen RNA (Fig. 2).
The spleen contains a relatively high proportion of B cells that should express
many different immunoglobulin heavy chains. Therefore, it was possible to,use
Ju DNA as a primer to stimulate the synthesis of a radioactive single-stranded
cDNA complementary to many Vy genes. Using either Southern blots or hybrid-
ization to cloned DNA spotted onto nitrocellulose filters, the specifically primed
cDNA hybridized to all five Vy gene segments that were tested. These include
T15, MOPC21, Vy4B2, V14A, and V14B (V14B did not hybridize on one blot
[21], but did on a second attempt). Since two of the hybridizing gene segments,
T15 and VB2, share <60% homology, this probe should hybridize to a large
number of different Vy sequences. In addition, the specifically primed cDNA
does hybridize to a few cloned DNA segments that do not contain Vi genes (M.
Kronenberg, unpublished observations). There are two explanations for hybrid-
ization to sequences lacking Vy genes: (a) There is a significant amount of cDNA
synthesis in the absence of added primer (see Methods) that should not be
enriched for immunoglobulin sequences. (b) The primer DNA is a mixture of
restriction fragments from both the Ji; gene segments and the intervening and

2 A number of measurements have indicated that most mammalian cells, including lymphocytes,
contain ~10* different sequences or species of mRNA of average length 2 X 10° nucleotides (48—
51). Thus, ~2 X 107 base pairs (= 10* X 2 X 10% of genomic DNA are transcribed into mRNA.
The random chance of any one of the four nucleotides occurring at a particular place in a DNA
sequence is 1/4; therefore, if we ignore the effects of base composition and nearest neighbors, the
probability that an 1l-nucleotide sequence will occur is (1/4)"" = 2.5 x 1077. Multiplying the
probability of occurrence for the undecamer by the number of nucleotides in the mRNA gives the
number of different mRNA species expected to be perfectly complementary to the oligonucleotide,
(2 X 107) (2.6 X 107") = 5.
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TaABLE 11
Homology of Murine Vi Gene Segments to the Hybridization Probes

Homology of cloned Vy gene segments to the

Cloned Derivation hybridization probes

Vu gene of clone* - Comments Reference

segment Synthetic u o storvid BCLI$

decamers

VuT15(V1) G 11/11 100 56 T15 gene family! 39, 70
Vil G 11/11 90 59 T15 gene family 70
Vi3 G 11/11 86 56 T15 gene family 70
S107V1 R 11/11 100 56 T15 gene family 39
M603 R 11/11 98 56 T15 gene family 39
MOPC167 R 10/11 96 56 T15 gene family 71
VI4A G 10/14 75 55 — S. Crews, unpublished
VI14B G 10/11 73 54 — S. Crews, unpublished
Vu76 R 10/11 74 55 —_ 72
V102 G 11/11 58 77 $43 gene family 73
V23 G 10/11 58 78 S$43 gene family 73
V3 G 11/11 59 76 543 gene family 73
V186-1 G 9/11 58 76 543 gene family 73
V186-2 G 10/11 58 76 $43 gene family 73
S43 R 10/11 56 74 5§43 gene family 73
BI1-8 R 10/11 58 76 543 gene family 78
pCHI105 G 10/11 60 8 MPC11 gene family 74
pCHI108A G 11/11 59 82 MPCI11 gene family 75
pCH108B G 11/11 b7 80 MPCI11 gene family 75
MPC1! R 10/11 59 74 MPC11 gene family 76
Vulol G 10/11 59 57 — 71
Vul0l R 11/11 60 57 Related 1o Vy101-G 77
Pj14 G 11/11 57 56 78
Mil41 R 10/11 57 57 Related to PJ14 78
Vud4l G 11/11 71 57 79
UPC1D R 10/11] 70 57 Related 1o Vy441 80
BCL! R 8/11 56 100 — 40
J558 R 11/11 — ¥ —k* — Unpublished
MOPC21 R 11/11 71 58 — 73; this paper
VuB2 R 11/11 54 74 _— 81
VuB49 R 11/11 56 50 — 81
VuGAT R 10/11 57 71 —_ 25
93G7 R 10/11 56 78 — 82
G5B2.2 R 11/11 58 73 — 83, 84

* G, germline Vy gene segment; R, rearranged Vy gene segment. Five gene segments considered to be pseudogenes have not been

included in this compilation.

Synthetic oligonucleotides we synthesized are: 5’ GCACAGTA®/gTA3’. The degree of homology is expressed as a fraction, the

denominator being the length of the oligonucleotides (11) and the numerator being the maximal number of residues homologous

to either undecamer.

§ Percent homology of Vi gene segments to the S107V1 and BCL1 probes. Gaps were introduced where appropriate to compensate
for the different lengths of the hypervariable regions. The complete amino acid sequence of the protein produced by the 5107
myeloma and the nucleotide sequence of the germline gene (V1) encoding this protein are both available. However, the nucleotide
sequence of the rearranged S107V1 ¢cDNA we used as a probe is not complete. Based on the protein sequence we have assumed
the rearranged and germline genes are identicai, although the possibility of a few silent nucleotide substitutions has not been ruled

-

out.

! Gene family denotes a set of closely related sequences. Some members of the T15 family are involved in the response to
phosphorylcholine. Some members of the $43 family are involved in the response 1o NP (4-hydroxy-3-nitrophenylacetyl).

** Insufficient nucleotide sequence data are available.

nearby flanking sequences. Some of the fragments from the noncoding DNA
may prime cDNA synthesis from nonimmunoglobulin sequences in spleen RNA.
It is possible that some of the nonimmunoglobulin sequences that hybridize with
the probe are repeated DNA sequences that are transcribed abundantly in spleen
cells. We have not, however, characterized these hybridizing sequences.

To demonstrate that these probes can detect a Vy sequence we screened a
cDNA library made with RNA extracted from a B cell hybridoma (25). A colony
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FIGURE 2. Synthesis of Ju-primed cDNA from spleen RNA. Coding sequences on the
immunoglobulin heavy chain messenger RNAs are indicated as follows: C, constant region,; ],
joining gene segment; V, and V,, two different Vy; gene segments. The Ju primer is indicated
by the thick horizontal line. The short vertical lines represent hydrogen-bonded base pairs
and the asterisks represent radioactive nucleotides incorporated into cDNA.

that hybridized with both the oligonucleotide and the Ju-primed cDNA (21) was
characterized further. The nucleotide sequence of this cDNA clone (Fig. 3)
indicates that it encodes the MOPC21 heavy chain variable region synthesized
by the P3-X63-Ag8 myeloma parent cell. The clone includes almost the entire
Vi gene segment beginning at the codon for amino acid 2 as well as the entire
D and Ju4 gene segments.

Having determined that these probes were able to detect B cell Vy gene
segments, we screened the three T cell cDNA libraries with the synthetic
undecamers. The filters were hybridized and washed under conditions such that
11/11 homology was required to give a positive signal. 54 positive colonies were
found (Table I1I). A single filter containing three hybridizing colonies is shown
(Fig. 4). The frequency of positives was low, indicating that these cells do not
contain abundant RNA molecules with sequences complementary to the unde-
camers. Northern blots hybridized with the synthetic oligonucleotide gave a
similar result (M. Kronenberg, unpublished observations). In fourteen cases, the
colony that hybridized with the oligonucleotide was isolated and the plasmid
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@ LV ESGSGGL VOGP G 6 S RKLSCAASTGEGTF
1 TGCAGCTGGTGGAGTCTGGGGGAGGCTTAGTGCAGCCTGGAGEGTCCCEGAAACTCTCCTGTGCAGCCTCTGGATTC 77

T F S S F GMHMNWV AR Q@@ APEIKTGLTEWV A Y IS
78 ACTTTCAGTAGCTTTGGAATGCACTGGGTTCGTCAGGCTCCAGAGAAGGGGCTGEGAGTGGGTCGCATACATTAGT 152

§ 6 S S T LHY ADTVKGRTFTTISA ARDNTPKN
153 AGTGGCAGTAGTACCCTCCACTATGCAGACACAGTGAAGGGCCGAT TCACCATCTCCAGAGACAATCCCAAGAAC 227

T LF L Q@GMTSLARSETUDTAMYYTCARWMN®WGNY
228 ACCCTGTTCCTGCAAATGACCAGTCTAAGGTCTGAGGACACGGCCATGTATTACTGTGCAAGATGGGGTAACTAC 302

FIGURE 3. Nucleotide sequence of a Vi cDNA clone (F9V21) detected with the synthetic
oligonucleotides and Ju-primed spleen cDNA. The predicted amino acid sequence is shown
above the DNA sequence. The sequence agrees with one previously reported for the MOPC21
Vi gene (73), except for the 209th nucleotide, which was cytidine instead of adenosine. This
difference is silent with respect to the predicted amino acid sequence. As noted previcusly,
there are six discrepancies between the published amino acid sequence for MOPC21 and the
nucleotide sequence (45, 73). The F9V21 cDNA clone begins in the middle of the codon for
the second amino acid, and contains the entire Vi, D, and Ju4 gene segments. A portion of
the D and the entire Jiy gene segment are not shown. The 11-nucleotide sequence comple-
mentary to one of the synthetic nucleotides is underscored.

TaBLE III
Colony Hybridization Results
Synthetic oligonucleotides Ju-Primed spleen DNA $107 Vg and BCL1 Vy
cDNA
Library Colonies Positive Colonies Positive Colonies Positive
hybridized  colonies TN pibridized  colonies ™Y hybridized  colonies T

AODK10.4 140,000 7 1/20,000 26,000 55 1/500 140,000 0 —
AODH7.1 200,000 4 1/50,000 18,000 10 1/1,800 200,000 0 —
395A4.4 920,000 43 1/21,000 200,000 145 1/1,400 920,000 0 —

DNA prepared from the bacterial clone. Southern blots of this plasmid DNA
also hybridized with the oligonucleotide, thereby confirming the colony hybrid-
ization results (Fig. 5).

Following hybridization with the oligonucleotides, the three cDNA libraries
were screened with the Jy-primed ¢cDNA. To test for colonies homologous to
both probes, all filters that contained a colony that annealed with the oligonucle-
otide were hybridized with the cDNA probe. The frequency of positive colonies
was 15- to 40-fold higher with the Jy-primed spleen cDNA than was obtained
with the synthetic probe (Table III). However, none of the colonies that hybrid-
ized with the spleen cDNA also hybridized with the oligonucleotide (Fig. 4).
Plasmid DNA isolated from fourteen colonies that hybridized with the undeca-
mer was also tested with this probe. None of the isolated plasmid DNA hybridized
with the Jy-primed cDNA (Fig. 5).

Hybridization with Cloned Vi DNA Sequences. Using cloned Vg DNA probes
and hybridization conditions of decreased stringency, it is possible to detect
cDNA colonies containing Vy genes that are only 55-60% homologous to the
probe (S. Crews, unpublished observations, Fig. 1). We therefore screened the
three T cell cDNA libraries with Vy probes from the $107 (Vy subgroup 11I)
and BCL! (Vg subgroup II) tumors. These were chosen because the complete
DNA sequences of these Vy gene segments are available and because fragments
of the appropriate sizes are easily prepared without contaminating vector or
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A B

FIGURE 4. Hybridization of the synthetic oligonucleotides and Ju-primed spleen cDNA to T
cell cDNA colonies. A single circular filter containing several thousand colonies from the
395A4.4 suppressor T cell cDNA library is shown. (A) Hybridization with the synthetic
oligonucleotide. The arrows indicate three colonies to which hybridization of the radiolabeled
synthetic oligonucleotides was detected in a 72-h exposure. A duplicate filter gave the same
pattern of oligonucleotide-positive colonies. (B) Hybridization with the Jy-primed spleen
cDNA. After incubation of the filter at 50°C to remove the hybridized oligonucleotides, the
same filter as shown in (A) was hybridized with the radiolabeled Ju-primed spleen cDNA. The
signal from positive colonies varies and some nonspecific background is present. The filter
was exposed for 48 h. The arrows mark the position of the three oligonucleotide-positive
colonies. None of the colonies hybridized with both probes.

much flanking DNA. However, there were no colonies in the three T cell cDNA
libraries that hybridized with either of these probes. A positive control filter with
colonies containing the MOPC2] Vy gene segment hybridized with pVHs, which
contains the Vy gene expressed in BCL1 (Fig. 1). The MOPC21 and pVH; Vy
gene segments share only 58% homology. Table 1I indicates that the Vy gene
segments for which nucleotide sequences are available have greater than 56%
homology to at least one of our probes. Therefore, it is likely that we could have
detected all of these Vi genes.

Discussion

We have utilized several strategies to evaluate whether T cells express any Vy
gene segments. To accomplish this, we had to construct DNA probes capable of
detecting many different Vy genes. The Northern blot hybridization is the most
direct method to test for a particular transcript present even at the level of a
single copy per cell (20). For the detection of possible Vy transcripts in T cells,
we decided instead to screen large cDNA libraries. There are two reasons for
doing this. First, we have found that it is possible to detect Vy sequences <60%
homologous to the probe in hybridizations to cDNA colonies (Fig. 1), while
>80% homology is required when hybridizing under conditions of moderate
stringency to Northern blots (25). This difference may reflect a number of
factors, including the concentration of the filter-bound nucleic acid. In addition,
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FiGURE 5. Southern blots of some oligonucleotide-positive T cell cDNA colonies. Plasmid
DNA was prepared from several T cell cDNA clones that hybridized with the synthetic
oligonucleotides. Restriction mapping of the plasmids indicated they contain an average of
800 base pairs of mouse cDNA inserted into the pBR322 cloning vector (4.36 kb). The
purified plasmid DNA was digested with the restriction enzymes Eco RI and Pvu I1. Digested
DNA was electrophoresed on 1% agarose gels and blotted onto nitrocellulose sheets. Migration
distances of some molecular weight markers, and their lengths in kilobases, are indicated.
Lanes 1-3 and 6-9 contain DNA from separate oligonucleotide-positive colonies isolated from
the 395A4.4 library. Lane 4 contains pBR322 vector DNA. Lane 5 contains the MOPC21 Vy
c¢DNA. (¢) Hybridization with the radiolabeled synthetic oligonucleotides. Exposure was for 3
h. () Hybridization with the radiolabeled Ju-primed cDNA. The filter was exposed for 24 h.

we have achieved a greater hybridization signal to filter-bound DNA as opposed
to RNA, even when both nucleic acids contained identical sequences, were
electrophoresed in parallel, and were hybridized to the same probe in the
presence of 50% formamide (M. Kronenberg, unpublished observations). Sec-
ond, the initial strategy to detect a Vy; gene segment involved the use of two
probes that could hybridize to a number of sequences, including those not
containing Vy genes. Since there are multiple sequences present in the poly(A)*
RNA that hybridize to these probes, we detect diffuse smears rather than discrete
bands on Northern blots. By contrast, each cloned ¢cDNA in the library is
physically separate and could be analyzed individually for the possibly rare
sequences that hybridize with both probes.

The cDNA libraries were screened with a synthetic oligonucleotide and a Ju-
primed cDNA made from spleen RNA. This method has been characterized
extensively by test hybridizations (21) and by the cloning and sequencing of the
MOPC21 Vi cDNA from a B cell hybridoma (Fig. 3). Of the ~1.2 x 10°
colonies from three T cell cDNA libraries hybridized with the synthetic oligo-
nucleotide, 54 clones were positive. Because of the relatively short length of the
probe, we would have predicted, on statistical grounds, the existence of such
colonies even in cDNA made from nonlymphoid RNA. None of these colonies
also annealed with the specifically primed spleen cDNA when tested in situ (54
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cases) or after Southern blotting the purified plasmid DNA (14 cases). A relatively
large number of colonies did, however, hybridize with the spleen cDNA probe.
The identification of colonies that hybridized with either one of the two probes
provided an internal control and indicates that there was no technical problem
with the screening that would have prevented us from identifying clones of
interest. Positive control hybridizations with Vy-containing colonies support this
conclusion. Since no colonies hybridized with both probes, we conclude that Vy
gene segments are absent from these libraries. Hybridization with cloned Vy
DNA gene segments under conditions whereby sequences <60% homologous to
the probe could be detected constituted a second, independent test for the
presence of Vy genes. By hybridizing the cDNA libraries with just two Vy
sequences from different heavy chain subgroups, we should be able to detect all
of the well-characterized Vu genes. No T cell cDNA colonies hybridized with
these probes, confirming the result obtained by the first method.

While B lymphocytes expressing cell-surface IgM contain 100-200 copies of
C. RNA per cell (17, 47), a messenger RNA for the T cell receptor may not be
this prevalent. The bulk of the 5,000-15,000 sequences found in most eucaryotic
cells, including lymphocytes, are in the low abundance class (10-20 copies/cell)
(48-51). Our calculations indicate that we had a good chance of detecting Vy
sequences transcribed at this level (Table IV). For example, if there were a Vy
sequence homologous to the probes and present at 10 copies per cell, the
probability of detection would be 77% for the AODK 10.4 cDNA library, 88%
for the AODH 7.1 ¢cDNA library, and >99% for the 395A4.4 library. The
probabilities of detecting a sequence present at 15 or 20 copies per cell are
higher. If each library construction and screening were an independent event,
then the overall probability of not obtaining a Vy clone that is present at 10
copies per cell becomes extremely low (0.23 X 0.12 X 0.01 = 0.00028). This
analysis cannot exclude the possibility of expression of Vu genes at one or even
a few copies per cell. However, there is some indication that these hybrids
synthesize a significant amount of receptor protein. The T cell hybridoma AODH
7.1 binds antigen avidly in the presence of the proper antigen-presenting cells

TaBLE 1V
Probability of Cloning a Rare mRNA from the T Cell cDNA Libraries
PE 1 Copy/cell 10 Copies/cell 15 Copies/cell
pg RNA pg RNA  Poly(A)*
Hybridoma percell percell RNAper N (Colonies)
(yieldy*  (otalf  cell f pex f P f P
(yield)*
AODK10.4 58 9.3 0.15 105,600 1/715,000 0.14 1/71,500 0.77 1/46,500 0.90
AODH7.1 3.3 5.0 0.05 150,000 1/715,000 0.19 1/71,500 0.88 1/46,500 0.96
395A4.4 3.1 4.8 0.13 690,000 1/715,000 0.62 1/71,500 <0.99 1/46,500 <0.99

* RNA yield estimated from absorbance at 260 nm.

Calculated by multiplying the yield of RNA by the recovery of a small amount of *H-labeled sea urchin RNA added to the preparation.

Recovery was at least 60% in each case.

£ N is the number of colonies in the library hybridized; V has been corrected on the assumption that 25% of the RNA is ribosomal or other

noupolyadenylated species. This fraction was estimated following gel electrophoresis of the poly(A)* RNA.

[is the fraction of the mass of total cell poly(A)* RNA present in a given sequence. We assumed each cell contains 0.3 pg of poly(A)* RNA.

We considered a sequence of 800 nucleotides, the average length of the cDNA clones, present at either 1, 10, or 15 copies per cell.

** Probability of cloning a gene calculated from the formula. P = 1 — (1-/)*; assumes the probability of detecting a clone is a function of its
abundance in the RNA population. See discussion for details.

-
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and almost all the cells in the culture retain this ability (J. Kappler and P.
Marrack, unpublished observations). In addition, the 395A4.4 hybridoma con-
stitutively synthesizes both an antigen-binding suppressor factor and an antigen-
binding receptor. We therefore consider it unlikely that the receptor mRNA
could be present at an extremely low-copy number.

The calculated detection limit depends on a formula that assumes that the
probability of detecting a cDNA is solely a function of the abundance of its RNA
template in the population (52, 53). This will be true only if the synthesis and
cloning of cDNAs uses all templates with equal efficiency. Although factors such
as secondary structure of an RNA (54) may influence the ultimate cloning
efficiency, there does not appear to be a selection against cloning of heavy chain
variable region cDNA. In addition, since the bulk of the first strand of cDNA
synthesis is shorter than the average 2-kb length of an mRNA, there is an intrinsic
bias towards obtaining cDNA clones containing sequences close to the point of
initiation of synthesis. By using a sheared calf thymus DNA primer to initiate
c¢DNA synthesis randomly at many points along the RNA templates, as opposed
to an oligo(dT) primer that will initiate synthesis only at the 3’ end, we eliminated
any bias towards obtaining clones corresponding to only one end of the messenger
RNA. Given these considerations, we feel justified in using the formula shown
in Table IV. Finally, in order to calculate the probability of cloning a particular
messenger RNA, we needed to estimate the amount of poly(A)* RNA per cell.
Each of the hybrid cells contains between 5 and 10 pg of total RNA (Table IV).
We assumed that 0.3 pg of this total is in the poly(A)* fraction, although our
actual yield was substantially lower, between 0.05 and 0.15 pg per cell. Poly(A)*
RNA selected by oligo(dT)-cellulose chromatography will contain a residual
poly(A)~ component that is mostly ribosomal RNA. Since this material may give
rise to a proportionate fraction of the cDNA colonies in Table IV, we corrected
N, the number of colonies screened, to account for the contaminating poly(A)~
RNA.

The calculations are based upon reasonable estimates of the purity of the
poly(A)* RNA and the amount present per cell. However, if we assume there is
somewhat more than 0.3 pg of poly(A)" RNA per cell, or if the poly(A)* fraction
of the RNA preparation is <75% of the total mass, the basic conclusion remains
valid. For example, if the oligo(dT)-passaged RNA were only 50% pure, the
probability of detecting a homologous Vi sequence present at 10 copies per cell
becomes 63% for the AODK 10.4 cDNA library, 75% for the AODH 7.1 library,
and >99% for the 395A4.4 library.

Although unlikely, it is possible that the three T lymphocytes might express a
Vu gene that could not be detected by either of our two screening methods. The
DNA sequence homology of mouse Vy gene segments to our probes is presented
in Table II. The Ju-primed spleen cDNA hybridized with all of the five Vy gene
segments tested (21). In addition, homology with the undecamers does not
appear to be restricted to any particular type of heavy chain. Some murine Vy
genes coding for proteins in subgroups I, 11, and 111, as well as three out of four
human Vy gene segments (all subgroup III) have complete homology to these
probes (55, 56). Even two mouse germline V, gene segments have 10/11
matching nucleotides (57, 58). However, the synthetic oligonucleotides will not
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hybridize with half of the known murine Vi gene segments. In principle, none
of these genes would have been detected by our first method. However, all of
the Vy gene segments listed in Table Il are >56% homologous to one of the two
cloned Vy probes and probably could be detected by the second method.

Estimates of the ability of the probes to detect different Vy gene segments
depend upon comparison with the known DNA sequences of relatively few
variable gene segments. Almost all of these sequences come from Vy subgroups
IT and III and a large proportion are members of the gene families involved in
binding the NP and PC haptens. It is not certain how well these sequences
represent the total germline Vy gene repertoire. To increase the probability of
detecting Vy expression, we constructed cDNA libraries from three T cell
hybridomas responding to presumably dissimilar antigens. Since each of these
cells maintained antigen-specific function, if Vy genes encode the T cell antigen-
binding receptor, each should synthesize an RNA containing a Vi gene segment.
Because the hybrids are the product of two (395A4.4) or more parental T cells
(59, 60), they might be expected to express two or more Vy genes if, as in B cell
hybrids, Vi gene segments are transcribed from several chromosome 12 homo-
logues. In addition, it has been suggested that even a single diploid T cell may
synthesize more than one Vi RNA (61, 62). Thus, if T cells use the entire Vi
gene repertoire, we believe there would have been a Vy segment sufficiently
homologous to have been detected by one of our two screening methods.
Although it remains formally possible that T cells express selectively a portion
of the B cell Vy gene repertoire containing sequences only distantly related to
our probes, no such Vy genes have been characterized.

We have presented strong evidence in favor of the proposition that the helper
and suppressor T cells tested do not contain RNA with Vy gene segments. This
negative conclusion is not, however, completely compelling and two major
objections concerning the detection limit and the range of our library screening,
have been discussed. A number of unlikely possibilities, including selection
against cloning the Vy-containing sequences or a Vy mRNA that is present
mostly in the poly(A)~ fraction, have also not been eliminated. However, using
different methods, another laboratory has reported that T lymphocytes do not
transcribe any Vi gene segments (63).

Many of the genes that have dominated our thinking about the immune
response including Be-microglobulin and the class I and class I1 products of the
MHC, show clear homology to immunoglobulin genes (64-68). The T cell and
B cell antigen-binding receptors presumably have somewhat homologous func-
tions. We would be surprised, therefore, if the genes encoding the T cell antigen
receptor were to have no homology to immunoglobulin genes. Since multigene
families are known to duplicate and diverge (69), it is possible that gene families
important for B cell and T cell antigen recognition diverged before or relatively
early in vertebrate evolution. Attempts to clone T cell receptor genes using Vy
probes might therefore not be feasible, somewhat analogous to attempting to
clone V, gene segments using V, probes. At this point, we can only speculate on
the selective forces that may have resulted in separate V gene families expressed
in Band T cells.
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Summary

We attempted to determine whether T cells express any Vy gene segments.
c¢DNA libraries were constructed from one suppressor and two helper T cell
hybridomas. Both the library construction and screening were designed to
maximize detection of a wide range of Vy gene segments. One screening method
should detect about half of the sequenced Vu genes, while the second should
detect most of these genes. The probability of detecting a Vi gene homologous
to the probes and present at 10 copies per cell was 77% for one helper cell cDNA
library, 88% for the second helper cell library, and >99% for the suppressor cell
library. No cDNA clones with Vy gene segments were detected. From this result,
we conclude that Vy gene segments are not likely to encode the antigen-specific
receptor in the cells we tested.

We thank Drs. Stephen Crews and Roger Perlmutter for helpful discussions, Dr. Suzanna
J. Horvath for synthesis of the oligonucleotides, Tim Hunkapiller for development of the
data base and computer programs, and Bernita Larsh for help in preparing the manuscript.

Recetved for publication 21 March 1983

References

1. Binz, H., and H. Wigzell. 1977. Antigen-binding, idiotypic T-lymphocyte receptors.
Contemp. Top. Immunobiol. 7:113.

2. Rajewsky, K., and K. Eichmann. 1977. Antigen receptors of T helper cells. Contemp.
Top. Immunobiol. 7:69.

3. Krammer, P. H. 1981. The T-cell receptor problem. Curr. Top. Microbiol. Immunol.
91:179.

4. Binz, H., H. Wigzell, and H. Bazin. 1976. T-cell idiotypes are linked to immunoglob-
ulin heavy chain genes. Nature (Lond.). 264:639.

5. Hammerling, G. J., S. J. Black, C. Berek, K. Eichmann, and K. Rajewsky. 1976.
Idiotypic analysis of lymphocytes in vitro. 11. Genetic control of T-helper cell respon-
siveness to anti-idiotypic antibody. J. Exp. Med. 143:861.

6. Bach, B. A., M. 1. Greene, B. Benacerraf, and A. Nisonoff. 1979. Mechanisms of
regulation of cell-mediated immunity. IV. Azobenzenearsonate-specific suppressor
factor(s) bear cross-reactive idiotypic determinants the expression of which is linked
to the heavy-chain allotype linkage group of genes. J. Exp. Med. 149:1084.

7. Mozes, E., and J. Haimovich. 1979. Antigen specific T-cell helper factor cross reacts
idiotypically with antibodies of the same specificity. Nature (Lond.). 278:56.

8. Suzan, M., A. Boned, J. Lieberkind, F. Valsted, and B. Rubin. 1981. The 5936 Ig-
idiotype(s): genetic linkage to Ig-Cu loci, T-cell dependence of synthesis and possible
specificities. Scand. J. Immunol. 14:673.

9. Owen, F. L., A. Finnegan, E. R. Gates, and P. D. Gottlieb. 1979. A mature T
lymphocyte subpopulation marker closely linked to the Ig-1 allotype locus. Eur. J.
Immunol. 9:948.

10. Owen, F. L., R. Riblet, and B. A. Taylor. 1981. The T suppressor cell alloantigen
Tsu® maps near immunoglobulin allotype genes and may be a heavy chain constant
region marker on a T cell receptor. J. Exp. Med. 153:801.

11. Tokuhisa, T., and M. Taniguchi. 1982. Two distinct allotypic determinants on the
antigen-specific suppressor and enhancing T cell factors that are encoded by genes
linked to the immunoglobulin heavy chain locus. J. Exp. Med. 155:126.

12. Taniguchi, M., T. Tokuhisa, M. Kanno, Y. Yaoita, A. Shimizu, and T. Honjo. 1982.



224

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

T CELLS DO NOT EXPRESS V GENES

Reconstitution of antigen-specific suppressor activity with translation products of
mRNA. Nature (Lond.). 298:172.

Tokuhisa, T., and M. Taniguchi. 1982. Constant region determinants on the antigen-
binding chain of the suppressor T-cell factor. Nature (Lond.). 298:174.

Spurll, G. M., and F. L. Owen. 1981. A family of T cell alloantigens linked to Igh-1.
Nature (Lond.). 293:742.

Cory, S., J. M. Adams, and D. J. Kemp. 1980. Somatic rearrangements forming active
immunoglobulin x genes in B and T lymphoid cell lines. Proc. Natl. Acad. Sci. USA
77:4943.

Forster, A., M. Hobart, H. Hengartner, and T. H. Rabbitts. 1980. An immunoglob-
ulin heavy-chain gene is altered in two T-cell clones. Nature (Lond.). 286:897.

Kemp, D. J., A. W. Harris, S. Cory, and J. M. Adams. 1980. Expression of the
immunoglobulin C, gene in mouse T and B lymphoid and myeloid cell lines. Proc.
Natl. Acad. Sci. USA 77:2876.

Kemp, D. J., A. Wilson, A, W. Harris, and K. Shortman. 1980. The immunoglobulin
u constant region gene is expressed in mouse thymocytes. Nature (Lond.). 286:168.
Kemp, D. J., A. W. Harris, and J. M. Adams. 1980. Transcripts of the immunoglobulin
C, gene vary in structure and splicing during lymphoid development. Proc. Natl.
Acad. Sci. USA 77:7400.

Kronenberg, M., M. M. Davis, P. W. Early, L. E. Hood, and J. D. Watson. 1980.
Helper and killer T cells do not express B cell immunaoglobulin joining and constant
region gene segments. J. Exp. Med. 152:1745.

Kronenberg, M., E. Kraig, S. J. Horvath, and L. E. Hood. 1982. Cloned T cells as a
tool for molecular geneticists: approaches to cloning genes which encode T-cell
antigen receptors. /n Isolation, Characterization and Utilization of T Lymphocyte
Clones. C. Garrison Fathman and Frank Fitch, editors. Academic Press, New York.
pp. 467-491.

Kurosawa, Y., H. von Boehmer, W. Haas, H. Sakano, A. Trauneker, and S. Tone-
gawa. 1981. Identification of D segments of immunoglobulin heavy-chain genes and
their rearrangement in T lymphocytes. Nature (Lond.). 290:566.

Zuniga, M. C., P. D’Eustachio, and N. Ruddle. 1982. Immunoglobulin heavy chain
gene rearrangement and transcription in murine T cell hybrids and T lymphomas.
Proc. Natl. Acad. Sci. USA 79:3015.

Cerny, J., C. Heusser, W. Reiner, G. J. Himmerling, and D. D. Eardley. 1982.
Immunoglobulin idiotypes expressed by T cells. 1. Expression of distinct idiotypes
detected by monoclonal antibodies on antigen-specific suppressor T cells. J. Exp. Med.
156:719.

Kraig, E., M. Kronenberg, J. A. Kapp, C. W. Pierce, L. E. Samelson, R. H. Schwartz,
and L. E. Hood. 1983. T and B cells that recognize the same antigen do not transcribe
similar heavy chain variable region gene segments. J. Exp. Med. 158:192-209.
Nakanishi, K., K. Sugimura, Y. Yaoita, K. Maeda, S.-I. Kashiwamura, T. Honjo, and
T. Kishimoto. 1982. A T15-idiotype-positive T suppressor hybridoma does not use
the T15 Vy gene segment. Proc. Natl. Acad. Sci. USA 79:6984.

Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J. Rutter. 1979. Isolation
of biologically active ribonucleic acid from sources enriched in ribonuclease. Biochem-
wstry 18:5294.

Aviv, H., and P. Leder. 1972. Purification of biologically active globin messenger
RNA by chromatography on oligothymidylic acid-cellulose. Proc. Natl. Acad. Sci. USA
69:1408,

Buell, G. N., M. P. Wickens, F. Payvar, and R. T. Schimke. 1978. Synthesis of full
length cDNAs from four partially purified oviduct mRNAs. J. Biol. Chem. 253:2471.



30.

31.

32.

33.

34,

35.
36.
37.

38.

39.

40.

41.

42.
43.
44,
45.

46.

47.
48.

49.

KRONENBERG ET AL. 225

Wickens, M. P, G. N. Buell, and R. T. Schimke. 1978. Synthesis of double-stranded
DNA complementary to lysozyme, ovomucoid, and ovalbumin mRNAs. Optimization
for full length second strand synthesis by Escherichia coli DNA polymerase 1. J. Biol.
Chem. 253:2483.

Taylor, J. M., R. Illmensee, and J. Summers. 1976. Efficient transcription of RNA
into DNA by avian sarcoma virus polymerase. Biochim. Biophys. Acta. 442:324.
Villa-Komaroff, L., A. Efstratiadis, S. Broome, P. Lomedico, R. Tizard, S. P. Naber,
W. L. Chick, and W. Gilbert. 1978. A bacterial clone synthesizing proinsulin. Proc.
Natl. Acad. Sci. USA 75:37217.

Casadaban, M. J., and S. N. Cohen. 1980. Analysis of gene control signals by DNA
fusion and cloning in Escherichia coli. J. Mol. Biol. 138:179.

Kushner, S. R. 1978. An improved method for transformation of Escherichia coli with
ColEl derived plasmids. In Genetic Engineering. H. W. Boyer and S. Nicosia, editors.
Elsevier/North-Holland Biomedical Press, Amsterdam. pp. 17-23.

Matteucci, M. D., and M. H. Caruthers. 1980. The synthesis of oligodeoxypyrimidines
on a polymer support. Tetrahedron Lett. 21:719.

Matteucci, M. D., and M. H. Caruthers. 1980. The use of zinc bromide for removal
of dimethoxytrityl ethers from deoxynucleosides. Tetrahedron Lett. 21:3243.
Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled DNA with base-specific
chemical cleavages. Methods Enzymol. 65:499.

Houghton, M., A. G. Stewart, S. M. Doel, J. S. Emtage, M. A. W. Eaton, J. C. Smith,
T. P. Patel, H. M. Lewis, A. G. Porter, . R. Birch, T. Cartwright, and N. H. Carey.
1980. The amino-terminal sequence of human fibroblast interferon as deduced from
reverse transcripts obtained using synthetic oligonucleotide primers. Nucleic Acids Res.
8:1913.

Early, P., H. Huang, M. Davis, K. Calame, and L. Hood. 1980. An immunoglobulin
heavy chain variable region gene is generated from three segments of DNA : Vi, D
and Ju. Cell. 19:981.

Knapp, M. R., C.-P. Liu, N. Newell, R. B. Ward, P. W. Tucker, S. Strober, and F.
Blattner. 1982. Simultaneous expression of immunoglobulin ¢ and é heavy chains by
a cloned B-cell lymphoma: a single copy of the Vi gene is shared by two adjacent Cy
genes. Proc. Natl. Acad. Sci. USA 79:2996.

Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P. Berg. 1977. Labeling deoxyribo-
nucleic acid to high specific activity in vitro by nick translation with DNA polymerase
1. J. Mol. Biol. 113:237.

Hanahan, D., and M. Meselson. 1980. Plasmid screening at high colony density. Gene.
10:63.

Southern, E. M. 1975. Detection of specific sequences among DNA fragments
separated by gel electrophoresis. J. Mol. Biol. 98:503.

Tu, C.-P. D.,and S. N. Cohen. 1980. 3’-End labeling of DNA with [a-**P] cordycepin-
5’ triphosphate. Gene. 10:177.

Kabat, E. A., T. T. Wu, and H. Bilofsky. 1979. Sequences of immunoglobulin chains.
U. S. Department of Health, Education, and Welfare, Bethesda, Maryland. 185 pp.
Schilling, J., B. Clevinger, J. M. Davie, and L. Hood. 1980. Amino acid sequence of
homogeneous antibodies to dextran and DNA rearrangements in heavy chain V-
region gene segments. Nature (Lond.). 283:35.

Perry, R. P., and D. E. Kelley. 1979. Immunoglobulin messenger RNAs in murine
cell lines that have characteristics of immature B lymphocytes. Cell. 18:1333.

Hastie, N. D., and J. O. Bishop. 1976. The expression of three abundance classes of
messenger RNA in mouse tissues. Cell. 9:761.

Young, B. D., G. D. Birnie, and J. Paul. 1976. Complexity and specificity of polysomal



226

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.
62.

63.

64.

65.

66.

67.

68.

T CELLS DO NOT EXPRESS V GENES

poly(A*) RNA. Biochemistry. 15:2823.

Crampton, J., S. Humphries, D. Woods, and R, Williamson. 1980. The isolation of
cloned cDNA sequences which are differentially expressed in human lymphocytes
and fibroblasts. Nucleic Acids Res. 8:6007.

Lewin, B. 1980. Eucaryotic chromosomes, Chapt. 24. In Gene Expression, Vol. 2.
John Wiley & Sons, New York. pp. 694-727.

Clarke, L., and J. Carbon. 1976. A colony bank containing synthetic ColEl hybrid
plasmids representative of the entire E. coli genome. Cell. 9:91.

Williams, J. G. 1981. The preparation and screening of a ¢cDNA clone bank. /n
Genetic Engineering, Vol. 1. Robert Williamson, editor. Academic Press, New York.
pp. 1-59.

Payvar, F., and R. T. Schimke. 1979. Methylmercury hydroxide enhancement of
translation and transcription of ovalbumin and conalbumin mRNAs. J. Biol. Chem.
254:7636.

Rabbitts, T. H., D. L. Bentley, W. Dunnick, A. Forster, G. E. A. R. Matthyssens, and
C. Milstein. 1981. Immunoglobulin genes undergo multiple sequence rearrangements
during differentiation. Cold Spring Harbor Symp. Quant. Biol. 45:867.

Rechavi, G., B. Bienz, D. Ram, Y. Ben-Neriah, J. B. Cohen, R. Zakut, and D. Givol.
1982. Organization and evolution of immunoglobulin Vy gene subgroups. Proc. Natl.
Acad. Sci. USA 79:4405.

Tonegawa, S., A. M. Maxam, R. Tizard, O. Bernard, and W. Gilbert. 1978. Sequence
of a mouse germ-line gene for a variable region of an immunoglobulin light chain.
Proc. Natl. Acad. Sci. USA 75:1485.

Bernard, O., N. Hozumi, and S. Tonegawa. 1978. Sequences of mouse immunoglob-
ulin light chain genes before and after somatic changes. Cell. 15:1133.

Kapp, J. A., and B. Araneo. 1982. Characterization of antigen-specific suppressor
factors from T cell hybridomas. In Isolation, Characterization and Utilization of T
Lymphocyte Clones. C. Garrison Fathman and Frank Fitch, editors. Academic Press,
New York. pp. 137-148.

Roehm, N. W., P. Marrack, and J. Kappler. 1982. Antigen-specific, H-2 restricted
helper T cell hybridomas. J. Exp. Med. 156:191.

Janeway, C. A., Jr., H. Wigzell, and H. Binz. 1976. Two different Vy gene products
make up the T-cell receptors. Scand. J. Immunol. 5:993.

Janeway, C., B. Jones, H. Binz, H. Frischknecht, and H. Wigzell. 1980. T-cell receptor
idiotypes. Scand. J. Immunol. 12:83.

Kemp, D. J., J. M. Adams, P. L. Mottram, W. R. Thomas, 1. D. Walker, and J. F. A.
P. Miller. 1982. A search for messenger RNA molecules bearing immunoglobulin
Vi nucieotide sequences in T cells. J. Exp. Med. 156:1848.

Peterson, P. A., B. A. Cunningham, I. Berggard, and G. M. Edelman. 1972. 8-
Microglobulin—a free immunoglobulin domain. Proc. Natl. Acad. Sci. USA 69:1697.
Orr, H. T., D. Lancet, R. J. Robb, J. A. Lopez de Castro, and J. L. Strominger.
1979. The heavy chain of human histocompatibility antigen HLA-B7 contains an
immunoglobulin-like region. Nature (Lond.). 232:266.

Steinmetz, M., J. G. Frelinger, D. Fisher, T. Hunkapiller, D. Pereira, S. M. Weissman,
H. Uehara, S. Nathenson, and L. Hood. 1981. Three cDNA clones encoding mouse
transplantation antigens: homology to immunoglobulin genes. Cell. 24:125.
Larhammar, D., L. Schenning, K. Gustafsson, K. Wiman, L. Claesson, L. Rask, and
P. A. Peterson. 1982. Complete amino acid sequence of an HLA-DR antigen-like 8
chain as predicted from the nucleotide sequence: similarities with immunoglobulins
and HLA-A, -B, and -C antigens. Proc. Natl. Acad. Sci. USA 79:3687.

Larhammar, D., K. Gustafsson, L. Claesson, P. Bill, K. Wiman, L. Schenning, J.



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

KRONENBERG ET AL. 227

Sundelin, E. Widmark, P. A. Peterson, and L. Rask. 1982. HLA-DR transplantation
antigen a chain is a member of the same protein superfamily as the immunoglobulins.
Cell. 30:153.

Hood, L., J. H. Campbell, and S. C. R. Elgin. 1975. The organization, expression,
and evolution of antibody genes and other multigene families. Annu. Rev. Genet.
9:305.

Crews, S., J. Griffin, H. Huang, K. Calame, and L. Hood. 1981. A single Vy gene
segment encodes the immune response to phosphorylcholine: somatic mutation is
correlated with the class of antibody. Cell. 25:59.

Kim, S., M. Davis, E. Sinn, P. Patten, and L. Hood. 1981. Antibody diversity: somatic
hypermutation of rearranged Vu genes. Cell. 27:573.

Bernard, O., and N. M. Gough. 1980. Nucleotide sequence of immunoglobulin heavy
chain joining segments between translocated Vy and u constant region genes. Proc.
Nail. Acad. Sci. USA. 77:3630.

Bothwell, A. L. M., M. Paskind, M. Reth, T. Imanishi-Kari, K. Rajewsky, and D.
Baltimore. 1981. Heavy chain variable region contribution to the NP® family of
antibodies: somatic mutation evident in a y2a variable region. Cell. 24:625.

Cohen, J. B, K. Effron, G. Rechavi, Y. Ben-Neriah, R. Zakut, and D. Givol, 1982,
Simple DNA sequences in homologous flanking regions near immunoglobulin Vy
genes: a role in gene interaction? Nucleic Acids Res. 10:3353.

Givol, D., R. Zakut, K. Effron, G. Rechavi, D. Ram, and J. B. Cohen. 1981. Diversity
of germ-line immunoglobulin Vy genes. Nature (Lond.). 292:426.

Zakut, R., J. Cohen, and D. Givol. 1980. Cloning and sequence of the cDNA
corresponding to the variable region of immunoglobulin heavy chain MPC11. Nucleic
Acids Res. 8:3591.

Kataoka, T., T. Nikaido, T. Miyata, K. Moriwaki, and T. Honjo. 1982. The
nucleotide sequences of rearranged and germline immunoglobulin V4 genes of a
mouse myeloma MC101 and evolution of Vy genes in mouse. J. Biol. Chem. 257:277.
Sakano, H., R. Maki, Y. Kurosawa, W. Roeder, and S. Tonegawa. 1980. Two types
of somatic recombination necessary for generation of complete immunoglobulin
heavy chain genes. Nature (Lond.). 286:676.

Ollo, R., C. Auffray, ]J.-L. Sikorav, and F. Rougeon. 1981. Mouse heavy chain
variable regions: nucleotide sequence of a germ-line Vi segment. Nucleic Acids Res.
9:4099.

Auffray, C., R. Nageotte, B. Chambraud, and F. Rougeon. 1980. Mouse immuno-
globulin genes: a bacterial plasmid containing the entire coding sequence for a pre
v2a heavy chain. Nucleic Acids Res. 8:1231.

Early, P., C. Nottenburg, I. Weissman, and L. Hood. 1982. Immunoglobulin gene
rearrangements in normal mouse B cells. Mol. Cell. Biol. 2:829.

Sims, J., T. H. Rabbitts, P. Estess, C. Slaughter, P. W. Tucker, and J. D. Capra.
1982. Somatic mutation in genes for the variable portion of the immunoglobulin
heavy chain. Science (Wash. DC). 216:309.

Rocca-Serra, J., H. W. Matthes, M. Kaaztinen, C. Milstein, J. Théze, and M. Foug-
ereau. 1983. Analysis of antibody diversity: V-D-] nucleotide sequence of four anti-
GAT antibodies: a pausi-gene system using alternate D-]J recombination to generate
functionally similar hypervariable regions. EMBO (Eur. Mol. Biol. Org.) J. In press.
Schiff, C., M. Millili, and M. Fougereau. 1983. Immunoglobulin diversity: analysis of
the germline Vy; gene repertoire of the murine anti-GAT response. Nucleic Acids Res.
In press.



