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During the last two years, genes of the T cell antigen receptor (TcR)' have
been cloned (1-6). The B chain, which was identified first (1, 2), is located on
human chromosome 7 and murine chromosome 6 (7, 8). The germline DNA
organization of both human (9) and murine (10, 11) TcR 8 genes has been
determined. As has been shown (12-15) in the study of Ig genes, it appears that
functional TcR @ chains are encoded by genes that have undergone somatic
rearrangement of noncontiguous variable (Vg) diversity (Dg), joining (Js), and
constant (Cg) gene segments. The data accumulated so far is consistent with a
recombinative model for the generation of TcR § chain diversity. Such diversity
is a fundamental characteristic of the TcR # component, since the receptor
complex is thought (16) to be involved in the recognition of foreign antigen in
the context of the product. An extensive recognition repertoire is made possible
through combinatorial joining, junctional flexibility, and N region diversification
of the germline 8 gene segments. Apparently, the analogy to the generation of
Ig diversity does not include somatic hypermutation (17).

The extent of germline TcR Vg gene segment multiplicity must be determined

to more fully understand the operation of the TcR. The upper limit of the Vg
gene segment repertoire in the mouse has been estimated (18, 19) at ~20
different segments. Certain mutant mouse strains have been found (20) to carry
even fewer germline V4 gene segments. The human germline V multiplicity is
estimated in this study by analyzing 22 DNA sequences, and using Southern
blots of germline DNA with some of the cDNAs as probes. The upper limit of
human V; gene segments is estimated at ~100 different segments, considerably
greater than in mice. A similar analysis of the human TcR « chain repertoire is
presented elsewhere (21).
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Materials and Methods

Construction of ¢cDNA Libraries. Double-stranded (ds) cDNA was synthesized from
poly(A)” RNA derived from PHA-stimulated peripheral human T cells (21) or a T cell
clone specific for diptheria toxoid. After treatment with Eco RI methylase and size
selection, the ds cDNA was cloned into the Eco RI site of Agt10 using Eco RT linkers as
described before (22).

Isolation of Human B Chain ¢cDNA Clones. The peripheral human T cell library was
plated on E. coli C600/HFL. Screening of duplicate filters was carried out according to a
standard procedure. Hybridizations were done for 18 hat 65°Cin 5X SSC, 5X Denhardt’s,
100 pg/ml denatured salmon sperm DNA, and 0.5 ug **P-labelled nick-translated constant
region fragment of JUR-62 (a 8 cDNA probe that we have described previously [23)).
Filters were washed in 2x SSC, 0.1% SDS several times at room temperature, followed
by washing in 0.2X SSC at 65°C.

DNA Sequencing. The cDNA inserts were subcloned into the M13mp9 bacteriophage
vector, and their sequences were determined using both the universal M13 primer and
the specific-primer—directed dideoxynucleotide sequencing technique (24, 25).

Southern Blot Analysis. DNA was extracted from bone marrow cells and digested with
Eco RI and Hind III. DNA (10 pg) was electrophoresed through 0.8% agarose and
transferred to nitrocellulose filters as described by Southern (26). Hybridization was for
24 h at 65°C in 5% SSC, 5X Denhardt’s, 100 pg/ml denatured salmon sperm DNA, 10%
dextran sulfate, and 0.5 pg **P-labelled nick-translated cDNA probe. Filters were washed
at 65°C with 3X SSC/0.1% SDS.

Results

Sequence of B cDNA Clones. 'The repertoire of the human TcR g chain genes
was examined by analysis of 22 Vg sequences from various sources. 13 cDNAs
were obtained from the screening of a PHA-stimulated human peripheral blood
T cell library using a Cg2 probe (HBP series). Another two § cDNAs were
obtained from human T cell clones specific for Diptheria toxoid (DT110,
DT259). The remaining seven Vg sequences from human T cell leukemia and
T cell tumor cell line sources were taken from the existing literature (see Fig.
1). Note that the four adult T cell leukemia (ATL) sequences (MT11, ATL121,
ATL122, and ATL21) shown are artificially derived from the published genomic
sequences by data splicing.

Examination of the 22 Vg sequences reveals that they vary in their 5" halves,
which correspond to the variable regions of the TcR 8 chain genes. The 3’
c¢DNA sequences correspond to one of the two constant regions, Cgl or Cg2.
The junction points between the Vg, Dg, ], and C4 gene segments in the sequences
were determined by comparison to previously reported human germline data (9,
13). The 19 clones found to contain Vg gene segments are compared in Fig. 1.
The corresponding deduced protein sequences are compared in Fig. 2. Spaces
have been introduced into the sequences to maximize intersequence similarities.
The spaces at the nucleotide level are consistent with those in the protein
sequences, and vice versa. This alignment process was extended to a similar set
of Vs cDNA sequences provided to us by P. Concannon, L. Pickering, and L.
Hood (personal communication) for comparative purposes. In this way, a unified
nomenclature was established (i.e., the first member of family 8 is called V8.1).
Pairwise comparisons of all Vg5 DNA sequences, as shown in Fig. 1, were
performed to establish V4 gene segment families. For the comparisons, the 3’
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FIGURE 4. Southern blot of genomic DNA extracted from skin fibroblasts or total peripheral
blood cells and digested with restriction enzyme Eco RI or Bam HI. ¢cDNA clones used as
probes and the assigned V; gene segment families are indicated. Cg region fragments are
indicated by arrowheads.

boundary of the V4 region was taken to be two codons after the consensus codons
Tyr-X-Cys-Ala. Members of a family have at least 75% homology over their
overlapping sequences. Examples of similar Vs gene segments associated with
different D and J4 gene segments were found (HPB04, 4D1, and HPB50). 17
of the 19 Vj sequences are unique, indicating there are at least 17 different
germline gene segments.

Nucleotide sequences of the region between the Vs and C4 gene segments are
shown in Fig. 3, a and b. The 21 Jg-containing sequences have been divided into
9 using Cgl and 12 using C42. The location and identity of each Jz gene segment
within the sequences were determined very easily by comparison with previously
determined germline Jz data (9). Only 3 of the 13 known ]z gene segments were
not found in this study (Jz1.4, Js1.6, and J42.6). The exact identification of the
cDNA Dg gene segments, even with the germline counterparts (see Fig. 3, a and
b, bottom), was impossible due to the combined effects of junctional and N-region
diversification with the limited number of bases making up the germline segment.
An attempt to assign the sequences to either Dgl.1 or Dg2.1 has been made in
Fig. 3, a and b, respectively.

Only 2 of the 21 rearranged sequences (DT259 and HBP48) show a recom-
binational event that has mixed gene segments between the two distinct DgJsCg
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germline clusters. In both cases, the Dgl.1 gene segment has rearranged to a J52
gene segment. In addition, it is possible that the cDNA HBP48 arose from a
recombination between both Dgl.1 and Dg2.1. In all of the clones, the J; gene
segments have recombined with the C; gene segment located immediately
downstream to it in the germline state. The cDNAs HBP15, HBP31, and HBP22
do not contain any Vglike sequences. HBP15 and HBP31 have resulted from an
incomplete rearrangement that brought only Dg2.1, Js2.1, and Cg2 together.
The nucleotide sequence 5’ to the Dg2.1 residues correspond exactly to the
germline sequence associated with Dz2.1. The putative nonamer/heptamer re-
combination signal sequences are underlined in Fig. 25. HBP22 arose by tran-
scription of a nonrearranged gene, with subsequent splicing leaving only J42.4
joined to Cg2. Again the nucleotides 5" to J 2.4 correspond exactly to those
found in the germline 5" to Jz2.4.

Southern Analysis of Vg Gene Segments in Human Germline DNA.  As an alter-
native approach in the determination of germline Vg multiplicity, Southern blot
analyses of Bam H1 or Eco Rl-digested germline DNA was performed using
selected cDNAs as probes. Representative results are illustrated in Fig. 4. Bands
associated with Cgl and C42 are marked with arrows based on comparison with
published data (9, 12, 13). In most cases, multiple Vgassociated bands can be
observed. Only HBP55 (V3 family) produces a Southern blot result, which
indicates that it might be the only member of the family. Familial assignments of
the cDNAs based on these Southern blot results are consistent with those made
by sequence analysis, as described earlier. For example, compare HBP25 and
HBP50 in Figs. 1 and 4. Also, the Southern blot pattern of HBP41 (V,8.2)
matches that of YT35 (V48.1), described previously (12, 13). Based on Fig. 4,
six families, and a total of at least 30 crosshybridizing members can be identified.

Discussion

22 human nucleotide sequences encoding the variable region of the TcR 8
chain have been analyzed in this study (Figs. 1 and 2). Three appear to be the
result of incomplete rearrangement, or of transcription of unrearranged genes,
since only germline intron sequences can be found where Vg gene segments are
expected (Fig. 25). Although several sequences are truncated at the 5’ end and
do not contain leader and start codon sequences, only two, 4D1 and ATL121,
lead to translational reading frameshift mutations. Note that 4D1 and ATL121
were isolated from nonfunctional leukemic T cell clones. Excluding these, all of
the other sequences have the potential to code for functional T¢R g chains.

Both of the known Dj gene segments are used with roughly equal frequencies
in the sequences examined. In two cases (DT259 and HBP48) a Dgl.1 gene
segment is found joined to Js2 and Cz2 gene segments. These are the only
examples of recombination of gene segments between the two known DgJsCg
germline gene segment clusters.

21 of 22 sequences contain a ]z gene segment. Each J; is joined to the C; of
the same DgJsCs germline cluster. 10 of the 13 known Jz gene segments occur,
with no obvious preferences. In only one case (DT259) did the cDNA J; sequence
not correspond exactly with previously reported germline data. However, the
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protein sequence Phe-Gly-X-Gly, characteristic of Ig and TcR ] gene segments,
is conserved throughout.

Figs. 2 and 3 clearly show that junctional flexibility and N-region diversity are
used fully in the recombination of Vg, Dg, and Js gene segments. No diversity is
apparent at the J5-Cy boundary, in contrast to the, albeit limited, J.-C, (21) and
J,-G, (27) diversity observed.

Of the 19 Vg-like sequences reported, 17 are unique at the nucleotide level.
Two pairs differ by only one amino acid (V34.2/4.3, V£8.1/8.3), excluding leader
sequences. If they are due to polymorphism, then 15 out of 19 V; gene segments
are unique. Assuming random expression of Vg gene segments, an estimate of
the germline V4 gene segment repertoire can be obtained statistically (18). The
data is consistent with a maximum Vg gene segment repertoire of 104 at the
95% confidence level, and a most probable repertoire of 38. In mice, Barth et
al. (18) have estimated the V4 repertoire to have an upper bound at 21 (at 95%
confidence level), and a most probable size of 13. Similarly, Behlke et al. (19)
have predicted a 95% upper bound of 30 and most probable value of 18 for the
mouse. This estimate is supported by Southern blots of germline DNA probed
with selected cDNAs (Fig. 4). The majority of blots show several bands that
crosshybridize with the Vj probe. This is in marked contrast to a similar study
with mice, in which most of the V; gene segments show little to no crosshybri-
dization (19).

The human germline TcR 8 chain gene segment multiplicity is considerably
higher than that of the human Ig A light chain or the murine TcR 8 chain (16,
17, 23). It is lower than that predicted for the heavy (28) and « (29) Ig V gene
segments. The magnitude of the human V; gene segment repertoire appears to
at least rival its human and murine « chain counterparts.

Pairwise comparisons of the Vs sequences as aligned in Fig. 1 allowed percent
homologies to be calculated over their overlapping regions. In general, the Vg
sequences homologies ranged from 30 to 100%, with most falling between 30
and 60%. The deduced protein sequences shared similar relationships, and the
consensus sequences (Fig. 2) are reminiscent of other Ig-like V regions. A Kabat-
Wu variability analysis (30) of the protein sequences did not define easily
distinguishable regions of hypervariability, which are characteristic of Ig V
regions. To a large extent, variation in V; chain lengths are responsible for the
lack of region definition, since spaces must be introduced to maintain the
structural similarities.

Even so, certain sequence similarities allowed subsets or families of Vs segments
to be defined. By definition, family members share =75% similarity at the DNA
level. Using this criterion, the 19 Vg sequences were divided into 11 families.
The nomenclature was chosen to be consistent with those of Concannon et al.
HBP54 and HBP34 V; gene segments are assigned to families V312 and V13,
respectively, by comparison with data of Concannon et al. However, HBP54 and
HBP34 share =75% similarity, and can be considered members of the same
family. Thus the definition of a family is not exact, and depends on the sample
size examined. The Southern blot data (Fig. 4) are consistent with the family
assignments.
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Based on the data of this study and Concannon et al., there are at least 16
human TcR Vg families, each often containing several members. The total Vg
repertoire, based on number and size of families, is consistent with the estimate
arrived at by statistical analysis of the sequence data described above. Again, the
human TcR Vj repertoire appears to be similar to that of human and mouse
TcR V, (this is partly due to a high number of J. segments in both man and
mouse [21, 32]) and not as small as that estimated for the mouse TcR V; chain.

It is possible that the number of murine TcR V; segments is only a reflection
of the strains of mice examined. This hypothesis is supported by the findings
that other strains of mice, SJL, C57/L, and C57/br are known to have fewer Vg
gene segments (20). The TcR V; repertoires of other murine strains, as well as
wild mice, may be larger. Alternatively, the difference between the estimates
may also be due to the sources of TcR cDNA sequences. If only those cDNAs
obtained from a single heterogeneous (i.e., thymus, spleen, etc.) library are
considered, much lower T4 redundancy is found in both human and murine
cases. Differences between human (this study) and murine (19) Vg family sizes
estimated by Southern blot data could result from differences in filter washing
conditions. A final possibility is that the TcR V; gene segments of the mouse
have diverged more rapidly than either Ig or TcR a chain variable gene segments.

In summary, it appears that the human TcR V; germline gene segment
multiplicity could be three to four times greater than that reported for the
mouse. We discuss some possible explanations for this discrepancy, which are
consistent with the data. The estimates of Vg gene segment family size and
number are similar to that of human and mouse TcR V, chains. An upper limit
of ~100 germline V; gene segments is consistent with the data presented in this
study. Even though the Vg regions encoded by the cDNA sequences examined
herein contain many Ig-like characteristics, they do not display the same uniform-
ity in length or distribution of well-defined regions of hypervariability. Ig-like
tertiary or quaternary structures for the TcR are not predicted. Thus the
structural features necessary for the recognition of antigen in the context of the
MHC product by the TcR remains a mystery.

Summary

The nucleotide sequences of 22 human T cell antigen receptor (TcR) 8 chain
variable region genes isolated from various T lymphocytes have been analyzed.
Of the 19 variable gene segment (Vg)-containing sequences, 17 were unique.
The Vg gene segments were grouped into 11 families. Comparisons were made
with the data of Concannon et al. to unify the nomenclature. The data is
consistent with a total V4 gene segment repertoire with a most probable value of
38 members and an upper bound of 104 members at the 95% confidence level.
Southern blot data of germline DNA using selected TcR Vg cDNAs as probes
support this estimate. The human repertoire is approximately three to four times
greater than that reported for the mouse. Explanations for this discrepancy are
proposed.



748 HUMAN T CELL RECEPTOR g CHAIN VARIABLE REGION GENES

We thank Maurizio Laudisa for assistance in computer analysis and Nicolette Caccia for
editorial assistance.

Received for publication 28 March 1986 and in revised form 2 June 1986.

References

1. Yanagi, Y., Y. Yoshikai, K. Leggett, S. P. Clark, I. Aleksander, and T. W. Mak.
1984. A human T celi~specific cDNA clone encodes a protein having extensive
homology to immunoglobulin chains. Nature (Lond.) 308:145.

2. Hedrick, S. M., D. I. Cohen, E. A. Nielsen, and M. M. Davis. 1984. Isolation of

c¢DNA clones encoding T cell-specific membrane-associated proteins. Nature (Lond.).

308:149.

Chien, Y., D. Becker, T. Lindsten, M. Okamura, D. Cohen, and M. Davis. 1984. A

third type of murine T-cell receptor gene. Nature (Lond.). 312:31.

4. Saito, H., D. Kranz, Y. Takagaki, A. Hayday, H. Eisen, and S. Tonegawa. 1984. A
third rearranged and expressed gene in a clone of cytotoxic T lymphocytes. Nature
(Lond.) 312:36.

5. Sim, G. K., J. Yague, J. Nelson, P. Marrack, E. Palmer, A. Augustin, and J. Kappler.
1984. Primary structure of human T-cell receptor a-chain. Nature (Lond.) 312:771.

6. Yanagi, Y., A. Chan, B. Chin, M. Minden, and T. W. Mak. 1985. Analysis of cDNA
clones specific for human T cells and the « and 8 chains of the T-cell receptor
heterodimer from a human T-cell line. Proc. Natl. Acad. Sci. USA. 82:3430.

7. Caccia, N., M. Kronenberg, D. Saze, R. Haars, G. Bruns, J. Goverman, M. Malissen,
H. Willard, Y. Yoshikai, M. Simon, L. Hood, and T. Mak. 1984. The T-cell receptor
8 chain genes are located on chromosome 6 in mice and chromosome 7 in humans.
Cell. 37:1091.

8. Lebeau, M. M., M. O. Diaz, J. D. Rowley, and T. W. Mak. 1985. Chromosomal
localization of the human T-cell receptor g-chain genes. Cell. 41:335.

9. Toyonaga, B., Y. Yoshikai, V. Vadaz, B. Chin, and T. W. Mak. 1985. Organization
and sequences of the diversity, joining and constant region genes of the T cell
receptor 8 chain. Proc. Natl. Acad. Sci. USA. 82:8624.

10. Malissen, M., K. Minard, S. Mjolsness, M. Kronenberg, ]J. Goverman, T. Hunkapiller,
M. Prystowsky, Y. Yoshikai, F. Fitch, T. Mak, and L. Hood. 1984. Mouse T-cell
antigen receptor: structure and organization of constant and joining gene segments
encoding the 8 polypeptide. Cell. 37:1101.

11. Gascoigne, N. R. J., Y.-H. Chien, D. M. Becker, J. Kavaler, and M. M. Davis. 1984.
Genomic organization and sequence of T-cell receptor 8-chain constant- and joining-
region genes. Nature (Lond.). 310:387.

12. Toyonaga, B., Y. Yanagi, N. Suciu-Foca, M. Minden, and T. W. Mak. 1984,
Rearrangements of T-cell receptor gene YT35 in human DNA from thymic leukae-
mia T-cell lines and functional T-cell clones. Nature (Lond.). 311:385.

13. Siu, G,, S. P. Clark, Y. Yoshikai, M. Malissen, Y. Yanagi, E. Strauss, T. W. Mak, and
L. Hood. 1984. The human T cell antigen receptor is encoded by variable, diversity,
and joining gene segments that rearrange to generate a complete V gene. Cell.
37:393.

14. Clark, S. P., Y. Yoshikai, 8. Taylor, G. Siu, L. Hood, and T. W. Mak. 1984.
Identification of a diversity segment of human T-cell receptor $-chain, and compar-
ison with the analogous murine element. Nature (Lond.). 311:387.

15. Siu, G., M. Kronenberg, E. Strauss, R. Haars, T. W. Mak, and L. Hood. 1984. The

o0



16.

17.

8.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

KIMURA ET AL. 749

structure, rearrangement and expression of Dg gene segments of the murine T-cell
antigen receptors. Nature (Lond.). 311:344.

Zinkernagel, R. M., and P. C. Doherty. 1979. MHC restricted cytotoxic T cells:
Studies on the biological role of polymorphic major transplantation antigens deter-
mining T cell restriction specificity, function and responsiveness. Adv. Immunol.
51:177.

Ikuta, K., T. Ogura, A. Shimizu, and T. Honjo. 1985. Low frequency of somatic
mutation in 8 chain variable region genes of human T cell receptor. Proc. Natl. Acad.
Sci. USA. 82:7701.

Barth, R., B. Kim, N. Lan, T. Hunkapiller, N. Sobieck, A. Winoto, H. Gershenfeld,
C. Okada, D. Hansburg, I. Weissman, and L. Hood. 1985. The murine T-cell
receptor employs a limited repertoire of expressed V; gene segments. Nature (Lond.)
316:517.

Behlke, M. A., D. G. Spinella, H. Chou, W. Sha, D. L. Hartl, and D. Y. Loh. 1985.
T-cell receptor 8 chain expression: Dependence on relatively few variable region
genes. Science (Wash. DC). 229:566.

Behlke, M., H. S. Chou, K. Happi, and D. Y. Loh. 1986. Murine T cell receptor
mutants with deletions of 8 chain variable region genes. Proc. Natl. Acad. Sci. USA.
83:767-771.

Yoshikai, Y., N. Kimura, B. Toyonaga, and T. W. Mak. 1986. Sequences and
repertoire of the human T cell receptor a chain variable region genes in mature T
lymphocytes. J. Exp. Med. 164:90.

Yanagi, Y., A. Chan, B. Chin, M. Minden, and T. W. Mak. 1985. Analysis of cDNA
specific for human T cells and the « and 8 chains of the T-cell receptor heterodimer
from a human T-cell line. Proc. Natl. Acad. Sci. USA. 82:3430.

Yoshikai, Y., D. Anatoniou, S. P. Clark, Y. Yanagi, R. Sangster, P. van den Elsen, C.
Terhorst, and T. W. Mak. 1984. Sequence and expression of transcripts of the
human T-cell receptor B-chain genes. Nature (Lond.). 312:521.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with chain
terminating inhibitor. Proc. Natl. Acad. Sci. USA. 74:5463.

Strauss, E. C., J. A. Kobori, G. Siu, and L. Hood. 1985. Specific-primer-directed
DNA sequencing. Anal. Biochem. 154:353.

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

Yoshikai, Y., B. Toyonaga, Y. Koga, N. Kimura, and T. W. Mak. 1986. Repertoire
of the human T cell gamma genes: High frequency of nonfunctional transcripts in
thymus and mature T cells. /. Exp. Med. In press.

Cory. S., B. Tyler, and J. Adams. 1981. Sets of immunoglobulin V, genes homologous
to 10 cloned V, sequences: implications for the number of germline V, genes. J. Mol.
Appl. Genet. 1:103.

Brodeur, P, and R. Riblet. 1984. The immunoglobulin heavy chain variable region
(IgH-V) locus in mouse. 1. One hundred IgH-V genes comprise seven families of
homologous genes. Eur. J. Immunol. 14:922.

Wu, T, and E. Kabat. 1970. Analysis of the sequences of Bence-Jones proteins and
myeloma light chains and their implications of antibody complimentarity. J. Exp.
Med. 132:211.

Jones, N, J. Leiden, D. Dialynas, J. Fraser, M. Clabby, T. Kishimoto, . L. Strominger,
D. Andrews, W. Lan, and J. Woody. 1985. Partial primary structure of the Alpha
and Beta chains of human tumor T cell receptor. Science (Wash. DC). 227:311.



750 HUMAN T CELL RECEPTOR g CHAIN VARIABLE REGION GENES

32. Arden, B., J. Klotz, G. Siu, and L. Hood. 1985. Diversity and structure of genes of
the « family of mouse T-cell antigen receptor. Nature (Lond.). 316:783.

Sims, J. E., A. Tunnacliffe, W. J. Smith, and T. H. Rabbitts. 1984. Complexity of

human T-cell antigen receptor 8-chain constant- and variable-region genes. Nature
(Lond.) 541.

33.



