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Summary

We present the initial characterization of a novel family
of genes that rearrange in T cells, but do not encode
either of the defined («/ff) subunits of the clone-
specific heterodimer of the T cell receptor. The family
comprises at least three variable (V) gene segments,
three constant (C) gene segments, and three junction
(J) gene segments. In a cloned cytolytic T lymphocyte,
2C, one of each of these fragments has productively
rearranged to yield an expressed VJC transcription
unit, which shows no evidence for somatic mutation.
Short sequences similar to those implicated in im-
munoglobulin gene and T cell receptor § chain gene
rearrangement flank the V and J segments of this fam-
ily. The linkage of two of the three V gene segments
has been determined: the segments lie approximately
2.5 kb apart, and are arranged head-to-head. The in-
verted arrangement may cast light upon the mech-
anisms utilized by lymphocytes for gene rear-
rangement.

Introduction

The immune system of vertebrates has the capacity to
cope with challenge by a potentially immense repertoire
of foreign products. In coping with this challenge, the sys-
temn in effect mounts a two-pronged attack: the recognition
of circulating antigens by B cell immunoglobuling, and the
recognition of cell-bound antigens by specific receptors
on T cells, The B cell immunoglobulins and the antigen
receptors on T cells both display clonal diversity. Exten-
sive studies of immunoglobulin genes (reviewed by
Tonegawa, 1983) have established that somatic rear-
rangement and mutation of limited germ-line genetic infor-
mation plays a major role in generating the clanal diversity
of the B cell response. The extent to which such a mecha-
nism might be used to generate the diversity of the T cell
response remained a central issue in immunology.

The T cell receptor might be considerad to comprise, in
its minimal farm, a heterodimeric protein of « and f
subunits, each of approximately 45 kd (Allison et al., 1982,
Meuver et al., 1983a; Haskins et al., 1983). Each of the o
and f subunits seems to contain constant and variable
regions (Acuto et al., 1983; Mcintyre and Allison, 1983;
Kappler et al., 1983). Although T cells recognize antigen
in the context of the products of the major histocompatibil-
ity complex (MHC), many arguments (e.g.. Kappler et al.,

1981; Hinig and Bevan, 1982} have been forwarded to
consider the T cell receptor as a single receptor recogniz-
ing some combination of antigen and MHC product, rather
than two receptors recognizing antigen and MHC product
individually (reviewed by Zinkernagel and Doherty, 1579;
Matzinger, 1981). According 1o this viewpoint, the «ff het-
erodimer might contain the complete antigen specificity of
a T cell and, indeed, evidence exists to suggest that the
afl heterodimer can recognize aspects of both antigen and
MHC product (Marrack et al., 1883).

Genes for the 7 chain (Acuto &t al., 1984) of the heterc-
dimer wera recently isclated (Hedrick et al., 1984, Yanagi
etal., 1984), Analysis of these genes indicated that, as for
immunoglobulins, diversity in the @ chain is generated, at
least in part, by the somatic rearrangement of germ-line
gene segments (Chien et al., 1984a; Gascoigne et al.,
1984; Siu et al., 1984a; Malissen et al., 1984). Since then,
wea and others (Saito et &l., 1984b; Chien et al., 1984b)
have isolated genes that most likely encode the o chain
of the heterodimeric T cell receptor (Hannum et al_, 1584,
These genes also apparently undergo T-cell-specific rear-
rangement, the possible permutations and combinations
of which are again likely to generate diversity in the het-
arodimer.

Earlier than this, however, we cloned ancther distinct
cOMA (clone 4/203) from the same T cell clone, which we
initially thought coded for the e chain (Sailo et al., 1984a).
Since itis now clear that this gene does not encode a com-
panent of the heterodimeric T cell receptor (Hannum et
al., 1984; Saito et al., 1984b), we call it the y gene. Like
the clones for the & and f chains, the y gene possesses
conspicuous properties. It has sequence and organiza-
tional similarities to both |g genes and genes for the f
chain of the T cell receptor. It was expressed only in T
cells, and it, or a gene highly homologous to it, was ex-
pressed in all eytolytic T cells that we examined. Further-
more, the expressed gene was generated by an appar-
ently T-cell-specific rearrangement of multiple gene
segments. Hence the function of the putative y gene prod-
uct is a most interesting problem to be resolved, One ap-
proach to this is to characterize the y gene family. This ap-
proach can indicate how similar in organization, structure,
and regulation y genes are to genes encoding immunc-
globuling and the heterodimeric T cell receptors. It can in-
dicate the potential diversity that may be generated by the
rearrangement of y genes, and thereby imply the capabili-
ties of y gene products. This approach has been followed
here.

Results

The Isolation of Germ-Line Clones

The cDMNA, pHDS4/203, cloned from an alloreactive (anti
L% CTL clone, 2C (Kranz et al., 1984), can, by analogy
with immunoglobulin {Ig) genes and T cell receptor & and
[t genes, be splitinto a variable (V) segment a constant (C)
segment and, between the two, a junction (J) segment
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Figure 1. Eco Rl-Digested Balbic Embryo DMNA (E) and 2C Cell DMNA
(2C) Electrophoresed in 0.8% Agarose, Transferred 1o Nitrocellubose,
and Hybridized to & V Probe (poV) (4). or a C Probe (pedC) (B)

Sizes of the fragments (in kb are indicated by the numbers shown, ang
were deduced from co-electrophoresis with Hind 1l-cut & DA

(Saito et al., 1984a). The \/ segments and the C segments
ware used individually to probe Eco Rl digests of Balbfc
embryo and 2C DNA (Figure 1). In Balbic embryo DNA,
the V probe detects two Eco RI fragments, of 10.8 and 5.7
kb, respectively. The C probe detects three Eco RI frag-
ments of 134, 105, and 7.5 kb, respectively. Each of these
five fragments was isolated from a A phage library of Eco
Rl-cleaved Balbic embryo DNA, and was analyzed by re-
striction analysis coupled with hybridization to fragments
of the cDOMA clone (see Figure 2 for the regions of the
cDMA covered by each probe), and by direct DNA se-
quencing. The clones, according to their sizes in kb, and
to the probe to which they hybridize, were denoted: V108,
V&7, J-C134, J-C105, C75. The general organization of
each ¢lone is depicted in Figure 2.

Three C Regions, Three J Regions, Three V Regions
The clones J-C13.4, J-C10.5, and C75 each contain a sin-
gle constant region that is split into three exons. This was
determined initially by hybridization to fragments of the
cOMA clone (total cDNA, pedC, and pc3U.T.; Figure 2).
and was later confirmed, for J-C10.5 and C75, by DNA se-
quence analysis. In addition, use of probe peC indicated
that clones J-C134 and J-C10.5, but not clone C7.5, each
contain at least one germ-line J gene segmant. Locations
of these J segments were determined roughly by South-
ern blotting analysis using the pcJC probe and more ac-
curately by DNA sequencing (see below). When a germ-
line J region probe, probe gJ (Figure 2), is dissected from
J-C105 and used to probe Eco Ri-digested embrya DNA,
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Figure 2. Recombinant DMA Clones Lised in This Study

cDOMA 41203, cioned fram 20 cells, and segmented into putative leader
sagment (L], variable segment (), junction segment {J), constant seg-
ment (C). and 5 and 3 untransialed regicns. Probes derived from
4203 are indicated. Genomic clones contain coding regions {boxead).
Shaded bowes denole coding regons used in the productive rear-
rangement in 2C cells. E, Eco RI; H, Hind lil; Em, Bam HI; K, Kpn [;
B, BgL . Restriction maps are not necessarily comphete,

it detects three Eco Rl fragments, of 13.4, 105, and approx-
imately 2.3 kb, respactively (Figure 3). The former two
fragments correspond to the cloned fragments J-C134
and J-C10.5. (Since probe gJ derives fram C105 it is not
surprising that hybridization is strongast to the 105 kb
fragment). The hybridization of probe gJ to 2 2.3 kb frag-
ment indicates the presence of a third, homologous germ-
line J segment. This has been confirmed by probing other
restriction digests (Xba 1, Bam HI, Hind I} of embryo
DMA. The genomic location of the third J segment relative
to the other coding sequences of this gene family is still
unknown, However, preliminary data indicate its location
to be immediately upstream of C7.5 (Figure 2). This loca-
tion would be consistent with subsequent analysis of rear-
ranged fragments in 2C DMNA (see below), and also
predicts an interval of between 3.5 and 4.5 kb between J
and C gene segments, which is comparable to the dis-
tance of approximately 3.8 kb that separates hoth J13.4
and C13.4, and J10.5 and C10.5. By hybridization intensity,
the 2.3 kb J segment is the least homologous of the three.

V5.7 containg one variable gene segment. Conversely,
analysis of V108 shows that Kpn | fragmeants a and d each
hybridize to variable region probe ¢V (Figure 2). Since
these fragments lie approximately 3.5 Kb apart, it suggests
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Figure 3. Eco RI-Digested Balbic Embryo DNA (E) and 2C Cell DNA
{2C) Probed with gJ (See Figure 2)
Mumbers denote sizes of fragments in kb

that V10.8 contains two variable gene segments. A probe
L (Figure 2), specific for the hydrophobic, putative leader
segment of V, hybridizes to Kpn | fragments b and ¢. A
similar result is obtained using other restriction analyses,
e.g., Msp | (data not shown). Since neither Kpn | nor Msp
| split the leader segment (sequence daia: see below), it
suggests that there are two leader segments, one on Kpn
Ib and one on Kpn Ic. Moreover, these two putative leader
segments are flanked by the two Kpn | fragments (a and
d}, both of which hybridize with the V' region probe cV.
These results suggest that there exist two V gene seg-
ments on V108 (confirmed by DMNA sequencing; see
below) that are inverted relative to one another in a head-
to-head organization. In conclusion, the homologous
members of this gene family comprise three C, three V
gene segments, and three clusters of J gene segments.

DMA Sequence Analysis

V Segmenis

The two V segments, V10.BA and V10.8B, that have been
completely sequenced, are shown in Figure 4. Each con-
tains two exons: a 5 exon that encodes the large part of
a putative hydrophobic leader segment, and a 3’ exon of
approximately 300 bp, which can combine with J to en-
code the rest of the proposed leader and the major body
of the variable region. The position of the intron between
these two exons agrees with that found for all Ig heavy and
light chain genes; that is, it occurs four amino acids before
the finish of the putative leader peptide. The two introns
differ by the deletion/ingertion of 12 bp. A 12 bp deletion
in the analogous intron distinguishes one of the five Balbic
germ-line IgV,21 genes from the other members of that

family (Heinrich et al , 1984). For the T cell gene presented
here, as for the IgV,21 gene (Heinrich et al., 1984), the de-
letion occurs between short direct repeats (GTG), which
make it impossible to position it unequivocally (Figure 4).
The two V gene seguences shown here differ over the
coding regions, by 16 point mutations and one triplet dele-
tion/insertion, This degree of variation is similar to that
seen between the most divergent genas of either the
gV T15 family or the IgvyNP® family that have been ana-
lyzed to date (Crews et al., 1981; Bothwell et al., 1981).
However, it is considerably greater variation than that ex-
isting between the most closely related members of either
of these families or of the V.21 family (Heinrich et al.,
1984). Like the variation witnessed in the studies of those
Ig gene families, the changes between the two V regions
shown here are widely distributed throughout the whole
gene. Furthermore, there are considerably more replace-
ments than silent mutations (14r, 2s), which, with the triplet
insertion/deletion, lead to 15 amino acid differences be-
tween the potential gene products. None of these aming
acid changes occur at very highly conserved positions,
suggesting that in themselves none of them are encugh
to abrogate the function of the potential gene product.
The least conservative of the changes in fact occur in the
putative leader segment. The overall organizational
similarity of the V region of this gene family to Ig V regions
has previously been discussed (Saito et al., 1984a).

The J Regions
Short restriction fragments of J-C105 and J-C13.4, which
hybridize to pcJC but are upstream of C, were analyzed
in order to define the J region clusters for this gene family.
The restriction fragments were each about 1 kb. Through-
out their lengths the fragments from J-C105 and J-C134
showed high homology as judged by conservation of re-
striction sites. However, the only occurrence of an Ava |
site was a single position in J-C10.5. Over 750 bp were se-
quenced from the J-C10.5 fragment, and over 250 bp were
sequenced from the J-C13.4 fragment. As indicated in Fig-
ure 4, sequencing data strongly suggested the occur-
rence of only one J segment in J-C10.5. Sequencing data
and homology to J-C10.5 suggested that J-C13.4 also con-
tained only one J. In this respect the gene family resem-
bles the murine Igi light chain genes (Blomberg and
Tonegawa, 1982) and differs from the T cell receptor f
genes (Siu et al., 1984a; Gascoigne et al., 1984, Chien et
al., 1984a; Malissen et al., 1984). The two sequenced J
regions shown in Figure 4 differ by only 4 nucleotides over
the 60 bp coding region; none of these changes affect the
coding potential. This coding potential is quite distinct at
its 5" end from J segments of murine Ig genes or T cell
receptor f chain genes. Over the 3-most ten amino acids,
the coding potential is more conserved: there are 6 out of
10 matches with the corresponding region of several T cell
receptor # chain Js, 5 out of 10 matches with Igx or Igi
light chain Js, but only 3 out of 10 matches with IgH J
segments.

The J cluster contained in the germ-line 2.3 kb fragment
has not been sequenced, s0 it is as yat unknown whether
it too contains only one J.
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Figura 4. Muclactide Seguences of y Gene Variable and Junction Segments

The intron—exon organization was determined by sequence comparisen with cDNA 41203 The potential pratein coding regions are indicated in triplet
form and, in themselves, show no allerations when campared with the sequence of 47203 (Saito & al., 1984a). Agreemeant of VI0BE, V5.7, and 134
sequences to the sequences shown is indicated by dashed lines: disagraamants are claarly denoted. Splice junction seguences ara ovarlingd. 5o
that thay may be compared with the consensus seguences: 5 GTAAGT. . .. . . [Pyl-CAG .3 supgesied by Breathnach and Cheambon (1981). Also
denoted by overlings are the haplamer and nonamer CONSENsUS Sequences, An estimate of the start sie for transcription [arrowad) is denoted nucleo-
tide 1 and wndarlined. Undarlined upstream of this are putative transcription signals {see text], and their distances from nucleotide 1. The initiator
methionine, boxed, is also estimated. An ATG upstream of this, which is probably transcribed, is underlined.

C Regions

Complete seguence was obtained for the C coding
regions of C10.5 and C7.5 (Figure 5). Comparison with the
cDMNA sequence indicates that both coding regions are
divided into three exons (Figure 4). The firstiz an immuno-
globulin-like domain of 330 bp (110 amino acids), the
same length as Ig CH1 (Kabat et al., 1983). This domain

region presentsd here encodes a single cysteine, but
noticeably no proline. Exactly this situation occurs in the
short second exon of the T cell receptor § chain constant
region (Gascoigne et al., 1984). The second exon of C7.5
contains a 15 bp insertion relative to C105, clearly distin-
quighing it from the cOMNA clones from 2C cells, and is al-
maost certainly defective, for reasons discussed below and

features a & out of & match of the most highly conserved
residues in IgCH1, and & 12 out of 17 match of the invariant
residues of the constant regions of 1g light chains. In some
of these matches, the domain defined here is more similar
to either the Ig light chain, or the Ig heavy chain, than the
Ig light and heavy chains are to @ach other, A similar situa-
tion has been described for the product of the murine T
cell receptor § chain gene (Gascoigne et al., 1984).
The second exon of C10.5 encodes only ten aming
acids. A similarly short exon encodes the hinge region of
IgG heavy chains (Sakano et al., 1979a), and also exists
in the structural genes for the T cell receptor § chain con-
stant region (Gascoigne et al., 1984). The hinge regions
of Ig heavy chains always include (often multiple copies
of) cysteine and proline (Kabat et al., 1983). The proline
residues are thought to be crucial in conferring flexibility
ta the hinge region. The short second exon of the constant

in the legend to Figure 5.

The third exon contains about 545 bp. It includes a re-
gion that we have proposed to encode the transmem-
brane domain (Saito et al., 1984a). Like the transmem-
brane domains of Ig genss, the sequence of this domain
is rich in hydrophobic residues. However, it has a conspic-
uous property, which it shares with the T cell receptor §
chain of both mouse and humans, and which distin-
guishes all three of these from the transmembrane do-
mainz encoded by Ig genes. This feature is a potentially
charged lysine residue, flanked at a distance on both
sides by tyrosines (Figure 6). The incorporation of bulky
tyrosine residues into a transmembrane domain, at con-
served distances from an internal, polar residue, is pro-
vocative of some specific function associated with the
transmembrane domain of these proteins other than to an-
chor the protein. Strikingly, there is strong conservation of
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Figure 5. Mucleotide Sequences of 105 and C75 and Coding Patential af Ci0.5

The intran-exon crganization was determined by comparison with clone 4/203 (Sailo et al,, 1884a), and with other unpublished cDNA clones. Splice
juncticn sequences are averlined (datted), and a putative polyademation signal (Proudfoot and Brownlee, 1978), which sppears defective in G753,

is underlined twice,

two leucine residues between the first tyrosine residue
and the lysine. If an « helix is adopted by the transmem-
brane domain, the residues Y, L, K, ¥ encoded by y genes,
and by the [ chain genes would all face the same surface
of the helix. The third exon alse encodss a small C-ter-
minal stretch of hydrophilic residues, which we have pro-
posed to extend into the cytoplasm (Saito et al., 1984a),
Conspicuous among these residues is a cysteing. By con-
trast, genes for the T cell receptor ¢ chain constant
regions encode the short eytoplasmic domain in a fourth
exon, separate from that encading the putative transmem-

brane domain (Gascoigne et al., 1984), The third exon of
the constant region described here also includes a 3 un-
translated sequence of over 400 nucleotides.
Noncoding Reglons

A composite VWC gene. generated by the rearrangement
of gene segments described in this paper, would contain
five exons and four introns. As for immunoglobulin genes,
the exon-intron boundaries occur predominantly after the
firet nucleotide of a coding triplet. The sequences at the
intron-exon junctions are denoted by dots in Figures 4
and 5. They adhere closely to consensus sequences for
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splicing sites (Breathnach and Chambon, 1281; Mount,
1981}, with the exception of the splice donaor at the end of
exon 2 of C7.5. Here, the sequence TTAGGT . . . contrasts
with the universal occurrence of GTHNN. . . . Therefore,
C7.5 is unlikely 1o give rise 1o an RNA that can be properly
spliced.

The initiation point of the messenger RMNA from which
the cDMA cloned from 2C cells is derived has not been
mapped. However, a candidate start site exists at nucleo-
tides 169-170 on V108 (marked as nuclectide 1 on Figure
4], The sequence in this region, CCTTTAACCTAC, close-
Iy resembles an mRNA cap site consensus sequence,
Py - - - PyAPyPyPyPyPy (Breathnach and Chambon,
1881). The occurrence at the start site of neighboring A
residues, instead of a single A residue, is unusual but not
without precedent (Breathnach and Chambon, 1981). At
28 bp upstream of the proposed cap site is the seguence
CATACAAAAGATG, This can be compared with the con-
sensus TATA box sequence (M. Goldberg, Ph.D. thesis,
Stanford University, 197%; Breathnach and Chambon,
1981) TATAMTAM—G—G. Although the C residues in the
sequence described here are in unusual locations, the se-
guence, relative to the consensus sequence, retains ATA
followed by an A-rich stretch, followed by G—-G. Itis there-
fore conceivable that this sequence acts as a TATA box for
V108 transcription. Upstream of this sequence (at about
—&1 bp) is the sequence GGCCATTCT. This sequence is
only one nucleotide removed from the consensus “CAT
box” sequence (Efstratiadis et al., 1980; Breathnach and
Chambon, 1981) GGCCAATCT, which occurs about 70 bp
upstream of numerous structural genes. Furthermaore, at
about 132 bp upstream of the proposed initigtion site is the
sequence GAATATAGCAAAT. Almost exact copies of this
sequence occur 121 bp upstream of the proposed start
site for human Vy HG3 (Rechavi et al., 1983), and 112 bp
upstream of the proposed start site for murine V1084
(Givol et al., 1981). The latter two sequences are part of
a "cd element,” noted by Falkner and Zachau (1984) as a
highly conserved sequence occurring between 85 and 117
bp upstream of the proposed start sites of muring and hu-
man heavy chain variable region genes.

Initiation of Translation

A putative initiator methionine codon has been denoted
for W108A, and for V108B (Figure 4), based an analogy to
Ig genes. Initiation at this point would produce a hydro-
phobic leader segment of 18 amino acids. However, nei-
ther for V108A nor for V108E (were it to be transcribed) is
this met codon the first met codon in the presumed mes-
senger RNA. Rather, an ATG occurs 134 bp upstream, at
the start of a reading frame that remains open for eight

Figure 6 The Proposed Transmembrane Do-
maing Encoded by the Gene Family Described
Here and by the T Call Receptor § Chain
Genes, o Chain Genes, and Ig Genes
Sequences derive from: () this study and
Saito et al. (1984a); (b), (c). Gascoigne et al.
(1984); (d} Yanagi &t al, (1984), (e) Saio et al.
[(1984b); (1) Tvler et al. (1982): (g) Roegess at al,
(1981); (h) Rogers & al, (1980,

amino acids (Figure 4). Initiation at an internal ATG has
been considered previously (eg., Mulligan and Berg,
1981). However, in the work descriped by Mulligan and
Berg, the deletion of upstream ATG triplets led to in-
creased protein levels from the internal ATG. Furthermore,
a consensus sequence has been proposed for an etficient
eukaryotic translational start site. This sequence is
CCA;CCATGE (Kozak, 1984). In particular, the A residue
3 bp before the ATG is thought to influence translational
efficiency greatly. The initiation site that we have pro-
posed, TTGGGATGC, does not resemble the consensus
sequence. The upstream Initiation point has actually a
slightly better match —AGATCATGA. For these reasons,
the translation of the primary product of the genes de-
scribed here may be a relatively inefficient process and,
therefore, possibly a stage at which expression of the
genas can be regulated.

The Somatic Generation of a Productively
Rearranged Gene
Three rearranged Eco Bl fragments can be detected with
aclone 4/203 cDNA probe in 2C DMA, The sizes of these
fragments are 22 kb, 16 kb, and 5 kb (Figure 1). A priori,
any one of these fragments may contain the productively
rearranged gene that gave rise to clone 4/203 cDNA. How-
ever, use of separate V and C probes (Figure 1) shows that
the 22 kb band hybridizes only to C, and the 5 kb band
only to V, whereas the 16 kb band hybridizes to both C and
V. The failure of the 22 kb band to hybridize to a homele-
gous V probe suggests that it does not represent the
productive VJIC rearrangement. The failure of the 5 kb
band to hybridize to C may reflect movement of Vto a J
sequence outside of an Eco Rl fragment that contains C.
In this case the associated C gene segments will remain
in germ-line configuration. This hypothesis is supported
by the fact that the 5 kb band does react with the J region
probe, gJ (Figures 2 and 3). Since the only C-reactive Eco
RI fragment that remains in germ-line configuration is the
7.5 kb band, itis likely that the joined VJ is associated with
C75. However, as discussed above, C7.5 is defective. Fur-
thermore, it containg numerous single-base differences,
by comparison with the clone 4/203cDMNA sequence (Fig-
ure 5). Therefore, itis likely that this rearrangement is non-
productive and distinct from the one represented by the
clong 4/203cDNA. Thus the remaining rearranged Eco Rl
fragment (16 kb), which reacts with V and C probes, con-
stitutes the best candidate for the productive rear-
rangement.

Of the five germ-line clones (Figurs 2) that make up the
gene family described here it is V10.BA and J-C105 that,
in all likelihood, recombine to form the productive gene.
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Figure 7. Sequences of VI08A, cOMA 4/203 and J10.5 in the Proposed
Region of Y-J Joining

An AT dinucleatide in &/203, which cannat be derived from V108A or
J05, is underlined. The heplamer=nonamer signals of Vi08A and
JI05 are printed in heavy type.

The reascns are as follows: this recombination generates
a rearranged Eco RI fragment of the correct size (ie., 16
kb); the V108 sequence agrees, over the whole V seg-
ment, exactly with that of the cDMA (Saito et al., 1984a);
V1088 and V5.7 do not; the sequence of C10.5 agrees ex-
actly with that of the cDNA (Figure 5); the sequence of C7.5
does not; and furthermore, the sequence of J-C105
agrees almost exactly with the J segment sequence of the
cDMA; J-C13.4 does not (see Figure 7). The only differ-
ences are an A and a T residue that occur in the cDNA
at the V=J junction, which do not occur in either V10.8 or
J-C105 (Figure 7). Can this AT dinuclectide be explained
by use of an as yet undetected J region? As stated above,
the J regions have been mapped, on J-C10.5 and J-C13.4,
by hybridization to small restriction fragments. Direct DNA
sequencing was then performed on 750 bp of G105, and
250 bp of C134 in the appropriate regions (Figure 4).
These analyses strongly suggested that no more J regions
occurred on these clones. Furthermore, the J region of
clone 4/203 contains an Ava | site, which is contained in
J-10.5, but which is not present in or around J-13.4. The use
of a.J segment from the 2.3 kb J region is excluded by the
result that the C-containing fragment itself rearranges to
16 kb (discussed above).

The inclusion of extra nuclectides at the VJ junctions of
lg genes is very commen (reviewed by Tonegawa, 1983).
The nuclectides may be inserted in a template-indepen-
dent fashion, for example by terminal transferase (Alt and
Baltimaore, 1882). An AT dinucleotide is not the favored
substrate of terminal transferase. In addition, this "unex-
plained” dinuclectide occurs at three out of four junctions
that we have examined (D. M. K. et al., submitted; J. 5.
Heilig, unpublished). This situation is reminiscent of the
analysis of |g heavy chain junctions, where it was found
that varying numbers of nuclectides, often of similar se-
quence from junction to junction, could not be explained
by ¥ or J sequences (Early et al., 1980; Sakano et al.,
1980). In that case, the discovery of short D segments
(Sakano et al., 1981) that link the \ region to the J region
axplained most of the extra bases. Does the AT dinucleo-
tide derive from a D region? Although it is unusual for a
D segment to contribute consistently only 2 bp to a WJ
junction {and the same 2 bp at that) (Kurosawa and
Tonegawa, 1982), the discovery of D segments in the T cell
receptor # chain gene families (Kavaler et al., 1984; Siu et
al., 1984b) increases the possibility that this gene family
also utilizes a D region. Therefore, it is quite possible that
the productive rearrangement that occurs in 2C cells in-
volves V108, D. and J-C10.5. The expressed product of this

Y J

|r.I'|T.'ni'|II-.’J-E'Zi GATTTTTGT| 12 |Er‘-ETGTI.'.
| |
|ﬂ.’nﬁl3.'nl'li1' 1 GATT | 12 |cACTGTG| Ji34

| JID5

|

il 73 GonRacc| | AGrTTTTET| 12 GEkraTs| JAT3AS,
: bace :IEEF' 21 [oacrats| Iyt
A1 Tohagaadt | | 12 [cocaera | 1gdhd
| TRITTTIEE) 12 |chcTere| JR

Figura & Heptamer-nonamer Sequences That Flank the WV and J
Segrments of the Gene Family Described Here, Compared with Those
Thai Flank T Cell Receptor & Chain Gene Segments, and Ig Light
Chain Gene Segments

The numbers dencle the nucleatida distance belween each element.
The sequences derive from the following sources: V108A, ViDER,
J10s, 34, this study; V284, JoT34.5 Chien et al. (1984a); JaTd
Gascoigne at al. (1984); Igh,21,B, Heinrich et al. (1984); IgJ..1, Sakano
et al. (1979a), Igv,1, lgJd;1, Bernard et al, (1978).

rearrangement is not somatically altered in its V region,
relative to the germ-line V seguence.

Consensus Signal Sequences for

Gene Rearrangement

The germ-line V, D, and J segments of Ig genes that can
be rearranged are flanked by highly conserved heptamer
and nonamer sequences (reviewad by Tonegawa, 1983).
The consensus sequences for some of these are shown
in Figure B. The V108A and V1088 genes of this family are
both flanked to the 3' side by the same, very similar hep-
tamer-nonamer sequence, with a spacing in between of
23 bp (Figure 8). Similarly, both J segments sequenced
are flanked to the 5' side by a nonamear-heptamer with a
12 bp spacing {Figure B). The V-flanking sequences of the
Ig genes are essentially an inverted repeat of the J-flank-
ing sequences (Tenegawa, 1983). This seems generally
true for the consensus sequences of this family although
the repeats are even more imperfect than, for instance,
Wi1-JA1 (Figure 8). The spacing of either 12 bp or 23 =
1 bp between the heptamer and nonamer is a highly con-
served feature of Ig genes. An empirical rule was drawn
up (Early et al., 1980; Sakano et al., 1980) that gene seg-
ments could only be recombined if one was flanked by a
23 bp spacer and the other by a 12 bp spacer. Thus, ac-
cording to this rule, the J and V segments of the gene
family described hare could be directly joined. In the T cell
receptor § chain family, whera VDJ joining can apparently
occur, the arrangement of spacers is: vV - 23 bp - 12 bp
-D-D-23bp-12bp-.J (Kavaler et al., 1984). The impli-
cation of this arrangement is that not only VDJ joining can
oeceur, but also V-J and V-D-D-J. If the gene family de-
scribed herg does indeed include D elements, presum-
ably the same potential flexibility will be apparent.

Discussion

This paper presents the initial characterization of the y
gene family, the members of which rearrange in T cells to
produce a functional transcription unit. The organization
of the gene family, the members of the gene family, and
the transcription product that they produce, bear remark-
able resemblance to the genes and products of immuno-



Cell
266

globulin loci. Like immunoglobulin {Ig) genes, the ganes
considerad here are organized into constant (C) seg-
ments, variable (V) segments, and joining (J) segments.
The first exon of the C-region genes encodes a domain of
110 amino acids that, by its length, and by its conseanvation
of structurally significant residues, is clearly like an
immunoglobulin-C-region domain. Similarly, the V-J seg-
ments can encode domains like those of Ig, with charac-
teristic residues, such as trp and cys, at appropriate spac-
ings, and highly conserved structures surrounding these.
Furthermore, the coding capacity of the J segments is
wery similar to that of lgx and 1gi J segments. The J and
V segments are flanked by heptamer and nonamer se-
guences that are identical in organization, and similar in
sequence to those of Ig genes. At least one of the V
regions (V108A) has upstream of it a sequence that is con-
served upstream of human and mouse |1g Vy genes and,
furthermore, the V gene segment is split by an intron at
exactly the same coding triplet as are all Ig heavy or light
chain V segments analyzed to date.

The genes described herg share many of these dra-
matic similarities to 1g genes, with the genss encoding the
o and [ chains of the heterodimeric T cell receptar (TCR).
The C-region exons are similar to those of the TCR 3 chain
C regions in encoding an |g-like domain, a short cys-
containing peptide, and a distinctive transmembrane do-
main. The J segments are even more similar ta TCR J seg-
ments than to Ig J segments, and a computer search of
the MIH protein sequence data bank (see Experimental
Procedures) shows that the sequence most homologous
o the V10BA sequence described here is the sequence of
a human TCR f# chain V region (Yanagi et al.. 1984),
Clearly, the y genes are very similar to those encoding the
# and /i chains of the TCR. Mevertheless, they are both
distingt and unlinked in the murine gencme (D. M. K. et
al., unpublished; Lee et al., 1984; Caccia et al., 1384).

The study of Ig genes has demonstrated that diversity
ameng immunoglobulin molecules is predominantly gen-
erated by three somatic mechanisms: the combinatorial
diversity that results from joining multiple gene segments
in differant combinations, the junctional diversity that
results from joining gene segments imprecisely and at
different places, and the hypervariability introduced by so-
matic mutation of rearranged V regions (reviewed by
Tonegawa, 1983), Studies of genes encoding the § chain
of the heterodimeric TCR suggest that at least the former
two of these mechanisms generate diversity amang het-
erodimeric TCR molecules (Gascoigne et al., 1984; Chien
et al., 1984a; Siuv et al,, 1984a). Preliminary characteriza-
tion of o chain genes suggests that these too display com-
binatorial and junctional diversity (Saito et al., 1984b,
Chien et al., 1984b). The gene family described here has
little obwvious capacity for combinatorial diversity. Of the C
regions characterized, one (C75) is defactive. If the gene
family is organized so that V5.7 can only recombineg to
C7.5, then the defect in C75 will deplete the functional
gene pool of V3.7, No defects were apparant from the se-
quence analysis of both V108B and the heptamer and
nonamer sequences downstream of it. However, this V
segment is oriented oppositely to the segment that is

productively used, V108A. While some viewpoints of Ig
gene rearrangement (Lewis et al., 1982) would regard this
orientation as no preclusion to V108B rearrangement, it
may be notable that we have not yet found this gene seg-
ment rearranged (D. M. K. etal., submitted). In fact, South-
ern analysis of several cloned CTLs and of heterogene-
ous thymocytes indicates that rearrangement of V10.8 to
C10.5 may be the predominant productive rearrangement
(D. M. K. &t al., submitted). It is possible thal y gene re-
arrangements include further nonhomologous V gene
segments, not characterized here. However, we have
failed to detect a variety of rearranged C fragments that
might be indicative of utilization of even a few such non-
homologous V segments (Saito et al., 1984a; D. M. K. &
al., submitted). If, as we believe, combinaterial diversity is
restricted by the common use of only one V segment and
one C segment, then it is probably further restricted by the
apparent availability of only one J {J-10.5) to mediate this
rearrangement.

By contrast, junctional diversity may be a general
phenomenen ameng the products of the y genes, Of four
junctions so far sequenced (admittedly from three differ-
ent strains), no two are the same, in the position of break-
age of the V segment andfor in the incorporated nucleo-
tides that at present cannot be attributed to germ-ling
genes (D. M. K. et al., submitted; J. 5. Heilig, unpub-
lished). On the basis of an AT dinuclectide that occurs
consistently among these “extrad’ nucleotides, the case
has been made that y-D segments exist. Utilization of
these in gene rearrangement may increase junctional
diversity further.

As for the TCR [ chain genes, therg is as yet no evi-
dence of somatic mutation in the y gene V' regions. How-
ever, few cases have yet been studied. Furthermore,
cases such as 2C cells represent primary-response T
cells. Among immunoglobuling, somatic mutation is mainly
apparent in 1gG molecules of the “mature response;” and
is nat 5o prevalent in IgM molecules. By analogy. somatic
mutations may be present in the TCR molecules of T cells
from hyperimmunized mice.

In summary, the primary characterization of the y genes
presented here reveals a family of genes, highly related to
those encoding immunoglobuling or the heterodimeric T
cell receptors. Despite the suggested small size of the
gene family, a capacity to generate diversity is apparent.

The strong implication of such diversity is that the puta-
tive products can interact with a variety of substrates. Cou-
pled with the likely location of the putative products on the
cell membrane (the cDNA is derived from mRBNA of
membrane-bound polysomes and the predicted protein
has a highly hydrophobic region reminiscent of a trans-
membrane peptide), the capability to interact with a vari-
ety of molecules suggests that molecules encoded by the
gene family described here may participate, as well as the
aff heterodimer, in determining the clone-dependam spec-
ificity of T cells. Since no antisera directed against the
aff heterodimer reveals additional subunits beyond those
of T3 (Allison et al., 1982; Mcintyre and Allison, 1983;
Haskins et al., 1983, 1984; Meuer et al., 1983b; Kranz &t
al., 1984, Staerz et al., 1984), it is likely that the putative
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y protein is either only loosely associated with the hetero-
dimer or is all or part of a separate membrane protein. The
hypothesis that T cells have two receptors, one for foreign
antigen and one for MHC melecules, has previously been
proposed in various forms and extensively debated, to-
gether with proposals for a single T cell receptor (von
Boehmer et al., 1978; Blanden and Ada, 1978; Langman,
1978; Cohn and Epstein, 1978; Janeway et al., 1976;
Zinkernagel and Doherty, 1979; Matzinger, 1881; Hinig
and Bevan, 1982). Although experimental data (e.g., Kap-
pler et al., 1981; Hinig and Bevan, 1982) have been re-
garded as ruling out some versions of the two-receptor
hypothesis, other versions have not been excluded. Alter-
natively, the potential junctional diversity among y gene
products may enable them to interact with the same prod-
uct, but with different affinities. Such interactions with, for
example, a cellular antigen may constitute a step in devel-
opment of cells in the thymus into mature T cells.

A second consequence of gene rearrangement in the
IgH and Ige loci of both humans and mice has recently
been defined. The rearrangement brings a functional v
segment promoter within the sphere of influence of a po-
tent tissue-specific transcriptional enhancer element (Gil-
lies et al., 1983; Banerji et al., 1983; Picard and Schaffner,
1984; Hayday et al., 1984), that exists in the DNA between
J and C. It will be of interest to assay the 38 kb of se-
quence between J and C10.5 for analogous activity, espe-
cially considering the similarity of other putative regula-
tory sequences, such as those upstream of V108, to those
of Ig genes. Transcriptional control signals for Ig genes
show clear tissue specificity (Gillies et al., 1983; Banerji
et al., 1983; Hayday et al., 1984). Will analogous signals
for this gene family function only in T cells or do they also
function in B cells? The closely related heptamer—
nonamer sequences that probably mediate gene rear-
rangement can function in T or B cells, as judged by the
high frequency of Ig D-J rearrangement in T cells.

Experimental Procedures

Southern Analyses

Analyses were performed on restricted DMNA, elecirophoresed n
horizontal agarpse gels, and ransferred 10 nitrocellulose. Filkers were
hybridized to nick-translated probes (Rigby et al., 1977) according to
Wahl et al. (1979), and were filmed at -T0°C using intensifying
SCIEEns.

Molecular Cloning and Analysis

Eco Rl-cleaved embryonic DNA was cloned into esither L-wes (Lader,
et al., 1977) or i Charon 4A (Blattner et al., 1977), acconding 1o previ-
ously described procedures (Sakano et al., 19730}, and was screened
with radioactive probes (Figure 2) (Benton and Davis, 1977). After re-
striction mapping (Smith and Bernstiel, 1878} fragments of the clones
wera subclonad into plasmid before being sequenced (Maxam and Gil-
bert, 1980), Sequences were analyzed using SEQ programs (Brutlag
el al., 1882) and homologies of predicted aming acid seguences
sought wsing the protein sequence database, compiled by W. C.
Barker, L. T. Hunt, B. C. Orcutt, D. G. George. L. 5. Yeh, H. R. Chen,
M. C. Blomqguist, G. C. Johnson, E. I Seibel-Aoss, and A. 5. Ladley,
at the Mational Biomedical Research Foundation. Washington, D.C.
20007,
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