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ABSTRACT The variable-region (V) genes of the murine
T-cell receptor .3 chain exist largely as single-element subfam-
lies. The Vp5 and Vp8 genes belong to the only two known
three-member V1, subfamilies. We present studies on the
linkage of these six genes and show that the genomic organi-
zation is that of alternating V1,5 and V1,8 genes. Our analysis
suggests that these genes were tandemly duplicated, the unit of
duplication being a pair of Vp35 and V1,8 genes. This tandem
organization permits transcripts to initiate from the promoter
of an unrearranged Vp located upstream of the rearranged Vp
gene. These transcripts can generate functional /-chain gene
messages by novel RNA splicing of the upstream leader exon to
the V1, coding exon of the downstream rearranged gene. We
extend the analysis of the T-cell receptor genomic organization
to include 12 V1, genes and suggest that all V1, genes are closely
linked on chromosome 6. In addition, we discuss the possible
implications of the close linkage of the V1, genes on the
development of the T-cell receptor /3-chain gene repertoire.

The variable regions of the murine T-cell receptor (TCR)
genes are composed of discrete variable (V), diversity (D, in
P chain), and joining (J) germ-line gene segments that
rearrange during development to form functional transcrip-
tion units (1-4). There exist relatively few TCR V1, genes
(<30), most ofwhich belong to single-element subfamilies (5,
6). The V,5 and V138 subfamilies, each containing three V13
genes, are the only known three-member V1, gene subfamilies.
In addition to the expansion by gene duplication, contraction
in the size of the subfamily gene pool can also occur, as
evidenced by the deletion of all V,35 and V18 genes in the SJL
mouse (7). However, the mechanisms by which a particular
member of a multigene family undergoes gene expansion or
contraction are not well understood.
As is the case in immunoglobulin heavy-chain variable (VH)

genes (8), the genomic organization of the V13 genes may
influence the order of V1, gene rearrangement and the acqui-
sition of the TCR p-chain gene repertoire during develop-
ment. With the exception of V1,14, which is located 3' to, and
has an inverted transcriptional orientation relative to, the DP,
JP, and constant region (C,3) genes (9), the genomic organi-
zation of the 20V1, genes so far identified is largely unknown.
The majority of the V13 genes are presumed to lie 5' of, and to
have the same transcriptional orientation relative to, the DP,
Jo, and C,3 genes.

Studies on the immunoglobulin genes have shown that, in
addition to activating the promoter of the functionally re-
arranged Vgene, the transcriptional enhancer located in the
J-C intron can activate the promoter of an upstream, closely
linked, germ-line V gene (10, 11). Recent studies have

revealed the existence of nuclease hypersensitive sites in the
.4-Cp intron (12), suggesting the potential presence of tran-
scriptional regulatory elements, such as an enhancer. It
remains unclear whether the upstream germ-line V1t genes can
be similarly activated and whether transcripts thus initiated
can be functional.
To analyze the genomic organization of the two three-

member V1t subfamilies, we constructed a complete genomic
library from C57BL/6 liver DNA and isolated clones con-
taining the six genes of the V135 and Vp8 subfamilies. Data
presented here indicate that the two three-member subfami-
lies have probably expanded by the tandem duplication of a
pair of VA5 and V,98 genes. The tandem organization of this
complex has significant influence on the activation and
expression of these closely linked Vat genes. In addition, we
report here the analysis of the V1t genomic organization and
present an overall map of the V1t family. Our results suggest
that all V1, genes lie within a relatively short region on
chromosome 6.

MATERIALS AND METHODS
Construction and Screening of Genomic and cDNA Librar-

ies. Construction and screening ofC57BL/6 and SJL genomic
libraries and of a C57BL/6 spleen cDNA library were
performed as described (13). The nucleotide sequence of
relevant portions of cloned DNA was determined by either
the method of Maxam and Gilbert (14) or the chain-termina-
tion method of Sanger et al. (15).

Hybridization of Genomic DNA Fragments. High molecular
weight DNA from C57BL/6 liver and from a cytotoxic T cell
clone F3 was digested to completion with EcoRI orPvu II and
fractionated in a 0.8% agarose gel. After electrophoresis, the
gel was dried, and the DNA inside the gel was denatured and
hybridized to radioactive DNA probes by the method of
Purrello and Balazs (16). Vp-specific probes (200-350 bp)
were labeled with [a-32P]dCTP to a specific activity of .1 X
109 cpm/gg by using the large fragment ofDNA polymerase
I (Klenow fragment) and random oligonucleotide primers
(17).

RESULTS
Tandem Duplication of the V,3S and Vgp8 Genes. Linkage of

the rearranged V,38.2 gene and the unrearranged V,38.3 gene
within 5 kilobases (kb) ofDNA in a genomic phage clone (13)
suggested to us that the three genes of the V,38 subfamily are
tandemly duplicated and closely linked. To determine the
germ-line organization of the V1,8 genes, we screened a
C57BL/6 liver genomic phage library with a V,38-specific
probe. Four recombinant clones were obtained. Surprisingly,

Abbreviations: TCR, T-cell antigen receptor; V, variable; D, diver-
sity; J, joining; C, constant; H, heavy.
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all four of the V1,38-hybridizing clones also hybridized to a Vp5
probe. These clones define a 25-kb segment of C57BL/6
genomic DNA (Fig. 1). Three V,5 and three Vp38 genes were
identified and linked within 18 kb ofDNA. The order of these
six genes (5' to 3') and the sizes of the EcoRI fragments on
which they are located are: Vp5.2 (4.6 kb), V,98.3 (0.85 kb),
Vp35.1 (4.2 kb), Vp8.2 (3.2 kb), V135.3 (1.5 kb), and Vp8.1 (4.6
kb). The pattern of alternating V,95 and V,98 genes and the
similarity of the distances between each Vp5 and the V18 gene
immediately 3' to it suggest that these genes have been
tandemly duplicated, with the duplication unit being a pair of
VOWS and V,38 genes.
An examination of the restriction map of the V,35-V,38

complex, however, did not clearly define either the length or
the end points of the duplication unit. To characterize further
the nature of the gene duplication events, we analyzed the
restriction enzyme digests of the recombinant phage DNA by
Southern blot analysis under low-stringency hybridization
conditions. The only probes that hybridized to all three
V135-Vp8 regions were those derived from either the Vp coding
region or the 0.5-kb region 5' of the V,5 and V138 genes (data
not shown). Thus, by the hybridization method, we are
unable to define a duplicated segment ofDNA much beyond
the coding and its immediate 5' regions. The duplication
events probably occurred early in phylogeny, and the nucle-
otide sequences in the flanking regions have evolved signif-
icantly, so that cross-hybridization is no longer possible. This
conclusion is supported by examination of DNA from a
variety of wild mice by genomic Southern blot analysis,
which showed that many subspecies ofMus musculus as well
as species related to Mus musculus all have three copies each
of the V1,35 and V18 genes (unpublished data). Thus, we
conclude that the tandem duplication ofthe V115 and V,98 genes
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occurred early in evolution, most likely prior to the specia-
tion of the Mus genus.

Nucleotide Sequence Analysis. Analysis of the nucleotide
sequence of the six V135 and V138 genes shows that each V13
coding exon is preceded by a leader exon of 76 bp (V1,5) or 46
bp (V,38). All six genes share the same transcriptional orien-
tation (Fig. 1). Of the three V,35 genes, V,35.1 and Vp5.2
maintain open reading frames and are functional, whereas
V15.3 has a C-C dinucleotide insertion at codon 25 resulting
in a premature termination of translation at codon 44 and is
likely to be a pseudogene (Fig. 2). In contrast, all three VP38
genes maintain open reading frames and, thus, can be
functional. As shown in Fig. 2, genes ofthe same V13 subfamily
are highly homologous to each other, with 82% to 92%
homology at the nucleotide level and 75% to 85% homology
at the amino acid level. Thus, the sequence homology
observed between murine Vat subfamily genes is similar to that
seen between immunoglobulin j or TCR Ma subfamily genes
(13, 18). The sequence diversity in these V13 genes is scattered
throughout the V13 coding region and does not appear to
cluster in identifiable hypervariable regions.
The nucleotide sequence of 1.5 kb ofDNA between V,38.3

and V,35.1 was determined in order to identify DNA se-
quences that might have promoted the duplication of the V,95
and V,38 genes (data not shown). Three areas with repetitive
DNA of low sequence complexity were found, including a
stretch of simple C-T repeats interspersed with oligomers of
cytosine, a region ofT-G-C repeats, and an area with tandem
repeats of a G-A-T-A-G-A hexamer. These sequences may
have played a role in the development of the gene duplica-
tions we have observed. These sequences, however, differ
from the putative recombination signals identified in human
minisatellite regions (19) and in the murine Ep3 gene (20).
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FIG. 1. Organization of the genomic phage clones containing the murine Vq genes. (A) Restriction enzyme map of the V,85-V'88 gene cluster.
The leader and coding exons are indicated by vertical lines or boxes above the horizontal line. The four C57BL/6 genomic phage clones are
shown below the map. The direction of transcription is shown by arrows. Restriction enzyme sites are indicated: A, Sal I; B, BamHI; K, Kpn
I; N, Nru I; R, EcoRI; and S, Sac I. (B) Restriction enzyme map of the Vp4-VjI6-Vj31-VjI gene cluster. 4MRP-E and 4MRP-F were isolated
from an SJL genomic library; 4B11 and 4B27 were from a C57BL/6 genomic library. The dotted line in 4B27 represents a 1.5-kb deletion, relative
to the SJL genome, in C57BL/6 near the Vj3l0 gene. This 1.5-kb deletion accounts for the restriction fragment length polymorphism observed
in the Vail and Vp10 genes between these two strains of mice. Further analysis indicates that C57BL/6 and SJL are otherwise identical in this
gene cluster (data not shown).
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FIG. 2. Nucleotide and amino acid sequences of the Vp5 and Vpl8 subfamily genes. Gaps are introduced to maximize sequence homology.
Dashes represent nucleotide sequence identity to the top line; amino acid residues different from that of the top line are indicated. Consensus
RNA splice sites, nonamer and heptamer recombination sequences, and putative initiation codons are underlined. The termination codon within
the V,5.3 gene at codon 44 is boxed and indicated by an asterisk.

Alternative Splicing of VpS-Vp8 Transcripts. When the
nucleotide sequences of the germ-line Vp8 genes were com-
pared to our previously isolated Vp8-containing cDNA
clones, a striking discrepancy was noted. From the Vp-Dp
junction to the -3 codon, the Vp sequence of a C57BL/6
spleen cDNA, pSA17, is identical to the germ-line Vp8.2 gene
(Fig. 3). However, the nucleotide sequence of the 5'-most 90
bp of pSA17 does not correspond to the leader exon of the
V,8.2 gene. Surprisingly, this 90-bp sequence is identical to
the leader exon of the Vp5.1 gene, the Vp gene immediately 5'
to the Vp8.2 gene. Therefore, transcripts can initiate from the
promoter of an upstream germ-line Vp gene and splice
correctly to a downstream rearranged Vp coding exon, form-
ing functional TCR /3-chain messages.
To investigate whether this novel alternative splicing

between Vp35.1 and Vp8.2 is obligatory for the expression of
the rearranged V,8.2 genes, we screened a C57BL/6 spleen
cDNA library with a V,08-specific probe. Of the 15 indepen-
dent Vp8/Cp-containing clones analyzed, 10 contain the Vp8.2
gene. Surprisingly, all 10 contain the V35.1 leader exon
spliced properly to the Vp8.2 coding exon (Fig. 3). An
examination of the published Vp8 sequences revealed that the
V,98.2 gene from a C57BL/6 thymus cDNA library reported
by Barth et al. (5) also contains a properly spliced Vp5.1
leader exon. Therefore, the Vp5.1 leader exon is found
correctly spliced to the Vp8.2 coding exon in all Vp8.2-
containing cDNA clones from the C57BL/6 mouse. Howev-
er, the Vp8.2 leader exon has been observed to splice properly
to the Vp8.2 gene (designated Vp4 in ref. 6) in a cDNA clone
from BALB/c thymus. In addition, the V,5.1 leader is spliced

correctly to the VS.1 coding exon in all VpS.J-containing
cDNA clones examined.
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FIG. 3. Sequence of a C57BL/6 V,98.2 gene and the schematic
representation of the RNA splicing of the V,95-Vj8 transcripts.
(Upper) Nucleotide and amino acid (single-letter code) sequences of
pSA17, a C57BL/6 spleen cDNA clone containing the V195.1 leader
exon and Vs8.2 cdi exon. (Middle) TCR -chain gene locus con-
taining a rearranged V,8.2 gene. (Lower) TCR /-chain gene locus
containing a rearranged V,5.1 gene. Exons found in mature RNA
transcripts are represented by thick lines, and introns removed byRNA
splicing are represented by thin lines. The exonintron organization and
the RNA splicing of the Cp gene are not shown. L, leader exon.
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To ascertain whether such alternative RNA splicing be-
tween two V13 genes is a common phenomenon among the
closely linked genes in the Vs35-V,98 complex, we analyzed the
remaining five clones containing both V,38 and C3. One clone
contains the V,98.1 gene and has the Vp38.1 leader. Four clones
contain the V,38.3 gene and have the natural V,98.3 leader exon.
The 3-chain gene of the C57BL/6 helper T-cell clone C5 (21)
also contains the natural V38.1 leader exon spliced to the
Vp38.1 coding exon. Furthermore, the natural V1s6 leader exon
was found in all 10 V1316-containing cDNA clones examined
despite the presence ofan unrearranged V,94 gene located less
than 1 kb upstream (see below). Thus, the alternative RNA
splicing of the leader exon of an upstream V13 to the coding
exon of the downstream rearranged Vp gene is not a general
phenomenon in the V3 gene family.
Genomic Organization of the V13 Gene Family. To determine

if other V1 genes are closely linked, we screened a genomic
library ofC57BL/6 liverDNA with a mixture of 16 V1 probes.
Positive clones were then hybridized with a panel of individ-
ual V13 probes. Two clones hybridized to more than one
V-specific probe. Further analysis indicated that the V131 and
V1310 genes are linked within 5 kb of DNA in one clone and
that the V,94 and V1316 genes are linked within 1 kb ofDNA in
the other clone (Fig. 1B). More recently, our analysis of
genomic phage clones isolated from an SJL liver library
revealed a 5' Vp34-V1316-Vpl0-V31 3' organization within 16 kb
of DNA, with all four genes sharing the same transcriptional
orientation. To date, 12 of the 20 known Vp3 genes have been
linked in three clusters. These three clusters of Vp genes may
in turn be closely linked.

If most TCR Vp3 genes are located 5' to the Cq3 gene and
rearrange by chromosomal deletion, the V1 genes located 3'
to the rearranged Vq gene would be deleted in any given T cell.
We have reported (13) that V,98.2 and V111 are rearranged in
a cytotoxic T-lymphocyte (CTL) clone, F3. If the V,35-V138
cluster is located 5' to the V,912-V111 cluster, the germ-line
V1311 gene would be absent, and single-copy germ-line V13S.3
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and V,98.1 genes would be present in F3. Fig. 4 shows that this
is indeed the case. Since none of the Vp genes of the
V,94-V,316-V,910-V1 cluster is deleted in F3, this cluster is
probably located 5' ofthe V,35-Vs38 and V,312-Vpl31 clusters. We
cannot rule out the possibility, however, that these four genes
are located 3' to the Cp and rearrange by chromosomal
inversion. In contrast, deletion ofthe V133 (2B4) and V,96 (LB2)
genes in F3 suggests that these genes are located between the
V1312-V311 cluster and the Cp3 genes.

DISCUSSION
Data presented here indicate that a pair of Vp35 and V,98 genes
was tandemly duplicated to generate the two three-member
V1 subfamilies. The duplication event occurred at least twice
early in evolution, most likely before the speciation of the
Mus genus. More recent studies have shown that the rat V35
and V,98 genes also belong to multimember subfamilies among
the otherwise single-member rat Vp subfamilies (unpublished
data). Why the V,35 and V38 genes were preferentially ex-
panded in these species is not known. Divergence of the
nucleotide sequence in the noncoding region since the last
duplication event makes it difficult to identify the precise
length and end points of the duplication unit and the sequence
that might have mediated the gene duplication event.

Close linkage is often a distinctive feature of the organi-
zation of multigene families (22). Several Vgenes of immu-
noglobulin heavy or K chain families have been physically
linked on phage or cosmid clones (23-25). The murine TCR
(3-chain genes have been localized to chromosome 6 by
somatic cell hybrid techniques (26, 27). Data presented here
are consistent with the notion that all V1 genes lie within a
relatively short distance. Assuming that the average distance
between two adjacent V13 genes is 10 kb, we estimate that the
20 or so Vgenes of the murine TCR P chain are clustered
within 200 kb of DNA on chromosome 6.
The TCR repertoire expressed in the developing fetal

thymus may be important in thymic education, during which
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FIG. 4. Deletion mapping and genomic organization of genes of the murine Vp family. (A) Deletion mapping of the Vp genes. Genomic DNA
from C57BL/6 liver (lanes B) and from the F3 CTL (lanes F) was digested with either Pvu II (V111 lanes) or EcoRI (all other lanes), and the
restricted fragments were hybridized with the indicated Vp probes. Rearranged Vp genes (labeled with an "R") are indicated. Size markers are
indicated to the left in kilobases. (B) The overall map of the murine Vp gene family. Exons are indicated by vertical lines or boxes, and the
transcriptional orientations are indicated by horizontal arrows. The dotted lines represent regions of DNA not yet molecularly linked. The Vp
genes absent from the SJL mouse are enclosed by brackets.
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precursor T cells are selected by the host thymus to acquire
self-versus-nonself discrimination (28-30). The 3-chain gene
transcripts, assayed by a Ca probe, are detectable on day 15
of fetal development and are expressed at high levels on day
17, when the surface expression of the TCR first occurs (31,
32). Whether the A-chain gene transcripts expressed at the
various developmental stages of the fetal thymus show
preferential Vat gene usage remains unclear. Studies on the
immunoglobulin H chain have revealed that the most JH-
proximal VH genes are preferentially utilized in VH-DH-JH
rearrangements in pre-B-cell lines (8). By analogy to the VH
genes, we might expect that the Vat genomic organization
influences the order of V1t gene rearrangement and, hence, the
acquisition ofthe TCR 1-chain gene repertoire. For example,
the more Jrproximal Va genes, Vp3 (2B4) and V,36 (LB2), may
be preferentially rearranged and expressed early in the
developing fetal thymus. Data presented here on the genomic
organization of the Vi genes provide a clear basis for further
investigation of this question.
Mature TCR P-chain gene messages are usually generated

by RNA splicing of transcripts initiating from the promoters
of the rearranged Vat genes. We show here that transcription
from an upstream germ-line Vat can generate functional
transcripts by alternative splicing of the leader exon of an
upstream unrearranged V1t gene to the coding exon of the
downstream rearranged Vat gene. This novel alternative splic-
ing mechanism appears to dominate in the expression of the
V,38.2 gene in the C57BL/6 mouse. As such, transcription
from an upstream unrearranged Vat rescues the expression of
the downstream productively rearranged Vat gene. Why al-
ternative splicing of the leader exon is not observed in other
closely linked V1, genes is not clear and awaits further study.
There are at least three explanations forwhy the V,08.2 gene

does not use its own leader exon. One explanation is that the
RNA splicing signals for the removal of the V18.2 intron are
defective. This possibility is unlikely in that at least the 5'
donor and 3' acceptor sites in the V18.2 intron are identical to
those in the V,38.3 gene and agree with the consensus
sequences. A second explanation is that the V1,5.1 promoter
is stronger than the V,38.2 promoter. A third explanation is
that the V,8.2 promoter is defective in its interaction with the
transcriptional factors. The precise sequences required for
proper functioning of promoters of the TCR genes are not
known. As such, the V,8.2 gene might be a useful reagent in
identifying promoter sequences necessary for the tissue-
specific expression of the TCR V1, genes.
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