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The nucleotide sequence of 77.7 kb from the human
T-cell receptor f-chain locus was determined directly
from three overlapping cosmid clones wsing the primer-
walking approach. Computer-aided analyses of this se-
guence reveal the presence of at least 11 genic regions
that are closely related to the human T-cell receptor §
variable region (TCRBV) gene family. These include
five germline sequences that have previously been de-
termined, V,21.2, V,8.1, V,8.2, V,8.3, and V,16, and
four whose sequences have partially been determined
at the mRNA level, V.6, V,23, V;12.2, V,24. The two
remaining V, Ter-related sequences have eluded discov-
ery by ¢cDNA and RT-PCR cloning and genomic blot
hybridization methods. These two V; Tcr-related genes
lack >75% nucleotide sequence identity with any other
V; Ter gene member and therefore, by convention, are
referred to as new subfamily members V,25 and V,26.
This lack of shared identity with other subfamily
members explains why they were not detected by hy-
bridization. The promoter regions of these V, Ter genes
contain the conserved Ter decamer element located be-
tween 80 and 110 bp 5 of the translation start site,
generally near a putative TATAA promoter element.
Our sequence analysis also reveals that a 3.3-kb dupli-
cation unit was involved in the recombination event
that produced the closely related V8.1 and 8.2 gene
subfamily members. This sequenced region of the V,
locus contains an average number of repetitive DNA
elements (21 Alu, three L1, three MER, and three retro-
virus-related elements). © 1994 Academic Press, Inc.

INTRODUCTION

The mammalian immune response is dependent on
the interaction of various hematopoietic cell types,
among which T lymphocytes play a central role as they
synthesize and express surface receptors that recognize

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession No. U03115.

!'T'o whom correspondence should be addressed. Telephone: (616)
385-5304. Fax: (616} 385-4599,

foreign antigens. The T-cell receptor (Tcr) molecules
consist of two types of heterodimeric polypeptides: the
/B Tecr are the molecules that recognize most foreign
antigens, while the /38 Tcr are expressed by a minor
population of T cells. The Tcr are encoded as a family of
genes that have an organization similar to that of the
immunogliobulin heavy and light chain genes. The poly-
peptide chains of the Ter (a, 8, 8, and ¥) are divided into
a variable (V) region that recognizes antigens and a con-
stant (C) region that anchors the T-cell receptor. to the
T-cell membrane. The variable regions are encoded by a
multiplicity of distinct gene segments: variable (V), di-
versity (D), and joining (J) for 8 and & chains and V and
d for ¢ and v chains (see reviews by Lai et al, 1989;
Hunkapiller and Hood, 1989; Davis, 1990). During lym-
phocyte differentiation, these gene segments undergo
DNA rearrangements, mediated by adjacent DNA rear-
rangement signals, to form a contiguous V gene {(e.z.,
V.J, and V;DgJ,) that is spliced together during tran-
scription to its specific C gene region. The use of these
different processes involved in the maturation of a T cell
greatly increases T-cell gene diversity.

In this report, we are concerned with the investigation
of the human Tcr variable-region 8-chain (TCRB). The
functional V, gene locus® maps to chromosome 7 (Barker
et al., 1984; Caccia et al., 1984), although an orphan locus
maps to chromosome ¢ (Robinson et al., 1993). At pres-
ent, the exact number of V, genes encoded in this locus is
unknown; however, statistical estimates suggest that
humans may have between 60 (Concannon et al., 1986)
and 100 (Kimura et al., 1986) functional V, gene seg-
ments. At the time of this report, about 57 distinct V,
gene segments had been identified by ¢DNA and RT-
PCR analyses, and these sequences fall into 24 subfami-
lies (Toyonaga and Mak, 1987; Ferradini et al., 1991;
Robinson, 1991; Liet al,, 1991; Gomolka et al., 1993). Lai

2The HGMW -approved symbols for the genes discussed in this
paper are as follows: V,21.2, TCRBV2152; V8.1, TCRBV8S1; V8.2,
TCRBV8S2; V8.3, TCRBVSS3; V,16, TCRBV1651; V.6,
TCRBV6S1; V,23, TCRBV2381; V,12.2, TCRBV1282; V,24,
TCRBV2481; V.25, TCRBV2581; and V,26, TCRBV2651.
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et al. (1988) reported the construction of a physical map
of the human TCRBYV locus in which they identified the
loeation of 40 of these V,; gene segments using Southern
blot analysis of large DNA fragments separated by field-
inversion gel electrophoresis. This analysis and that by
Robinson et al. {1993) indicate that the Ter V,; gene locus
extends over about 605 to 655 kb of chromosome 7 de-
pending upon which insertion/deletion-related poly-
morphisms locus is mapped. Lai et al. (1988) also re-
ported the cloning of about half of this locus in a series of
overlapping cosmid clones.

Although the present gene mapping and RT-PCR
cloning approaches have proven to be very successful in
the investigation of the number and organization of the
Ter V, gene family, it will no doubt be difficult to depend
on these methods to complete this task due to the com-
plex expression patterns of the Ter V; genes and because
of the presence of pseudo-V; Tecr genes. Completion of
this task can be achieved only by obtaining the complete
nucleotide sequence of the V; Tcr gene cluster. We re-
port here an initial part of this task; we have obtained
the nucleotide sequence of a continuous 77.7-kb stretch
of this cluster, which was obtained from three overlap-
ping cosmid clones, H7.1, H12.18, and H130.1, originally
isolated by Lai et al. (1988). Several V,; Ter gene seg-
ments have already been sequenced from this cluster,
which includes three members of the V,8 Ter gene sub-
family, V8.1 and 8.2 (a recently duplicated gene pair),
V8.3 (Siu et al,, 1986), and V,421.2 (Wilson et al., 1990).
Two other V,; Ter gene segments, V;6 and Vg12-related
Ter genes, were mapped to this cluster by Lai et al
(1988); however, the identification of other V, Tcr gene
segments that might be present in this region of the V,
Ter gene cluster remained unknown until now.

The size of the sequencing project described here ap-
proaches those that have generally been considered large
scale, i.e., greater than 50 kb; however, this scale is rap-
idly being expanded due to the increased emphasis on
obtaining the complete sequence of the genomes of many
organisms, especially that of human. Most large-scale
sequencing projects utilize the random or “shotgun’’ se-
quencing strategy, which uses large numbers of small
subclones and universal oligomer primer(s) to randomly
obtain bits of sequence information from a X or cosmid
size insert. After enough bits of sequence to statistically
cover the insert are obtained, this insert sequence is re-
constructed by assembly of the overlapping sequences.
This methodology has the advantage of being applicable
to the high throughput mode of automated instruments
that utilize nonradioisotopic DNA sequencing methods
(Edwards et al.,, 1989; Legouis et al, 1991; Martin-Gal-
lardo et al., 1992; McCombie et al.,, 1992; Sulston et al,,
1992; Wilson et al., 1992; Koop et al., 1994: Beck et al.,
1992). For the present sequencing project, we investi-
gated the feasibility of using the more traditional
primer-walking methodology (using radioisotope label-
ing), but with the addition of two specific challenges;
first to sequence cosmid template DNA directly {avoid-
ing the use of a large number of subclones) and second to
obtain sequence reactions whose readings extend in the
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range of 800 bp (reducing the number of reactions
needed). We have previously demonstrated that the
standard dideoxy-chain termination sequencing method
(Sanger et al., 1977) using T7 polymerase is capable of
obtaining sequence information directly from cosmid
template and that sequence readings in the range of 800
bp can routinely be obtained (Siemieniak et al., 1991).

MATERIALS AND METHODS

Reagents and equipment. T7 polymerase (Sequenase version 2)
and Sequenase sequencing kits were purchased from U.S. Biochemi-
cals. Deoxynucleotides (dNTPs) and didecxynucleotides (ddNTPs)
were obtained from Pharmacia, and [a-*P]dATP and [«-*P]dCTP
{sp act, >3000 Ci/mmol, 10 mCi/ml) were purchased from Amersham.
The [v-*PJATP (sp act, >9000 Ci/mmol) used for end-labeling of
restriction enzyme fragments for chermical sequencing was purchased
from ICN. Chemicals used for chemical sequencing were obtained
from the vendors recommended by Maxam and Gilbert (1980). X-ray
role film, 20 cm X 25 m {Kodak XAR-351} was purchased from
Kalamazoo X-ray and the DNA sequencing gel stands and safety
cabinets (described by Slightom et al, 1991) were purchased from
Fotodyne, Inc.

Oligonucleotides. Oligomer primers (usually 20 nucleotides in
length) were synthesized on an Applied Biosystems DNA synthesizer
{Model 380B) using phosphoramidite chemistry. The synthesized
oligomer primers were deprotected in NH,OH at 55°C, and the
NH,OH was removed by evaporation in a Savant Speedvac. Dried
oligomer primers were resuspended in sterile double-distilled H,0,
concentrations measured (OD,g,), and diluted to a final concentration
of 10 pg/ml in sterile double-distilled H,0 and used without any fur-
ther purification or analysis,

Cosmid DNA preparation. Since large amounts of each cosmid
template DNA (H7.1, H12.18, and H1230.1) were needed, a standard
large plasmid DNA preparation method was used. This method in-
cluded the use of two CsCl centrifugation steps to ensure removal of
protein and RNA contaminates. This cosmid DNA isolation method
utilizes the basic alkaline extraction method described by Birnboim
and Doly (1979) followed by the use of 7 M NH,OAc for the neutraliza-
tion step {Morelle, 1989). A detailed description of the method, for the
preparation of cosmid DNA from 1-liter growths, has been reported
previously (Slightom et al, 1891). The two CsCl ethidium-bromide
gradients were done using a fixed-angle rotor (Ti70.1 or equivalent) to
ensure purity. Vertical-angle rotors were avoided because they did not
provide adequate separation of the plasmid or cosmid DNA hand from
small RNA molecules.

DNA sequencing reactions. The DNA sequencing strategy used for
this project utilized the chemical sequencing method (Maxam and
Gilbert, 1980} to obtain sequence initiation points within the cosmid
inserts and the DNA chain termination (Sanger et al., 1977) method to
obtain closure of sequence contigs. The chemical sequencing reactions
were done essentially as described by Maxam and Gilbert (1980).
About 10 pg of cosmid DNA was subjected to digestion by a restriction
enzyme (either BamHI or EcoRI) followed by 5'-end-labeling with {y-
*“PJATP as described by Slightom et al. (1991) and digestion with the
corresponding second restriction enzyme (EcoRI or BamHI) to obtain
asymmetric **P-labeled DNA fragments. Enzymatic DNA sequencing
reactions were done using T7 polymerase, using both [a-*P]dATP
and [«-**P]dCTP, as described by Siemieniak et al. (1991). The ratio
of ddANTP:dNTP was reduced to 1:20, which allowed many of these
sequence reactions to be read beyond 800 bp from the oligomer primer.
Bequencing errors were minimized by obtaining sequence information
from both DNA strands (see Fig. 1) and by proofreading the sequenc-
ing films back into the assembled sequence twice by different individ-
uals.

Computer-aided DNA sequence analyses. The nucleotide sequence
was searched for potential coding regions using GRAIL (Gene Recog-
nition and Analysis Internet Link, Qak Ridge, TN; Uberbacher and
Mural, 1991) and specifically for V, Tcr genes using the INHERIT
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(Applied Biosystems, Foster City, CA) computer packages, The loca-~
tions of repetitive DNA elements [SINEs, LINEs, MERs, (TG}, etc.]
were identified by search routines in the INHERIT and GCG (Dever-
eux ef al., 1984) (Madison, WI) DNA analysis computer packages. A
computer program designed by Jurka and Milosavljevic (1991) was
used for Alu classification. Database searches (GenBank, r74) were
done using the FASTA (Pearson and Lipman, 1988) program avail-
able within the GCG computer package.

RESULTS AND DISCUSSION

DNA Sequencing Strategy

The nucleotide sequence of these cosmid clones was
determined using the strategy described by Siemieniak
et al. (1991), which mostly uses the dideoxy-chain termi-
nation method (Sanger et al.,, 1977) to extend sequence
information for cosmid/insert boundaries and from se-
quence initiation points (IPs) located within the cosmid
insert. Internal IPs were obtained using the chemical
sequencing method (see Materials and Methods), from
previously sequenced regions (Siu ef al., 1986; Wilson et
al., 1990), and from the overlapping boundaries of the
cosmid clenes (Fig. 1). Since cosmids H7.1 and H130.1
span the major portion of this cloned V,; Tcr gene contig
(Lai ef al,, 1988; Fig. 1) we attempted to obtain at least
tive IPs for each of these cosmids. From the final se-
quence, we determined the locations of all IPs used, in-
cluding those obtained by the chemical sequencing
method. A total of seven IPs were used to primer-walk
cosmid H7.1 [at the following locations: 0 kb (5-end}, 8.0
kb (BamHI-EcoRI fragment chemical sequence), 12 kb
(BamHI-EcoRI fragment chemical sequence), 17 kb
(overlap with cosmid H12.18), 26 kb (V,21), 31 kb
{(V;8.1), and 38.2 kb (3'-end}], and six IPs were used for
cosmid H130.1 [39.8 kb (5"-end), 40.5 kb (BamHI-EcoR]
fragment chemical sequence), 51 kb (V,8.3), 56.5 kb
(overlap with cosmid H12.18), 62 kb (BamHI-EcoRI
fragment chemical sequence), and 77.7 (3'-end)]. The lo-
cation of each cosmid vector pTL5-insert junction with
respect to the final sequence is listed in Table 1. Only the
5" pTL-insert junction of cosmid H130.1 could not be
sequenced using a primer from the flanking cosmid re-

FIG. 1. Organization of cosmid clones H7.1, H12.18, and H130.1
and a summary of the strategy used to determine their nuclectide
sequence, Cosmid clones H7.1, H12.18, and H130.1 were isolated and
mapped as described by Lai et al. (1988}, and the nucleotide sequence
of these clones was determined using the primer-walking method as
described by Siemieniak et al (1991). The numbered lines (in kb)
correspond with the size of the individual cosmid cloned inserts, start-
ing from the 5-end of cosmid clone H7.1 (0 kh) to the 3'-end of cosmid
clone H130.1 (77.7 kb), and they indicated the regions of cosmid clone
12.18 that overlap with either H?7.1 or H130.1. The locations of V; Ter
germline genes are indicated by black boxes and corresponding num-
bers above clones H7.1 and 130.1. The primer-walking sequencing
strategy is shown by arrows below the cosmid clone maps, where the
oligomer primer number identifies each arrow, and the direction and
distance sequenced correspond to the direction and length of each
arrow. The hashed boxes shown below the V,8.1 and 8.2 Tcr genes
show the regions that were previously sequenced from subclones of
either cosmid H7.1 or H12.18 (Siu ef al,, 1988; W. Funkhouser, BF.K_,
manuscript in preparation).
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TABLE 1

Cosmid Cloned Insert Junctions and Organization with Respect to Vector pTL5

Nucleotide positions®

pTL5 Insert orientation
Cosmid & end 3 end junction oligomers® with respect toc pTLE
H7.1 0 38,183 18 (ves) 59 (yes) 5 to 3' (N)*
H12.18 17,016 56,554 59 (yes) 18 (yes) 3 to 5 (L)
H130.1 39,789 77,743 18 (no) b9 {yes) 5 to § (N)

4 All cosmid insert junctions were at Sau3Al restriction enzyme sites, which is consistent with their construction (Lai et al., 1988). Nucleotide

positions include the Sau3Al recognition site.

5 QOligomers 18 and 59 flank the 5 and 3' junctions, respectively, of cosmid pTL5. These oligomers were used to determine insert nucleotide

sequences adjacent to the vector cloning site,

¢ Orientation of inserts cloned in cosmid vector pTL5. The symbol (N} indicates inserts that have the same 5 to 3 orientation as the vector,
while the symbol (UJ) indicates that the insert has the oppogite orientation.

gion, which suggests that this clone may contain multi-
ple copies of this pTL5 vector junction.

The composite sequencing strategy (Fig. 1) for these
cosmids shows that both DNA strands were sequenced
(with the inclusion of previously sequenced regions,
hashed line regions in Fig. 1, and overlapping regions
from cosmid 12.18). Comparison of the overlapping se-
quences from cosmids H7.1 and H1230.1 with those de-
rived from cosmid H12.18 also revealed the location for
24 putative polymorphic sites in about 16 kb of overlap-
ping sequence reads (0.15% polymorphism), as these
cosmid clones were derived from DNA isolated from
more than one individual (Lai et al., 1988). These puta-
tive polymorphic sites are listed in Table 2 along with
the nuclectide difference found at each site. Lai ef al.
(1988) characterized this cosmid contig by the presence

TABLE 2

Polymorphic Nucleotide Positions Determined from
Sequencing Overlapping Regions of Cosmid Clones
H7.1, H12.18, and H130.1

Nucleotide position Cosmid clones Polymorphic difference

17,267 H7.1/H12.18 c/-
17,307 H7.1/H12.18 c/-
17,439 H7.1/H12.18 T/-
17,464 H7.1/H12.18 -/A
17,473 H7.1/H12.18 T/C
19,090 H7.1/H12.18 T/C
19,694 H7.1/H12.18 T/A
29,688 H7.1/H12.18 C/T
29,993 H7.1/H12.18 T/C
35,487 H7.1/H12.18 C/T
35,516 H7.1/H12.18 T/C
35,603 H7.1/H12.18 A/G
35,744 H7.1/H12.18 T/C
35,781 H7.1/H12.18 A/G
36,289 H7.1/H12.18 A/T
36,683 H7.1/H12.18 A/G
36,689 H7.1/H12.18 c/T
38,008 H7.1/H12.18 G/A
38,025 H7.1/H12.18 G/A
44,619 H130.1/H12.18 A/T
45,470 H130.1/H12.18 T/C
45697 H130.1/H12.18 A/G
55,215 H130.1/H12.18 C/T
56,420 H130.1/H12.18 A/T

of a Sfil site that they mapped about 10 kb 5 of the V8.1
gene; we have located this Sfil site between positions
23966 and 23978, or about 7 kb 5’ of the V8.1 translation
initiation site.

The sequence strategy used and depicted in Fig. 1 was
straightforward; it did not require the use of any special
computer-aided program (other than the GCG program,
ASSEMBLE) to manage or to assemble the individual
sequencing runs into the final composite sequence. In
addition, very few sequencing procedural problems were
encountered in this project. We anticipated that the
presence of repetitive elements (SINEs and LINESs)
could interfere with the direct primer-walking strategy;
however, as described below the density of these ele-
ments in this region of the V; Tcr gene cluster is not
high. The 290-bp Alu elements did not present any prob-
lem because they could easily be sequenced across, and
the accidental use of a primer derived from an Alu ele-
ment sequence was reduced by screening new oligomer
primers against a consensus Alu sequence. A minor se-
quencing problem was encountered between positions
13,060 and 13,547, which contain an unusual stretch of
simple sequence DINA consisting of about 387 bp of alter-
nating purine and pyrimidine bases followed by about
100 purine bases. With the identification of the 5 and 3
boundaries for this region, flanking oligomer primers
were designed and this region was sequenced across on
both DNA strands.

We did, however, encounter one major sequencing
problem directly attributed to sequencing cosmid size
templates that even our long sequence readings could
not resolve. This problem involved our efforts to se-
quence across the duplicated V8.1 and 8.2 Ter gene re-
gions. Because this is a recent duplication event (see
below), the duplication units (about 3.3 kb each) have
nearly identical sequences, diverging by an average of
6%, while divergence in the genic regions is much less,
about 2%. The sequence of about 0.8 kb from each dupli-
cation unit, which included the V;8.1 and 8.2 Tcr genes,
was previously determined from cosmid H7.1 subclones
(Siu et al., 1986}, and more recently the length of se-
quence information from each duplication unit was ex-
tended to about 2.1 kb (W. Funkhouser, B.F.K., manu-
script in preparation). This sequence information was
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used to locate divergent sequence regions that were used
to design oligomer primers that could potentially prime
unique sequence readings using cosmid template. This
strategy was successful at the duplication unit bound-
aries (where divergence is greater) and we were able to
sequence into and out of each duplication unit. This in-
formation was important in determining the precise du-
plication unit junctions. However, as we approached the
V;8.1 and 8.2 Ter genes proper, the design of primers
became more difficult (containing fewer mismatches)
due to the higher degree of shared identity, which re-
sulted in multiple primed sequence readings. Since the
complete sequences of these V8 Tcr genic regions were
already known, we discontinued our attempt to directly
sequence the complete duplication units using cosmid
DNAs. About 700 bp from each duplication unit was not
sequenced directly from cosmids H7.1 or H12.18 (Fig. 1).

Another major problem encountered in this project
was that about 25% of the primers used (122 primers)
failed to primer readable sequencing reactions. The ex-
act reason for each of these failures was not determined,;
however, since these primers were selected from the
ends of “raw” sequence readings, most failures were
probably the result of reading errors incorporated into
the synthesized primers. A check of the failed primer
sequences with the final sequences indicated that this
was true for about half of the failed oligomer primers. A
second reason for primer failure could be that these
primers were not subjected to any quality control, except
that obtained at the level of the synthesis instrument.
Thus, the quality of these primers was subject to se-
quence entry errors and DNA synthesis instrument
errors. It was decided from the onset of this project that
1t would be more efficient not to spend the resources to
improve the quality control process for oligomer synthe-
sis. However, the fact that this lack of quality control for
the selection and synthesis of oligomer primers in-
creases the work load by about 25% indicates that these
are areas for improvements. This process could be im-
proved by the addition of several simple steps, which
include the use of a computer-aided program to improve
the oligomer primer selection process {ensure selection
is from an accurate reading and that the best primer
composition is used), on-line transfer of oligomer se-
quence information from the selection program to the
synthesis instrument, and improved quality of DNA syn-
thesis.

A summary of the materials used and sequencing effi-
ciency achieved for this sequencing project is listed in
Table 3. We were able to complete this project using
sequence information obtained from 360 primer-di-
rected sequencing reactions, which had an average se-
gquence reading length of 680 bp. However, if only the
sequence readings that were designed to be read to their
maximal length are included, the average reading length
is increased to 762 bp. In many cases, we were able to
obtain sequence readings that extended beyond 900 bp,
and for several reactions readings extending beyond
1000 bp were obtained. Clearly, a major strength of the
T7 polymerase sequence reaction and the gel methodol-

153

TABLE 3

Summary of Sequencing Project: Materials Used
and Sequence Efficiency

Total No. of oligomer primers used 482

No. of readable sequences generated 360

No. of oligomer primer failures 122
Overall primer efficiency 75%

Total amount of cosmid DNAs used 1.5 mg

Total number of bp read by primer-walking 244,357 bp
Gross No. bp read/primer 680 bp
Net No. bp read/primer® 762 bp

Finished bp sequenced by primer-waltking 76,393*

Sequence redundancy 3.2-fold

2 This calculation excludes reactions not intended to achieve maxi-
mum reading length.
¢ This number excludes the 1350 bp previously by Siu et al. (1986).

ogy used (Siemieniak et al., 1991; Slightom et al., 1991) is
the ability to obtain long sequence readings, which
greatly reduced the amount of materials and time-con-
suming tasks associated with the DNA sequencing oper-
ation (number of oligomer primers, number of DNA se-
quencing reactions, amount of cosmid DNA used, num-
ber of gels, and the number of manually read sequencing
ladders). The compete nucleotide sequence determined
directly from these cosmid clones was 76,393 bp, which
does not include the 1350 bp of the duplicated V8.1 and
8.2 Ter gene regions (see above). This complete sequence
was obtained on both DNA strands from reading a total
of 244,367 bp (Table 3), which is a sequencing redun-
dancy of 3.2-fold, slightly above the expected minimum
redundancy level of 2.5-fold, but well below the 5- to
6-fold coverage found for sequencing project that pre-
dominately used the random sequencing strategy (Ed-
wards et al., 1989; Legouis et al,, 1991; Martin-Gallardo
et al., 1992; McCombie et al., 1992; Sulston et al, 1992;
Wilson et al., 1992; Beck et al., 1992). Clearly, the major
advantage of the direct primer-walking strategy is the
reduced number of subclones and sequence reactions
needed to obtain the 77.7 kb of nucleotide sequence.
However, a distinct disadvantage is that it suffers from a
low throughput due to the time needed for film exposure,
manual reading, and synthesis of new oligomer primers
after each series of primer-walking steps.

Search for V; Ter Genes

Analysis of the variability and number of V; Tcr genes
by ¢cDNA and RT-PCR methods has been very success-
ful in identifying 57 unique V,; Ter genes, a large percent-
age of the total estimated genes (Concannon et al., 1986;
Kimura et al, 1987; Robinson, 1991). However, rela-
tively few of the human V,; Ter genes have been investi-
gated at the germline level; those that have include five
members of the V8 gene subfamily (Siu et al., 1986),
three members of the V421 gene subfamily (Wilson et al.,
1990), a V,16 gene (Smith et al, 1987), and several
members of the V5, 6, and 13 subfamilies (Li et al,
1991). The organization of the V, Ter genes appears to
be conserved, consisting of two exons separated by a
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short intron. The size of the first exon is difficult to
determine since it contains the 5-untranslated region
that can vary considerably in length (Anderson et al.,
1988) and a coding region that varies between 49 to 79 bp
(Siu et al., 1986; Wilson et al., 1990; Smith et al., 1987; Li
et al., 1991). The size of the second exon is more con-
served, between 290 and 293 bp in length. However,
identification of V; Ter gene subfamily members in a
newly sequenced region is difficult because the sub-
family members show considerable divergence from
each other and because their intron-interrupted coding
regions are relatively small. Two computer-aided search
routines, the Oak Ridge National Laboratory GRAIL
server (Uberbacher and Mural, 1991) and the INHERIT
package were used for this analysis. The latter is a more
direct search because it utilizes sequence information
from related DNA elements or genes in a search routine
based on the sequence alignment algorithm of Smith
and Waterman (1981). In the INHERIT search, a total
of 57 human- and mouse-derived V; Ter ¢cDNA se-
quences were used in dot-matrix analysis with the 77.7-
kb sequence (Fig. 2).

GRAIL analysis of this 77.7-kb region revealed the
locations of 21 potential coding regions, of the nearly 40
found by the open reading frame analysis, which in-
cludes 8 of the 11 V; Ter gene exon 2 regions (Fig. 2).
The dot-matrix result from the INHERIT analysis
clearly revealed the locations of the 5 known V,; Ter
genes and suggested locations for at least 6 other family
members without displaying much interference from
other potential coding regions (Fig. 2). The regions sug-
gested to encode additional V, Ter genes were further
analyzed using pairwise alignment programs BESTFIT
(based on the algorithm of Needleman and Wunsch,
1970} and FASTA (Pearson and Lipman, 1988) from the
GCG computer package (see below). A summary of the
V, Tcr genes identified in this region of the human V,
Ter cluster is presented in Table 4 along with the se-
quence of potential heptamer and nonamer recombina-
tion signal sequences (Sakano et al., 1979). This analysis
identified the locations of the known V; Tecr genes (8.1,
8.2, 8.3, 16, and 21.2) and the locations of two other V,
Ter genes mapped to this region (exon 2 of V,;6 and the
complete V,12 gene) (Fig. 3). Most importantly, this
analysis located genes encoding V23 and V,24 and two
additional genes that appear to represent new members
of the human V,; Ter gene family, as they do not share
>75% sequence identity with any known V; Ter gene
subfamily member. We refer to these new human V, Ter
gene subfamily members as V25 and V426 (Figs. 3H and
31, respectively); however, the functionality of these
genes is questionable (see below). The INHERIT dot-
matrix analysis also suggests the existence of other se-
quence regions that share more distant identities with
Ter gene parts, most notably two regions between V24
and 25 (positions 66456 to 66526 and 66677 to 66711)
that share identity with Tcr exon 1 and exon 2 of V,;12.2,
respectively. However, the existence of an additional V,
Ter gene in this region is questionable since this region
does not contain any of the conserved molecular compo-
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nents {see above) associated with a V, Tcr gene. At pres-
ent, we do not know whether these V, Tcr-related se-
quences represent a proto-Ter gene or if their existence
is only coincidental.

General Features of V; Ter Gene Flanking and
Untranslated DNA Regions

The identification of consensus promoter elements
(CCAAT and TATAA) in the §-flanking sequences of
these V, Tcr genes is difficult because they show consid-
erabie divergence. Functional mapping of the transcrip-
tional start site of 14 murine V,; Ter genes by Anderson
et al. (1988) revealed that the location of this site, with
respect to the translation start site, also varies consider-
ably and that many of these genes utilized multiple tran-
scriptional start sites. Many of the murine V,; Ter gene
transcriptional start sites were found 70 to 120 bp 5 of
the translation start site; however, others were located
at distances ranging between 260 and 750 bp 5 of the
translation start site {(Anderson et al, 1988). The 5'-
flanking regions of the human V,8 Tcr gene family has
been studied previously by Siu et al. (1986), and putative
CCAAT and TATAA promoter elements were assigned;
however, none of these exactly matches its respective
consensus sequence. Qur analysis of the 5'-flanking re-
gions of the other human V; Tcr genes located in this
sequenced region shows a similar degree of diversity in
the location and sequence of potential CCAAT and TA-
TAA promoter elements. Figures 3A to 31 indicate the
locations for potential promoter elements that most
closely match (generally differing by only one mis-
match) the consensus promoter element sequences.
Whether any of these potential promoter elements play
arole in regulating the expression of a particular V, Ter
gene remains to be determined.

Although the sequences of these V; Ter 5'-flanking
DNA regions are diverse, they must function in a similar
manner to direct the expression of the rearranged V; Ter
gene. A similar degree of diversity is also found for the
immunoglobulin V-region gene promoters, but a con-
served octamer sequence element was identified about
90 to 160 bp & of the translation initiation site, for the
light-chain encoding genes (ATTTGCAT) and heavy-
chain encoding genes (ATGCAAAT). These elements
appear to determine the tissue specificity of immuno-
globulin transcription (Parslow et al., 1984; Falkner and
Zachau, 1984; Bergman et al., 1984; Mason et al., 1985).
Seqguence elements that match either of these immuno-
globulin V-region octamer elements were not found in
the &'-flanking regions of the murine V, Tcr genes de-
scribed by Anderson et al. (1988} nor are they found in
the 5'-flanking regions of the human V; Tcr described in
this report. Exact matches to these immunoglobulin
promoter elements were found (six matches) within the
77.7-kb sequence; however, none of these sequences is
located in the appropriate 5’ promoter location of the V,
Ter genes (data not shown).

Anderson et al. (1988) did report finding that most of
the murine and the human V,8.1 genes share a con-
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FI1G. 2. A summary of features found in the 77.7-kb region of the human TCRBV gene cluster. The top portion represents the identity
search pattern cbtained from the INHERIT scan of 57 human and mouse V, Tcr gene sequences linked in tandem on the vertical axis against
the 77.7-kb sequence. The vertical dotted lines correspond to the location of V,; Ter-related sequences whose identities were determined by more
detailed analyses (see text). The assigned V, Ter gene number is presented above the corresponding vertical dot line. The lines shown below the
map correspond to various searches of this sequenced region. The first line indicates the % G + C, the second line indicates the number of CpG
dinucleotides found in a 200-bp window, and the third line shows the location of Hpell sites. The lines marked A, T, C, G, R, Y, and RY mark the
positions of simple repeats, where greater than 9 (19) positions out of 10 {20) correspond to the respective base specificity (R, purines; Y,
pyrimidines; RY, alternating purines and pyrimidines). The positions of SINEs and LINEs are indicated below the simple repeats. The next
line shows the positions of open reading frames greater than 300 bp in length (all three reading frames are combined, but each DNA strand is
presented separately). The two graphs show the peak position of coding regions identified using GRAIL.

served decamer element with the consensus sequence
AGTGAYRTCA, which is generally located close to a
putative TATAA element. This finding has been further
confirmed, as similar T'cr decamer elements are present,
80 to 106 bp 5 of the translation start site, in human V5,
6, and 13 Ter gene subfamily members (Li et al., 1991).
Using a DNase I footprint analysis of this region of the
human V,8.1 Ter gene, Royer and Reinherz (1987)
found that this Ter decamer element does bind nuclear
binding proteins. A search of this 77.7-kb sequence re-
vealed the presence of seven copies of this Ter decamer,
and interestingly, all of these are located in the 5'-flank-
ing region of a V,; Tcr gene. However, unlike its position
in previous reports, this Tcr decamer is found in both
orientations with respect to V; Ter gene transcription.
Sequence motifs that exactly match this decamer se-
quence were found between 72 and 106 bp 5' of the trans-
lation start site of V423, 21 (opposite strand), 8.1 and 8.2

(both strands), 8.3 (opposite strand), and 16 (opposite
strand). Sequences that closely match the consensus Ter
decamer element were found in similar locations of the
remaining V,; Tcr genes; these locations are indicated in
Figs. 3A to 31. One additional observation is that several
of the V, Tcr genes contain an exact match to the se-
quence TGATGTCACTG. Exact matches to this se-
quence are found near the Tcr decamer element of V23,
21, 8.1, 8.2, 8.3, and 16 (Figs. 3A and 3C-3F).

Other than the presence of these Tcr decamer-related
elements, the nucleotide sequences of murine and hu-
man V, Ter genes are very diverse, suggesting that the
mechanism that controls their expression may be more
complex than that seen for other genes. This is most
likely the case, since expression control should also in-
volve the relocation of other enhancer elements follow-
ing the rearrangement events that bring together the full
genetic complement of the V; Tcr gene. In addition, ex-



156

SLIGHTOM ET AL.

TABLE 4
Locations of T-Cell Receptor V,-Type Genes within 77.7-kb Sequenced Region

V, gene Coding Exon 1 Intron 1 Exon 2 Heptamer® Nonamer

1 — — 1/253 (5)-CACAGCA (23)-TCACARACC
23 6305/6383 6384/6493 6494/6783 (6)-CACAGAC (22)-GTACCCAAA
12.2 14717714765 14766/14871 14872/15161 (5)-CACAGTG {22)-CACGTAAAC
21.2 25365/25413 26414/25504 255605/25797 (5)-CACAGTG (23)-GCAGAAAAC
8.1 30967/31015 31016/31115 31116/31408 (5)-CACAGLG {23)-GLAGARAAL
8.2 34290/34338 34339/34438 34439/34731 {5)-CACAGCG (23)-GCAGAAACC
8.3 51481/51529 51630/51629 51630/51922 (5)-CACAGCG {23)-GCAGAAACC
16 58424/58472 58473/68558 58659/58851 (5)-CACAGTG {22)-TGCAARAACC
24 63499/63547 63548/63672 63673/63962 (5)-CACAGAG (21)-GTTCATAAA
25 68508/68656 68557/68663 68664/68056 {5)-CACAATG (21}-GACACAGAC
26 72124772172 72173/72563% 72564/72853 (5)-CACAGCA (22)-GTGCAAACC
Consensus  CACAGYG GYNNAAA*M L

2 Numbers in parentheses refer to the number of basepairs 3’ of the Tcr coding region for the heptamer element and from the end of the

heptamer for the nonamer element.

* The intron of V,26 is 290 bp longer than expected due to the insertion of an Alu element.

pression of a V; Tcr gene may not be dependent on the
use of strong promoter elements located in the V; 5'-
flanking DNA region, which could explain why this re-
gion is not well conserved. This is consistent with the
mapping of a strong transcriptional enhancer in a region
5.5 kb 3’ of the murine C; gene (Krimpenfort et ol., 1988;
McDougall et al., 1988; Gottschalk and Leiden, 1990).

Vs Ter Gene Organization and Subfamily Assignments

The 11 V; Ter genes located in this 77.7-kb region of
the V, Ter cluster all have the same 5' to 3’ orientation
with respect to the Cc gene regions (Li et al., 1988; Wil-
son et al, 1988; Robinson et al, 1993). Assignment of
these V, Ter genes to a specific V,; gene subfamily is
relatively straightforward since by convention each sub-
family differs by >25% at the nucleotide sequence level.
The evolution of the V; Ter gene cluster has been the
result of many gene duplication events, some of which
have involved only a single V; Tcr gene segment and
others of which may have involved multiple V; Tcr gene
segments (mega duplications). The result is that
members of the same gene subfamily may be widely dis-
tributed across the V; Ter gene cluster. Some of the sub-

family members are nearly identical, indicating recent
duplication events; such is the case with V,8.1 and 8.2
gene segments (see below). Other duplication events
may be much more ancient. For example, Lai et al
(1988} mapped six loci that share a high degree of iden-
tity and belong to the V6 subfamily, but these genes are
spread across nearly 250 kb of the V,; Ter gene cluster.
The assignment of a specific V, gene sequence, derived
from sequencing a ¢cDNA or RT-PCR product, to a spe-
cific germline gene location within the cluster is difficult
due to the presence of polymorphic sites and/or nucleo-
tide errors incorporated as part of the cDINA or RT-PCR
synthesis, cloning, and/or sequencing processes. Such
asgignments are also made more complicated since the
3'-ends of cDNA clones are likely to include nucleotide
sequence modifications (chew backs and base inser-
tions) that are part of the N-region diversity that occurs
during the joining of the V and D gene segments (see
reviews by Hunkapiller and Hood, 1989; Davis, 1990).
The FASTA computer program (Pearson and Lip-
man, 1988) was used to search GenBank (r74) with the
coding region of each V4 Ter gene listed in Table 4.
FASTA GenBank searches were used to identify which

FIG. 3. The nucleotide sequence of the V, germline genes located in this 77.7-kb region of the V, cluster in comparison with the most
related cDNA and RT-PCR clone sequences found in GenBank. The nucleotide sequence of each V, Tcr gene is presented {frames A to I)
starting about 200 bp 5’ of the translation start site (ATG codon) and extending beyond the nonamer recombination signal. The nucleotide
sequences are numbered to correspond with the continuous 77.7-kb sequence (GenBank Accession No. J03115), and the deduced amino acid
sequence of each V, Tecr gene is presented below the counting line. The nucleotide sequences derived from the most closely related cDNA or
RT.PCR clones {Table 5) are presented below each germline Ter gene sequence; however, for these latter sequences, only the differences
{starting and ending positions and potential polymorphic sites} are presented. Dots indicate sequence positions that are identical with the
germline V, Tcr gene shown in each respective frame (in some cases the sequences of the identical regions of cDNA and RT-PCR clones were
grouped to conserve space}). Nucleotide sequence differences that result in amino acid replacements are indicated by the presence of the
corresponding amino acid below the counting line, The germline and cDNA and RT-PCR clone sequences for V8.1 and 8.2 have been combined
to conserve space {frame D). The germline sequence of V8.1 is shown on the top line, followed by the most closely related cDNA and RT-PCR
clone sequences, which are then followed by the germline sequence of V8.2 and its most closely related cDNA and RT-PCR clone sequences.
Each V8 germline sequence has its own respective nucleotide sequence numbering system, which can be identified by the 8.1 or 8.2 designation
added to the end of each respective germline sequence line. The locations of potential promoter elements, CCAAT and TATAA, are indicated
above the sequence, and the locations of potential Ter decamer (and related TGATGTCACTG) elements on ¢ither one or both DNA strands are
indicated by the direction of double-dashed-line arrows. Recombination heptamer and nonamer signal sequences {also presented in Table 4) are
identified by single overlines. Lowercase sequence shown near the 3-end of some cDNA sequences corresponds to regions of the rearranged V,
Tcr gene that may be the result of N-region diversity; no effort was made to maximize the alignment of the diversity region of these cDNA-de-
rived sequences with the germline sequence.



77.7 kb FROM THE HUMAN V, TCR LOCUS

A V23

CCAAT wensnunun) TATAA
(EEERE"STEE

AAGCTGMCAGGATGGGGGAAAGCCTGAG“’AGCTGAG(TlGTCCTGMOTACAGWQCCYAYWDCCTA:AWCGIMACATCAWEAGTNCA‘I’CACIGTAMMCCTCCMA

ez
INT
Anccc'rm\nn.\cmccnncccc'rcc-n-rcrcnccccmumccmcnc:'rmcAm1'ncnanttmccﬁcﬂ'mmec%mmcuc:gwrc:‘rcrecun
¥b22 B LALLM rerammens

M= 14 w1 4] el -8 Ao 880000 F N T

&248

M L S PO L PDS-AWNTRLLCHY
q

TClTGCTTTGTCTCCfGGGIGClGGTGIGYCCTﬂGTICAGGTGGGM:-I‘I’CCCTG‘I’ATCCAUG?GTTCM"G"MYWG?WCMT“CC(MMYW CTTCAGCTTCTETC
IGRbR4, A, . ... -

Yb22 ..G...
[

TCCTTCCTC CACAGTTTC AG‘I’GGE TGCTCOAGTCATLCAGTC CCCAAGAC.I‘I’C ‘I'G.M’C A:Awﬂmtlﬂtlﬂ TETGAAATGCTATCCTATCCCTAGACACGACACTATCTA

[GRuB4 i .-...Ag..

Yb22 T ITH
..€ TN S

Ll waan .

L2}

SVAAGVIGSPHHLIKEKIETATLKCTPE'ENGTVY

l:TGGTACCAGCIGGGTCCAGGTCAGGACC(CCI«OT‘ITCTCATTTCG"TTATWTGCAGIOE&“MAWAOCATCCCTMTCU‘I’TCTCAGETCMUGTTCMYMC?ATCA

r'r:rcncTca.\:ucnccTc:t‘rnuccteaouw:*cnucccmncrrcmmccnucmc'r'rnu: AAECCTGOAGKATTACTOOCTTTCTGTACCCARACCETELTATETCA
16/¥b . . G.cxm-ond ICRBE4 and Vb22 .
e gatans(---end Mmi-14
[ L : aogtaty bod; Tlond Vor
a2 -~ -

s

ELNHSSLELODSIL'FCIIS
¥ L N
B V122

CCAAT CCAAT
TAFGC TAATGGAAATAAAATATGCACACAGGAATGCATTTTCTTTCTAATAACCTGEAAAGAGCATATGCACTTATGTC ITTAAAAATAGTCTACAAATTATTCCCATTCTCAGCTETTA
14388 -—-=x —uesrman

TATAA CCAAT TATAR
.urrchTlTlTGT::T.lTllll!ligTKTGTATATACCA‘I'llI'I"I'ICl‘l‘ﬂ'lYGTATATIT‘TGAYTTITTTTTTTWTGTMWGTGGCAWTTMC‘I’TTCCAGC‘I'Cllc‘l’
L]

(szzmssaxn INT
ATTTCTCAGGOGCACTEATGTCATCGAGTCAC TCAGAALETAAGTTCTATITCCCCAGOCAGRACTARRAGAGATOAGATCCTORCCTROACCTGAAATGLOCACAAGOTTATTCTTCTA
14828

M & T AR LFF Y
TETGECCCTTTETCRCCTGTGCACAGG TGACCOL TEETCACAGETECEC TTCC TTCCCTAGAATTCCCAAGRLC TCAATACAAGTCYTTTTCTTGGRATTACAACATCAGGATCTATTAT
14748 wmaan====

AL L L YT G

TTTCTATTACACCACACATGGATCC TOCAATCACCCAGAGCCCAAGACACAATOTCACAGAGACACGAACACCAGTGACTC TEAGATGTCACCAGAC TRAGRACCACCCCTATATATACT
HEPEA~vee), ...

ph2T-——=drase. .
PL4

L TR

14068 ---- ;
W MD AG1ITQSPRMKVYTET GTPY TLRECHWQTENMRYUWNYT

GGYA‘[C GAC AAGACCCCCGOCATOOOCTCAGGCTOA TC CATTAC TCATA'I’ﬂﬂ'l‘uﬂmTACTG“CAAAWGTCTMIATWCYAYMTOTCTI'.TANTCMMWT‘I'
140 !I (il

rccfccTcACTCTGGAGT::BCTA:CAGCTCCC-AcucAT:TGTGTI:ﬂt'ﬂl‘rnttlr:.lcl’ﬂo\crﬂE:z:;;;ﬂ'ocAI’nm'.1'DCtftCYcTcl’ecAtllethﬂclﬂ?nm‘
i c.. 2 o an

LTLESATSSQTSVYF‘AIS
L P APrE [

CTGAGSTICCTCTCTCTCTATCCOCACCCTTOCAAGTCCAGGECTCCATAGAAGTCAGAGOOL CCTGRCCAGLITOQARDC
ph2? tggtgete(~~-end p

PLA,2 geggecctgessenc(===and PL4. 2

16219

15299

C vz

CCAR 44
25101 AcAGATGTAGTGAC-IG.Iﬂ.‘TAAT(CCCCllctCCTGAAVATQTGM!TGAGGICG:TYGHTMACTTCCAG‘I’CTIYM.ITACATTMACAMCTFWAOCTEYGITITIOTTTACMCM

-.c----.)
(amzzszees

AT CCAAT TATAA

ctcTT‘I“I’CTAAGAACYYAAGCM'TYG‘I'!:GAGACAATnl‘!cﬂ.‘l(TGTlGGAACTTCTC‘I’ﬂ‘l'MWC-IOCMCITCCCACTTCCTCTGFITCYOCTCACAHTMCCTM"(TMAMG
GRDEZ--=r>... .

26221 ram

cTTCclTCCTGCCCTG-I(CCTGCCATGCGTACCICG(TCCTC‘I’GCTGGG‘I’I‘.GCtTTCTOTCTCCTMTMWMGYtCTWCICC-ITGITCCTCICITMTCTCCC-IGTQATTA
Iwe-

JORBBZ. . .vvvnnirmmnsenns
26341

LT AL L TR Y KAF L OLL Y EE
IGub‘z'I'TCTAGTCATTTCCTTCTATT‘I‘TMAATTCTYYI’TCCCCCAC-IGIACTCITAWﬂﬂ'wOTWTTC-IG‘I'CTCC!lMTlTMﬂﬂlh\ﬂmmtfﬂfm TTriToare

26488 --- ————--

LIEAGV':S!I\‘IIlEKKQPVAFIt

" CAATCCTIT‘I’TCTGGC:ICAATACCC‘I”‘HAC'I'GGT!CCEGClGAACTTMCAmCCWMTTCmTTEHTATG!WTMMIGT!HCMTTCACD\WOCCTMW

Enmuw
s'g==caococc||

CTTCCCTCCYGYGCAGMMCCGCAGMCTC'KTEEI(‘I‘CTICTCAGCTCACAGCAGCCT"CC"IT‘I’CCTCII’CCTCCCMMIGTMG"TTCAMTITAM‘I’AWHCAH
I*G': ggsgctottitttpgageapgctetagpetgecey | N gabp!

157



158

SLIGHTOM ET AL.

D VA8.1&V82

38721 ACAAA!’ATCCAGGGAGCCTCYGCAAGTGTGCATCT:f-lﬂ"lCACACCAAfflTAGTYGAGTTAATTCCTGCCTGATTCAT(TCCCABAGATB{.AGCCTCCTCTTAMGAAGTTGGGGaTu 8.1
PVQLREX--=-=>. . . A...... T .. .-
EELLL)

———a—a

3841 cTncccCATTcAcYcATGTClCTuACAanncATTcTcTccccnTAAAATGT:ACAAAATrcATTTcTTTncTCAchrcAcAcaccnccTGGTCTJcAATATTCCAcATCTGCTcrcac 8.1
PYREX .\ .. teiensaimarannanirnnaaas L .

B I L2 e D o

INT
JGDEI TCTCCC.ITGG»I(TSCTSG:&EITCTGCTGTGTGT[CCTTTBC-lTCEYGGT!GCGAGTG!GYCT‘I'CAGAATI‘TTGCCATCATEAGGCTGGGCTTCTGCATGGATGATCTCAYATAYH’?C B.1
BYREX > wnd p¥g
AL

NTDAG'IlﬂS?RHEvTEIGQEVYLK(KF!
31201 TTCAGGCCACAACTCCCTTYTCTGGTACAGACAGAEcATGATGCGGGGACTGMGTTﬁCTtAi'l’TAcTTTAA:AACAACG‘l"n:cGATAMTMT?CAGGGATGCCCGAGGJ\TCGATT:T(B 1

I DO S 6 M P EDRF 3

RREE2] AGCTAAGATGCCT-IATGCATC»\TTCTCCACTC"G!AGJ\TCCAGCCCTCAGAACCCAGGGACTCAGCTGTGTACTTCTGTGCCAGEAGT\'TAQCCACAGCGCTGCAWTCAC(CCTTTCC B.1
--$cbogaccigtiopgotanstatogetaces

. .l I Seld L3331
TTAGCEACARLCLTOLAG ncncccc?-?rccs 2
~=and HTZ42 snd HTZ.1

tul:nlclg tncccnbnlltggcu

ttagogecgtobgppgcceancgtoatgactyt

s E

£ T LU &k taoe
R

31441 TGICCAGH Accc-ncTGTTTcEECTTCchr?ctAccchcaccaachTGcccaanoTcrcT.-ucrchccrcccrcccraTcAGAAAAAAoTscTTTGcﬂnnrnTeAAAAAGA(A B.1
¥1ag :ttcggtb:ngggle:t---ttup o -ntr; at

phl sggcaccaghcicacaghtt ¥ nd 11

34784 TEECAGARRLCCTEOTE Tchcc TCTCCTTCYACCTCECAGCAG?CCTGGGCAAAGTETCTTTCETGTT(CTCCCTCECCATGAGAAAAA-GTGGTTTTBGGTTGYGICAAAGACA 8.2
8b3  sscettcggttcggop(---stopped entry of Bbl

phé :gggg:cggclgclgg(— toppsd sntry of ph

__________________ PRGN - [ --

E V83

YTTG.IGcTGtTGAYGG‘rAEACCTAAGTGGCAATATI:C.ICCAGGCAclTC-l.lTlTGTGACTCGTCAGAG.I.IAGC»\GAATGGGTGATETG!YGTQCMTGCCICAGAAGCACTGCAGCCAGG

F3R Y} Qe
AGAGGTGACAGCT‘iTCGGGATGTTTGCAGTCTTTGAGTGAIDCCAAACACAfCCCAGIG?AATTGTAATTTATTTCAG'CA:;CTTETG"CAME“AGCA”CACCT"GMWAGG

Bz - =,_ -

s13e1 chT7TcnccnncaacAfAsarcn§§:Tc? TGACAGTCEECCTTTTACTCTG GYGfGAGGTCTAGAATCCY:AGCTCCTGTATTCGTGCCCACAAGGGCCYCATCTABBTGAAGGC

INT
TCCA(CTGCCCCICCCTGCC ATGGCCACCIGGETCC TCTGCTGTI‘TGG‘”CTTTGTCTCCTGGGAGAAGGTGAG‘I’CCCC‘ClAATlMGElCCT@ClTTTTTGGAYAYTGCCAGTTATM

S148) mmmmmee—m—m [

HATRLLECVVLCLLGEE

TTCCAAYTAYGYTTCTTA‘I’TCTG!CCCCAAAY‘I’CT-IYCTCTYYTCACAGAGCTTATAGATGCTAMGTCACCCAGACACCﬁAGGCACMMTGACAGAMTWCMGMGYAACAATG
L I 0 A RY¥Y T QTPRHWXYTEMWNSLEIQEYTN
CAGACCATMTGCAAWCTQGAETTBCTOOCTTACTTECB:AACCMCTCCTCYAGANIATTI:GGWTGCCG

AAnaATcuAr?cTcAccnGAGAToccTGATGCAA(TTTAGCCA(rcTGAAGATccAacccrcAqAAcCCAnaeacTcAGCYOTGrAr?TTTOTﬂCTAGTGOTTTﬂGTCACAchcrn:Aa
cH1-8 ., T T PR Pevesrresiaies wemmeiaraaaa e -bEogpettgantastica
Bip2l -~

K

DRFSAEHPDATLATLKIIPSEFRDSAV\'FCASG

AATCACCTGCYCCCTGTGCIGAAAC:CYGGTGCT‘I'I:CTCTTCTCCTCCM}TACCCAGC‘GCTCTCAﬂCAﬂCC'I'I"‘CTTOCTCETCCCCTABCACAUMAG‘ACATAﬂﬂTTTCﬂTﬂTrtCA

CH1-B = tecpctit cagpetcucty {==con
E1941 -- ————
F Vs

ceanT
TGAGGTAGGATCCAGACATCATAC TEAGGAGC TACGAOTGGTATATATARGGTTALCACCTAGTCARATGE ATARACAGATTOATTTTAATTOATATCAGTTTTTCTECATTRECECCTE
sarel . - R --

CCAAT xss==;--¢-)

ATAM
— TAGAGG(AA !‘C TTCTT:AGAGAACCCfGGCTAGCT(TYCTATGYTTCATGTCCGYAGAGGG«IGETCCTGAGAC‘IGTGGACAI’TGBCTMTATOCTGATGTEACTGMGG:CACATCT‘I’AC

NT
AGGGCCAAGAGICAGATY'GCYTTCCTTTT?CTCAI’ACT‘I’GTAAG{TCCTTCAYCTWMTGTN;"TACCTOGGYCCT“t‘TﬂﬂmCCAGGCﬂCTCAQ“TABIGTCCCTTTOTC
178

amm-y

SH34] ~smmmmaae - ——ta—— -

WY 3 R L LS L VY S L CL
TCCTGGGI«GC-\AGTGAGY(TYC‘GGT‘CTTAMI'ATCTGTGCTBTACCCTITCCEAGTC"ATTCATGTCATGTATTCTGYYTI’TQTCTC"CCCICI“GCIEIT‘M!E{TGGAGTTAC
* HT210---->TTCATATEATGTATTCTOTTTITATCTCTTCCCACAG
A K I E A Q VT
TCAGTYCCl’.'CAGCCACAGCGYAAYAGAGlAGGGtCAMCYGTM(TcT{'.ARATGTGACCCAATTTCTGMEATGAT“TC"TITYWTATCGACGTHHATMAMUMTMM"

ENGE1Y - -
FPSHSVIEKGQTVYLRCDP!SGHONLY'YHPVU&KE!K:
Wr2ig TCTGTTAC.ITTTTGTGAAAG»\GTCTAMC»\GG\TGAGTCCGGTATGCCCMCAATCGATTCTYAG(TMWCTGGAGGMEGTATTCTN:TCTWBUTGC!GCCYGC!WC]’W
nrz ... pedssersen
L LMHHF VY K ESKQQDETSGOGNUEPMNRFILAEHMRT GJIJITY ST LKVYQ®*® a £t L E
GGATTCIGGAGFTTATTTCTGTGCCAGCAGCCAAGACACAGTGCTTCACAGTtGTGCCcTTGCTBYGCAAAACCAiAGCCTTCTCCTCTCAACTCAEAGCTGCCEAAAAGGAAGGCTTTC
HT37e ~~wnd MT278 and HIZ19
HBP 42 Qgtac- -—wad HEPAZL
€821

D S ¢ ¥ Y F ¢ A 8 5

Fic. 3—Continued



77.7 kb FROM THE HUMAN V, TCR LOCUS

G v

CCAAT CCAAT
AGACAGGGIACAGGGGCAAITATGQGGACACCTGTETCAAWAGCAGCAAITGAT!YAGAMATA-IA'FAYCTDYTCCA‘FECCTGTTCCAGACMGCCCATGTICCTGCCMGTIGWGC
83281 wmm-r

TATAL TATAA
TGTGTITCAClTTGCAACAAGGAATGACCCCGGCCCTGGTAIIGTCAACAGCIIC‘C’CATCAC‘GGCCAATCTGCCY“CAGGGACTQﬁAGACTCTETAAACTCCCACCTCTCAACCC!

83321

vB24

83444

M G P &L L H WM AL CLLGCGTS® S

AGAAAGEAAATCTTTRAGCAAAGE TATCTTATCCT EAGTC TECACCTTTCATTCACAGCAGTAACAC TGTTCTCCTTAACTETGACTCCAAATTTETC TTETTTCTE TACAGGTCATGOG
8358y -—-- -- - -

e

H G
GI\’GCCATGGI’CATCCAGAACC(AAGATACCAGGTTACCEAGTYTCGAAAGCCAGfMCCCTGAGT‘G‘I’TCTEMMCmw(CATAACGTCATGTACTGﬂTACCAGC!GAAGTCMGT
vBZ4 |

IGRLDS ,
43881 -
]

auv'zanuvgvrqré'nrvrl.scsqu_uunvuvuqukas

cAccccCCAAAGETGCTCTTCCAtncnmlculmrmucuTcuccmAuccccTcATAACTTcCAA'rcc.tcc.nncccwcu:ncmcmcmcncAuchGCTcA

8 CCAGGLCTCGLGE, |..luCClYGTICCIGTGTGCCACCAGCAGAGACAEAGAGCTGCAGTGCTTCCTGCTCTCTGTTC!TAAACCTC»\TTGTTTC(CAG»\TCCAGGTGCTTTCT(TAGG
yBz4 ...l . veans{===an

ccgccuncetg::gguuc
<---and IGR

[, ————— 4-- A e mecdegmmmom I

pGLGDTl“YECITS

H V.25

CCAaT
TcrAArCTGTTrccccAAcTCAA;AtTrncchncTCTcTchTcTcr?ccctATTcrctArutacAGAAATchccccarchTTGGrorrttcccAGAArcccacchrarecTcTCT
L e T

CCAAT TATAA CCART TATAA==

cc‘I‘TTCEAGTQG:TGAATAC‘AYTGTTTCACAYATTCTC TT»\ATTTGTGTTACTTQ\'ATlulctAGGATGCTAIAGGCAATTQQATTCTACAMGTU?CACGTCACAGAMAGCCGCCG

L2 T 1 R L At e pmmm e

ACAGAGGTGGAGJ\G»\GCCACACAGAYAGCCAGCTGCCrcchrnccTGCTcT‘rcctcTAAthTucCATGAGCCCAATA'I'TCACCTGCATCM:MKCTI'TM‘CTGCTGGCTGCAGG!M
B8 oo o WS P IFTECITILELL & aa

GTCCCTRTTCTECAGTTGTCAGE TCCETOE TCTAACCCTTTEATCCATETCATC BAAC TCEE TEATERECTCAGTE TEEARC TECTATETGL TTTE TTTACACETTE TECTRUTEAAGAR
88581 —-r-- S P CEE

GFCGLCCAGACTE CAAMACATCT TS TCAGAGRGGAAGGACACAAAGCAAAAT TATATTGTGCCOCAATAAAAGGACACAGE TAGGTTITITRATACCAACAGGTCCTCAAAAACGAGTTC

sld —
B N T A T E R

aAGTTCTT(‘n\N’TCCTYCC‘GAATGAAAATGTCTT TGATGAAACACGTATGCCCANGGAAGATTTTCAGC TAAGTGCCTCCCAMATECACCCTRTAGCC TTGAGATCCAGLLTACGAAG
L 1 5 F Q N E N ¥ F D E TG MNMPMNETRTF S$ A KT CLPNSZSEPICCSLETIQATK

L1}

CT\'GlGGATTI:AGCAGTGTlTTTTTG‘IGCClGCAGtcAITCE
L3 -
1 L ED S A ¥ Y F . A 5 §

TGTTA-I ATATTAGLT, AATCTT-IGGIC CAGACTCATCACGOAC TCACCTCAGGAAGCAGCTGGTATACTAGSTT

I V26

TAT,
CTCTTTCCTTFTCCALTTCCTCTTATSTTT TCCTTAA‘I‘CTTCAACTI’T(CT-IAGCACCYGCMGTGGGATTGGAGCCTTGTTTMCATCGYCEATGT!GCMAAYAAGUTUGGCCAAA
71921 -----ee-- emmmmemmmmeeea

CCAAT CCART Tnn TATAL

TLPAL oo mm o e

INT
TGC7CTTTGCTACTGCAC!TCAGAACCCATCGCTGGGAcTGTCTTGCnltTGCCTGACCTEACCATGGATATCTGGC‘I'CCTCTGCTGGETMCCCTGTO‘I’CTCTTGGCGGﬁAﬂGTGGGTCC
MWD I WL LCWWY T 1L CLLAGATG

T2e8:

AGG"T‘CY‘MAACATTchuaucAm-r-r-rtuccrr.cnccmrcccTcacAcccc'rAncc:Acc‘rrrrrnnmnnrrmnc'ruonu‘ruccamnarcumnn’cuuc:
72181 <oceeeoo- . AdA

Aly Repeat

AGCCfGGTﬂAACGTEGTG“ACCCCYYCYCT‘CC‘AAAAATACAAAAAYYAGCCAGGCOTGBTAGTETGCTCCfGYAGTCCCAGCTICTTGEGAEGCTGAGGTGQGAGHAYCA(TTG‘AT
T2a8Y -

CTGGGAGGTAGAGGCTGCAGTGAGCAGAMTCACGACATTTCACTCCAGCCTGGGCAAcACAMMGACCCTATCTCMM@\‘MWC"TmcﬁctCTTCAC(TTC'I’
T2421 <emmmmmme el DD

ATGGCTTCCGTCTTCTTCC*CIGGACACYCGGAGCCTGGAGTCAGCCAMCCCCcAdlcACMOOTCICCAACA?GOMCAMAQQTMWCTMWTMMYCCATC"C'WTtACAT
72641 - -
M S EPGVY S TTPRHNKYTHMNGEEETYILRCECDPSS S G HGMS

G?TTGTTCACTGG‘IACCG-ICAGAATCTGAGGEAAGAAATGAAGTTGCTGATTTCCTTCCAQTAECMMCATTQCAUTTM'l'ﬂ:»\mdTHC:CMMCMWCACADCTMMCC
PTEPY --oemmmmmg——mmmm———e o B i
F

727181

G T $ 5T L K I M P A E P RD 5§ I ¥ ¥ L ¥y 5§ 3§

TGGCTGCTCTTCT(CCAGTTGAACTCCAAGAAAAC;\TTTGAA-IAAGCCTC'I"I’ECT‘I’lTCTTCtTACCCClﬂ‘lGAAAGAAGCMGTTGATTGTTGTGGETGCAGCTGCTAECGCMGAGT
12901 - e —bemem e am——

F1G. 3—Continued

159

of these V; Ter cDNA and RT-PCR sequences shared
the highest degree of identity with each of the complete
Vg Ter germline sequences presented in Figs. 3A to 31. A
summary of this analysis is listed in Table 5, and the
alignments for the most related sequences are shown in
Figs. 3A-3I along with the location and identity of po-
tential polymorphic sites. Table 5 also includes the offi-

cial T-cell receptor variable gene segment designations
according to Clark et al. (1993).

The sequence of this 77.7-kb region of the V; Ter clus-
ter starts within exon 2 of a V6 gene (Table 4). The
available sequence of this exon (253 bp) shares a high
degree of identity with the sequences determined from
many V6 cDNA clones; cDNA clones L17Tig (Leiden et
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TABLE 5

Cross-Referencing of Sequenced Human T-Cell Receptor V; cDNA and Germline Clones

V, gene Clone(s) GenBank No(s). %Identity® DNA type Ref(s).
6 H17.1 New — Germline This paper
{(TCRBV6S1)® L17Tig M15564 100/2563 mRBENA Leiden et al. (1986)
IGRb10 X58805 100/253 mRNA Ferradini et ol (1991)
L178 M135562 100/253 mRNA Leiden and Strominger (1986)
HBVT11 M27386 100/253 mRNA Kimura et al. (1987)
HBVT116 M27385 99.2/253 mRNA Kimura et al. (1987)
ph 22 M14261 97.8/253 mRNA Tillinghast et al. {1986)
23 H7.1 New — Germline This paper
{TCRBV23S1) IGRb04 X58799 99.7/328 mRNA Ferradini et gl. (1991)
HT183 X57613 99.5/381 mRNA Plaza et al. {1991)
Vp22 ME2378 98.8/409 mRNA Robinson (1991)
Mm1l-14 M60530 95.3/408 mRNA Levinson et al. (1992)
Mm1i-41 M60545 95.3/408 mRNA Levinson et al. (1992)
Mm1-6 M60535 95.1/408 mRNA Levinson et al. (1992)
12.2 H7.1 New — Germline This paper
{TCRBV1252) ph27 M14268 98.7/315 mRBRNA Tillinghast et al. {1986}
HBP54 X 04935 97.7/222 mRNA Kimura et al. (1986)
PL4.2 M13862 97.5/237 mRNA Concannon et al. (1986)
IGRb13 X58308 87.7/293 mRNA Ferradini et al. (1991)
KT2 M64352 86.5/400 mRNA Boitel et al. (1992)
Mm13-13 M60539 85.8/359 mRNA Levinson et al. (1992)
Mm13-2A2 M60531 84.8/407 mRNA Levinson et al. {1992)
Mm19-94 M60540 84.7/360 mRNA Levinson et al. (1992)
212 H7.1 MNew - Germline This paper
(TCRBV2182) H7.1 M33234 100/1667° Germline Wilson et al. (1990)
IWe-4 X56665 100/320 mRNA Hansen et al. (1991)
IGRhO2 X58797 99.2/387 mRNA Ferridini et al. (1991)
vVE21 Me62377 98.5/268 mRNA Robinson (1991)
IGRbO01 X587%6 89.3/365 mRNA Ferridini et al. (1991)
TCRBV21.3 M33235 88.2/455 Germline Wilson et al. {1990)
HT-11 X57724 88.1/311 mRNA Plaza ot al. (1991)
H18.1(21.1) M33233 86.0/1261 Germline Wilson et al. (1990)
8.1 H7.1/H12.18 New — Germline This paper
{TCRBV8S81) H7.1{8.1) X07192/Y00349 100/775 Germline Siu et al. (1986)
YT35 K01571/X00437 100/342 mRNA Yanagi et al. (1984)
4D8 K02885/X01417 100/222 mRNA Sims ef al. (1984)
phll M14265 99.4/345 mRNA Tillinghast et af. (1986)
PL3.3 M13858/M16307 98.8/255 mRNA Concannon et al. (1986}
8B3 M81773 97.6/509 mRNA Tovonaga et al. (1985)
HT242 X57720 97.5/394 mRNA Plaza et al. (1991)
pBH7.1B5(8.2) K02546 97.1/519 Germline Siu et al. (1984)
HT2.12 X57619 97.0/39%4 mRENA Plaza et al. (1991)
HBP41(8.3) X04925 96.8/281 mRNA Kimura et al. (1986)
ph8 Mi4264 96.5/347 mRNA Tillinghast et al. (1986)
H7.1(8.2) X007222 96.0/772 Germline Siu et al. (1986)
H7.1(8.1/8.2) Duplication 93.8/3349 Germline This paper
Mms8-91 M60548 93.56/400 mRNA Levinson et al. (1992)
MmB-1A8 MB0547 93.1/319 mRNA Levinson et al. {1992)
8.2 H7.1 New — Germline This paper
(TCRBVSS2) H7.1(8.2) X07222 100/772° Germline Siu et al. (1986)
HT242 X57720 100/342 mRNA Plaza et al. {(1591)
PL3.3 M13858/M16307 100/255 mRNA Concannon et al. (1986)
pBH7.1B5(8.2) Ko02546 99.8/519 Germline Siu et al. {1984}
8B3 M#81773 99.7/492 mRNA Toyonaga et al. (1985)
HBP41(8.3) X04925 99.6/281 mRNA Kimura et al. (1986)
HT2.12 X57619 99.5/394 mRNA Plaza et al. (1991)
phs M14284 99.1/342 mRNA Tillinghast et al. {1986)
4D8 K02885/X01417 98.6/222 mRNA Sims et al. (1984)
YT35 K01571/X00437 97.7/342 mRNA Yanagi et al. (1984)
phll M14265 97.1/345 mRNA Tillinghast et al. (1986)
H7.1(8.1) X07192/Y00349 97.3/775 Germline Siu et al. (1986)
H7.1(8.2/8.1) Duplication 93.8/3349 Germline This paper
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TABLE 5—Continued

V; gene Clone(s) GenBank No{s). %Identity® DNA type Ref(s).
8.2 Mm8-91 M60548 93.0/400 mRNA Levinson et al. (1992)
{continued) MmB8-1A8 MB0547 92.2/319 mRNA Levinson et al. (1292)
8.3 H130.1 New — Germline This paper
(TCRBVSS3) hgt7-4.4 X07223 100/741 Germline Siu et al. {1986)
CH1-B MT73463 99.5/218 mRNA Lunardi et al. (1992)
4D8 K02885/X01417 83.8/222 mRNA Sims et af. (1984}
Agt7-8.5 X06936 81.6/737 Germline Siu et al. (1986)
phll M14265 80.5/344 mRNA Tillinghast et al. (1986}
YT35 K01571/X00437 80.4/373 mRBRNA Yanagi et al. {(1984)
ph8 M14264 80.1/346 mRNA Tillinghast ef al. (1986}
HT242 X57720 79.2/394 mRNA Plaza et al. (1991}
8B3 M81773 79.0/400 mRNA Toyonaga et al. (1985)
HT2.12 X57619 78.9/394 mRNA Plaza et al. (1991)
H7.1(8.1) New 78.5/741 Germline This paper
H7.1(8.2) New 78.3/741 Germline This paper
H18.1(y8.4) X07224 76.8/741 Germline Siu et al. (1986)
16 H130.1 New — Germline This paper
(TCRBV1651) X06154/Y00349 100/720 Germline Smith et al. (1987)
HT370 X57723 100/350 mRNA Plaza et al. (1991)
HBP42 X04933 100/237 mRNA Kimura et al. (1986}
HT219 X57722 99.3/330 mRNA Plaza et al. (1991)
24 H130.1 New — Germline This paper
(TCRBV2481) CH18-8 M73464 99.7/375 mRNA Lunarde et al. {1992)
HT77 X57725 99.7/367 mRNA Plaza et al. (1991}
IGRhO5 X58800 99.7/366 mRNA Ferradini et al. (1991)
HT1.8 Xb7726 99.5/367 mRNA Plaza et al. (1991)
V324 M62376 99.5/375 mRBRNA Robinson (1991)
25 H130.1 New — Germline This paper
(TCRBV2581}) HBVT72 M27390 69.7/297 mRNA Kimura et al. {1987)
PL3.9 M13860/M16309 68.6/312 mRNA Concannon et al. (1986)
244 M87323 68.5/340 mRENA Chen et al. (1992)
VB-ALT12-1 M11956 67.5/332 mRNA Tkuta et ol (1985)
2Q29 M22007 66.2/340 mRNA Wade et al. (1988)
26 H130.1 New — Germline This paper
{TCRBV2631) p8HT.1B5(8.2) K02546 71.9/288 Germline Siu et al. (1984)
H7.1(8.2) X07222 71.9/288 Germline Siu et al. (1986)
HT242 X57720 71.6/335 mRNA Plaza et al. (1991}
8B3 MB81773 71.3/335 mRNA Toyonaga et al. {1985)

¢ List includes cDNA, RT-PCR, and germline clone sequences that share highest degree of identity. The first number is the % identity and the

second number is the length of the sequence comparison.

b Official T-cell receptor variable gene segment designations according to Clark et al. (1993).
© Assuming corrections in previous V,21 germline sequence, M33234 (Wilson et al.,, 1990), since sequences were derived from the same cosmid

clone H7.1.

al., 1986), IGRb10 (Ferradini et al., 1991), L1783 (Leiden
and Strominger, 1986), and HBVT11 (Kimura et al.,
1987) are identical to this V46 Tecr germline sequence. It
appears that the several cloned cDNAs that contain
identical V46 subfamily members have been given sepa-
rate subfamily numbers; for example, subfamily
members V6.5, 6.8, and 6.9 share 100% nucleotide se-
quence identity (Toyonaga and Mak, 1987). In fact, each
of these V6 subfamily members also shares 100% iden-
tity with the V6 gene described here; thus, this V,6 gene
could be assigned to any of these subfamily members.
The Vg Ter subfamily numbering system is being up-
dated (Clark et al, 1993) and can effectively and accu-
rately be done once the nucleotide sequence of the com-
plete V; locus is determined. The correct subfamily no-
menclature for this Vz6 Ter gene is TCRBV6S1. The

high frequency with which V6 transcripts have been
cloned suggests either that this gene is highly expressed
or that it is represented in more than one identical, or
nearly identical, gene copy.

The V423 Ter gene subfamily was first classified by
the sequence of cDNA clone IGRb04 (Ferradini et al.,
1991) and it has subsequently been identified inh cDNA
clone HT183 (Plaza et al., 1991) and ¢cDNA clone VB22
{Robinson, 1991). The first complete germline sequence
of a V423 gene is shown in Fig. 3A along with these
cDNA-derived sequences. The exon 1 coding region of
the V,23 gene is unusual, as it is 30 bp longer than that
found for the other V; Ter genes (Table 4). None of these
V323 ¢cDNA sequences shares complete identity with
this V,23 gene sequence (IGRb04 differs only at the first
nucleotide position} (Table 5; Fig. 3A). This small de-
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gree of divergence {not more than 1.2%) could be due to
polymorphisms or possible errors in the sequence (PCR
or sequence generated). However, we cannot rule out the
possibility that other members of the V323 gene sub-
family exist. The next most related sequences are three
V,; Ter ¢eDNA sequences derived from rhesus monkey
(Macaca mulatta), clones Mm1-14, -41, and -6 (Levinson
et al., 1992), which share better than 95% identity (Table
5; Fig. 3A). This high degree of identity strongly suggests
that these cDNA clones were derived from an ortholo-
gous member of the rhesus V,;23 gene subfamily.

The first germline sequence of a V12 Ter gene sub-
family member is shown in Fig. 3B. Genomic mapping
(Lai et al., 1988) suggests that there may be at least two
V12 genomic locations and our GenBank search found
five related cDNA derived sequences. Of these V412
¢DNA sequences, three share a high degree of identity
with this germline V;12 sequence, greater than 97% (Ta-
ble 5; Fig. 3B); these include clones ph27 (Tillinghast et
al, 1986), HBP54 (Kimura et al, 1986}, and PL4.2
(Concannon et al., 1986). From the V12 subfamily num-
bering system suggested by Toyonaga and Mak (1987),
this V412 germline gene is most related to subfamily
member V;12.2, The remaining two cDINA cloned se-
quences are identical to each other, clones IGRb13
(Ferrandini et al.,, 1991) and KT2 (Boitel et al., 1992);
however, they share only about 87% identity with this
V;12.2 gene, The sequences of cDNA clones HBP54 and
ph27 would share 100% identity with this V;12.2 gene
except for the difference of five nucleotides at the 3’ end
of the HBP54 sequence and the 5" 39 bp of ph27 (Fig.
3B). These high degrees of divergence located at the
ends of these ¢cDINA sequences may be indicative of
c¢cDNA cloning artifacts and N-region diversity due to
the joining of the V and D gene segments, respectively.
Three ¢cDNA sequences derived from rhesus monkey are
orthologous members of the V,12 Ter subfamily; they
share their highest degree of identity (greater than 95%)
with the V,;12.3 subfamily member (data not shown).

Three members of the human V21 Tcr gene sub-
family have been subjected to previous extensive analy-
ses; they were first detected by hybridization with a
mouse V13 Ter gene probe, followed by their isolation
and nucleotide sequence analysis {(Wilson et al., 1990).
The individual V421 Ter genes were designated on the
basis of their respective genomic EeoRI fragment sizes:
Vs21.1 (6.6 kb), V,21.2 (2.6 kb), and V,21.3 (1.6 kb).
V,21.1 and V421.2 Ter genes have been mapped to cos-
mid clones H18.1 and H7.1, respectively (Wilson et al.,
1990). Analysis of the complete sequence of cosmid H7.1
reveals the 1667-bp sequence determined by Wilson et
al. (1990) and the presence of the V,21.2 Ter gene. The
overlapping sequences did show some differences; how-
ever, these were resolved after careful rechecking and
the correct sequence is included in the 77.7 kb that we
submitted to GenBank. Even though these V,21 Ter
gene subfamily members share greater than 86% nucleo-
tide sequence identity, their genomic locations are
spread across about 200 kb of the V; Ter locus (Wilson et
al., 1990), which suggests that they are most likely not
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the product of local gene duplication events, but could be
the result of a large gene duplication event(s). The com-
parative nucleotide sequence analysis by Wilson et al.
(1990), confirmed here, showed that all three V,21 genes
are complete and should be functional; however, they
were only able to find transcripts for V421.1 and V,421.3.
Our FASTA search of GenBank revealed three recent
cDNA sequence entries that share a high degree of iden-
tity, greater than 98% (Table 5 and Fig. 3C), with
Vz21.2. In fact, the sequence of one cDNA clone, IW6-4
(Hansen et al, 1991), shares 100% identity with the
V;21.2 gene sequence over a total of 320 bp. The small
number of differences (potential polymorphic sites)
among the other cDNA sequences is indicated in Fig. 3C.

The V8 Tcr gene subfamily has been extensively stud-
ied by Siu et al. (1986}, who sequenced 775 bp from the
V8.1 and 772 bp from the V8.2 Ter gene regions, both
of which were isolated from cosmid clone H7.1. Both V8
genes are expressed as cDNA sequences that share 100%
identity with each gene that has been determined (Fig.
3D). As pointed out by Siu et al. (1986), the V8.1 and 8.2
Ter genes are closely linked, separated by about 3 kb,
and they share nearly identical sequences, which sug-
gests that they arose from a recent gene duplication
event. These suggestions were confirmed in our analysis
because we identified the boundaries of each duplication
unit. The V8.1 duplication unit starts at position 29,229
and extends to position 32,539, after which the V,8.2
duplication unit begins at position 32,540 and ends at
position 35,851. The lengths of these duplication units
are nearly identical, and over their complete length they
share 93.8% identity. The age of this duplication event
can be estimated from the divergence level of the non-
coding DNAs, which is 6.67% or, corrected for multiple
substitutions (Hayashida and Miyata et al,, 1983}, is cal-
culated to be 6.99%. If we assume that these noncoding
DNAs are evolving as neutral DNA at an average branch
rate of about 0.13% change/million years since last
sharing a common catarrhine ancestor (Bailey et al.,
1991; M. Goodman, pers. comm., July 1993, Wayne
State University, Detroit, MI}, we can calculate that this
V8 duplication event occurred about 27 million years
ago {(MYA) (6.99/0.13 = 53.7 MYA for both branches, or
27 MYA for each branch). This estimate is supported by
analysis of the orthologous V,8.1 and 8.2 gene regions
from several primate species, which finds this duplica-
tion present in species that last shared a common ances-
tor with humans in the stem of the catarrhine branch
(W. Funkhouser, B.F.K., manuscript in preparation).
The mechanism responsible for this duplication event
appears not to involve flanking repetitive elements
(SINEs or LINEs), which is unlike the primate fetal glo-
bin gene duplication event as it involved a crossover be-
tween flanking L1 elements (Fitch et al, 1991). How-
ever, a member of the MERZ26 repetitive element family
is located near the 5 boundary of each duplication unit
(see below), and its role, if any, in this duplication event
is currently unknown. It is conceivable that this V8 du-
plication event is the result of an unequal crossover be-
tween unrelated sequences.
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The V8.3 gene is located about 16.8 kb 3’ of V8.2 and
it was previously cloned, Agt7-4.4, and sequenced by Siu
et al. (1986). The 741-bp sequence determined by Siu ef
al. (1986) is identical to that which we determined from
cosmid 130.1 (Table 5). Comparing the sequences of the
V8 Ter genes, Siu et al. (1986) speculated that the V8.3
gene may be a pseudogene due to a deletion in its poten-
tial CCAAT element. However, our GenBank search
found a recently published V8-related Tecr cDNA clone
sequence, CH18 (Lunardi et al., 1992), that shares better
than 99% identity over 218 bp with V8.3, differing by
only one potential polymorphic site (Table 5; Fig. 3E).
The sequence of this transcript shares only 78% identity
with other members of the V48 Tcr gene subfamily (Ta-
ble 5); thus, the V8.3 gene appears to at least produce a
mRNA transcript.

The complete genomic sequence of the V;16 Tcr gene,
720 bp, was determined by Smith et al. (1987) from clone
AV,l6, and this sequence is identical with the one we
obtained from the V416 Tcr gene in cosmid 130.1 (Table
5). The FASTA GenBank search found several sequence
matches; two of these cDNA clones, HT'370 (Plaza et al.,
1991) and HBP42 (Kimura et al, 1986), share 100%
identity with the V416 Ter gene sequence. The remain-
ing cDNA clone, HT219 (Plaza et al, 1991), shows a
somewhat usual pattern of shared identity in that its 5
end 37 bp are derived from the intron region while the
remaining sequence differs only at one position (Table 5;
Fig. 3F). It appears that the mRNA transcript contained
in clone HT219 was partially spliced when its cDNA
copy was synthesized.

The existence of the V324 Ter gene locus was first
suggested by Ferradini et al. (1991) from the sequence of
¢DNA clone IGRb05, and the finding of this gene in
cosmid 130.1 is the first description of a V24 germline
sequence. Additional V24 cDNA clone sequences have
been described within the past few years, and interest-
ingly, all of these share better than 99% identity with
this V424 gene sequence (Table 5; Fig. 3G). These other
cDNA clones include V,24 (Robinson, 1991), HT77 and
HT1.8 {(Plaza et al.,, 1991), and CH188 (Lunardi et al.,
1992). Because the number of differences among these
sequences is small, they may represent either transcripts
from a closely related V;24 gene(s} or potential polymor-
phic sites. The fact that V424 transcripts have been fre-
quently cloned indicates that it is either a highly ex-
pressed V; Ter gene or that it may be represented in
nearly identical multiple copies.

The dot plot shown in Fig. 2 suggests the presence of
two additional complete V; Tcr-like genes, one located
between positions 68,508 and 68,956 and another located
between positions 72,124 and 72,843. Detailed analysis
of this regions reveals a typical V, Ter gene structure for
the first gene (a 49-hp exon 1, a 107-bp intron, and a
293-bp exon 2; Fig. 3H) and a similar structure for the
second gene (a 49-bp exon 1, a somewhat larger intron of
391 bp, and a 290-bp exon 3; Fig. 3I). The FASTA Gen-
Bank search did not find any sequences that share better
than 72% identity with these V, Tcr-like genes (Table
5); thus, they are referred to as V25 and V26 Ter genes,
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respectively. The V25 Ter-like gene could encode a V,
Ter-like polypeptide (Fig. 3H), except that its reading
frame contains a termination codon, and thus this gene
is most likely not functional, a pseudogene. It remains to
be determined whether the pseudogene status of the
V425 gene is predominant in the human population and
other primate species. The larger intron of V,26 Ter
gene is due to the insertion of a 290-bp Alu element 43 bp
downstream from the intron donor splice junction (posi-
tion 72,215) (Fig. 3I). The presence of this Alu element
and the lack of any evidence from ¢cDNA and RT-PCR
cloning experiments that identify a transcript from this
gene lead us to speculate that this gene may also be a
pseudogene. This Alu element could alter the ability of
this gene to be expressed, and if expressed, the presence
of this Alu element could produce a transcript incapable
of translation or if translated, the resulting protein prod-
uct may not be related to any V, Ter polypeptide. In
addition, this Alu element could contain sequences that
share identity with intron splice acceptor sequences,
which could greatly alter the coding region of any tran-
script product. A scan of this Alu element sequence for
the presence of other potential splice acceptor sequences
that closely matches the consensus sequences
(YYYYYYYACAG, determined from the functional V,
Ter genes; data not shown) finds a close match at posi-
tions 72,459 to 72,469 (TTTCACTCCAG). This Alu ele-
ment is a member of the Alu-J subfamily (Jurka and
Milosavljevic, 1991), the more ancient Alu subfamily es-
timated to have evolved about 55 MYA (Labuda and
Striker, 1989). Thus, retroposition of this Alu element
into the intron of the a proto-V,;26 Tcr gene could have
occurred early in primate evolution. The timing of this
Alu retroposition event remains to be determined, as
well as whether this V26 Ter gene can be transcribed.

Analysis of Repetitive DNA Elements

SINEs. The most prominent class of repetitive
DNA elements in primate is the Alu element, which is
derived from the 7SL RNA gene (Daniels et al,, 1983; Li
et al., 1982; Ullu et ql., 1982), and as many as one million
copies may be present in the human genome (Deininger
and Schmid, 1979). On average, the distribution of these
elements should be about one every 4 kb (Hwu et al.,
1986), a density of 0.25/kb. However, results from recent
large-scale sequencing projects that sample differ hu-
man chromosomal regions reveal a considerable amount
of variation in Alu distribution. A 67-kb region of the X
chromosome that encodes the Kallmann gene has a low
Alu density, about 0.1/kb (Legouis et al., 1991), while a
90-kb region of the HLA class III gene locus on chromo-
some 6 has clusters of Alu elements with densities in the
range of 2/kb, which complicated the DNA sequencing
process (Iris et al., 1993). A search of this 77.7-kb region
of the V,; Ter cluster for Alu elements reveals a total of
21 Alu-related sequences, which include complete and
half-Alu elements (Fig. 2; Table 6). The orientation of
these Alu elements with respect to the V; Ter gene ap-
pears to be biased, with 14 having the same and 7 having
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TABLE 6

Location of Repetitive Element Family Members

Identity
Type No. Paosition Length Orientation (%) Class
Alu 1 3484/3772 290 -~ 86.2 Sx
2 7601/7650 148 -— 78.0 J
3 8654/8942 290 -~ 89.9 Sb
4 11357/11686 290 - 86.9 Sx
5 16004/16293 (DR} 290 - 85.9 Sq
6 16582/16867 288 - 88.2 Sc
7 17843/18135 290 —- 84.0 Sx
8 39556/39850 (DR) 290 -— 86.4 Sp
9 44689/44977 200 —- 88.6 Sb
10 45442/45704 260 -— 81.7 Sx
11 47446747743 289 - 78.9 J
12 48507/48797 290 — 85.2 Sq
13 59599/59887 (DR) 289 -— 89.6 Sx
14 59895/60184 289 -— 8.0 J
15 69176/69464 280 —- 89.2 Sb
16 69996/70285 (DR) 289 —- 84.6 Sp
17 71380/71540 160 — 88.1 Sx
18 72215/72505 {DR) 230 - 83.5 4
19 76008/76298 290 - 84.5 Sp
20 77278/17447 170 — T0.6 J
21 . T7507/77743 (+} 234 (+) — 89.3 Sb
LINE 1 20097720939 843 -— 65.0
2 41297/43315 20149 — 75.7
3 43316/44688 1373 - 81.7
MER26 1 20358/29506 130 -— 70.0
2 32687/32813 130 -— 67.8
MER32 61004/61160 152 —- 75.6
LTR1 37904/38479 544 - 63.4
LTR5 46193/465644 362 — 90.9
OFR 18318/18677 329 -— 74.5

the opposite orientation. Five of these Alu elements are
flanked by direct repeats {T'able 6). The overall Alu den-
sity in this sequence is about 0.26/kb, near the average
density predicted for the human genome. However,
these repeats are not randomly distributed; they do ap-
pear in clusters of different densities, 0.56/kb between
positions 7502 and 18,136, 1/kb between 44,689 and
48,797, and 1.2/kb between 69,176 and 72,503, up to a
high of 1.8/kb between positions 76,007 and 77,742. Alu
elements have been further classified according to their
evolutionary origin into two distinct subfamilies re-
ferred to as Alu-J {old), which is more similar to 7SL
DNA, and Alu-S {new) (Jurka and Smith, 1988). The
Alu-S family can be further divided into five distinct
subfamilies referred to as Alu-Sx, -Sq, -Sp, -Sc¢, and -Sb
(Jurka and Milosavljevic, 1991). Analysis of these 21 Alu
elements shows that only 5 are of the Alu-J family, with
the others distributed among the five Alu-S subfamilies
{Table 6). These Alu elements will be important compar-
ative markers for mapping the evolutionary events that
accurred in the V,; Ter gene cluster during the decent of
primates.

LINEs. The family of long-interspersed repetitive
DNA sequences (LINEs) is possibly present at greater
than 10,000 copies per mammalian genome (Burton et
al., 1986; Fanning and Singer, 1987). The sizes of the

longest LINEs found in primate species are in the range
of 6 to 7 kb; however, in many cases, only a short part of
a LINE may be found as a result of deletions or inser-
tions that have occurred during or after the original in-
sertion event (Tagle et al., 1992). Only three regions that
contain partial LINEs were found in this part of the V
Tecr gene cluster (Fig. 2; Table 6). The region between
positions 19,393 and 21,124 shows a complex pattern of
multiple LINE insertions (in both directions), with the
best match (65%) being between positions 20,097 and
20,939 (Table 8). The arrangement of the two adjacent
LLINEs (positions 41,297 and 43,316) suggests that these
elements may be the result of a single LINE insertion
event followed by several deletion events that removed
about 990 bp of &', 1.4 kb of center, and 630 bp of 3' from
the originally inserted LINE. The 8 end of this LINE
may have been deleted by the insertion of Alu element 9
{Table 8) which overlaps 3' end of this LINE.

MERs and other repetitive elements. In addition to
from SINEs and LINEs, the human genome contains an
assortment of other repetitive element families, which
may be represented at lower copy numbers, in the range
of 200 to 10,000 per haploid genome. Jurka et al. (1992)
reported a collection of 53 prototypic sequences repre-
senting known families of repetitive element found (at
that time) in the human genome. These include ele-
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ments that are referred to as medium reiteration fre-
quency repeats (MER) (Jurka, 1989), which currently
include 33 families (Jurka et al., 1993), the THR and
OFR components of transposable element THE-1
(Paulson et al., 1985; Misra et al., 1987), and the endoge-
nous human retrovirus long-terminal repeat sequence
elements referred to as LTR1 through LTR10 (Jurka et
al., 1992). This 77.7-kb sequence region was searched
using the up-to-date list of the human prototypic repeti-
tive DNA elements, which revealed the presence of repet-
itive elements related to L'TR1, LTR5, OFR, MER26
{two locations), and MER32 (J. Jurka, pers. comm., 25
March 1993). The locations of these elements are listed
in Table 6 along with the degree of identity that they
share with their corresponding prototypic element. The
only significant features associated with any of these
elements is the high degree of identity shared between
the LTR5 element and its prototype sequences (90.5%)
and the locations of the two MER26 elements; each is
located very near the 5-ends of a respective duplication
unit of the V8.1 and 8.2 Tecr genes (see above). At pres-
ent, it is difficult to determine whether these MER26
elements in each V8 duplication unit played any role in
this duplication event or whether they are the result of a
single MER26 element being carried along as part of the
duplication event. Each of these MER26 elements is lo-
cated about 145 bp 3 of the purposed duplication unit
junctions, and if they were involved in the event, they
would be expected to be located at the junction bound-
aries. In addition, we would also expect to find a third
MER26-related element located at the 3'-end of the sec-
ond duplication (none was found). However, as sug-
gested above, this duplication event occurred approxi-
mately 27 MYA, and since then other events that altered
these boundary sequences may have occurred. Further
examination of the ends of orthologous duplication re-
gions from other primate species may shed some light on
whether these MER26 elements were involved in facili-
tating this duplication event.

CONCLUSIONS

Having the complete nucleotide sequence of this re-
gion of the TCRBV cluster clearly shows the value of
this type of information, in that we have been able to
determine the germline sequences and locations of addi-
tional TCRBV genes (V 46, 23, 12.2, and 24) and we have
located two additional Vg Ter-related genic regions, that
may or may not be functional (V25 and 26}. From our
analysis, we have also located potential polymorphic
sites between the individual cosmid clones described
here and among the available cDNA-derived sequences
found in GenBank. These polymorphic sites could prove
useful in the identification of specific V, Ter genes that
are associated with autoimmune diseases. This nucleo-
tide sequence information will also be valuable in the
design of experiments to test the function of putative
promoter elements, CCAAT, TATAA, and the Tcr de-
camer element associated with each TCRBV gene. Even
though this region of the V; Ter cluster contains an
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average density of repetitive elements, in particular, Alu
elements, it will be interesting to determine whether any
diseases related to defective V; Tcr genes involve inter-
ferences arising from repetitive elements altering the
Tecr gene rearrangement mechanism(s). It is most excit-
ing to have located two additional V; Ter genes, V25
and 26, and if they are found to be nonfunctional in the
human population, it will be most interesting to deter-
mine whether they are functional in other primate or
mammalian species. If they are functional, it will be ex-
tremely interesting to learn their function and the con-
sequence that their loss has played in the evolution of
the human species.

The experience that we gained from doing this project
strongly indicates that a primer-directed walking ap-
proach, which has the goal of obtaining sequence infor-
mation from large DNA templates (cosmid size) and
long sequencing readings, is a feasible strategy for large-
scale sequencing projects. The major advantages are the
need for few subclones, the reduced number of sequenc-
ing reactions, and the ease (straightforwardness) of as-
sembling the final sequence. Major disadvantages that
we observed include difficulties in sequencing across
large duplication regions (larger than 1 kb per duplica-
tion unit) that share >95% identity, low throughput,
and lack of automated steps. The successful sequencing
of large duplication regions will require some subcloning
and mapping efforts. Throughput could be greatly en-
hanced by increasing the numbher of IPs, and these IPs
should be obtained by methods that are independent of
sequence composition or available six-base restriction
enzyme recognition sites. More IPs could be obtained by
increasing the coverage of overlapping clones (cosmids
or A), since each overlap vector—-insert junction poten-
tially represents an addition IP.

A primer-directed strategy would be of even greater
benefit if it could be adapted to automated instruments,
which could be done with improved detection sensitivity
and gel technology. Additional ways to improve
throughput include having a dedicated online oligonucle-
otide synthesis facility or having access to prepared li-
braries of short oligomer primers (Studier, 1989; Sie-
mieniak and Slightom, 1990; Kieleczawa et al, 1993).
Indeed, it is conceivable that the throughput rate could
match that achieved by the M13 random sequence strat-
egy provided that a method could be developed for the
rapid identification of all members of an oligomer li-
brary that have the potential to prime a sequencing reac-
tion within a particular cloned insert. Such development
would allow a primer-direct sequencing approach to be
used in a random mode similar to the M13 strategy, but
without the need to generate numerous subclones.
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