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Abstract

v0 T cells commonly account for 0.5%—5% of human (y6 low species) circulating T cells, whereas they are very common in chickens,
and they may account for >70% of peripheral cells in ruminants ('y6 high species). We have previously reported the ovine TRG2@ locus
structure, the first complete physical map of any ruminant animal TCR locus. Here we determined the TRG 1@ locus organization in sheep,
reported all variable (/) gamma gene segments in their germline configuration and included human and cattle sequences in a three species
comparison. The TRG1@ locus spans about 140 kb and consists of three clusters named TRGS5, TRG3, and TRG! according to the constant
(C) genes. The predicted tertiary structure of cattle and sheep V proteins showed a remarkably high degree of conservation between the
experimentally determined human V9 and the proteins belonging to TRGS5 Vv subgroup. However systematic comparison of primary and
tertiary structure highligthed that in Bovidae the overall conformation of the yo TCR, is more similar to the Fab fragment of an antibody than
any TCR heterodimer. Phylogenetic analysis showed that the evolution of cattle and sheep V' genes is related to the rearrangement process of
V' segments with the relevant C, and consequentely to the appartenence of the ¥ genes to a given cluster. The TRG cluster evolution in cattle
and sheep pointed out the existence of a TRGS ancient cluster and the occurrence of duplications of its minimal structural scheme of one 7,
two joining (J), and one C.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

T-cell mediated immunity in Vertebrates is based on
antigen recognition by T-cell receptors that may occur in
two types: a/p or y/6. During lymphocyte maturation these
receptors rearrange their Variable, Diversity and Joining
(V—D-J) gene segments, thus creating a diversity both in
terms of sequence and structure. Although exhibiting a
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J, joining; LP, leader region; MHC, major histocompatibility complex; MP,
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number of common cell-surface proteins and similar effector
capabilities, o/p and /0 T cells differ in some important
biological properties. v/ T cells are most likely the first T
cells emerging during thymic ontogenesis, in all Jawed
Vertebrates (Hayday, 2000; Six et al., 1996; McVay et al.,
1998). They do not show MHC restriction during antigenic
recognition and in addition they are able to react to soluble


http://www.expasy.org/spdbv/

104 G. Vaccarelli et al. / Gene 357 (2005) 103—114

antigens including proteins and non-proteins (Carding and
Egan, 2002).

TCR 0 conserves structural features common to all
TCRs, e.g., the organization of each V and C domain into
“Ig folds” (about 9—7 P strands, packed face to face in
two antiparallel P sheets), constrained by intradomain
disulphide bonding. Similarly conserved is the sequence-
based subdivision of V regions into frameworks and
hypervariable regions (HVs), the latter encoding surface-
exposed complementary determining regions (CDRs) (Li et
al., 1998). Despite the organizational conservation of TCR
vo genes, large differences exist in TCR y/0 gene families
in the different organisms, namely /7y genes, for which
both interspecies and intraspecies divergence is strikingly
high (Clark et al.,, 1995). On the other hand TCR +vd
represents an “unique” antigen receptor, due to the
peculiar structural properties of CDRI1/2 and CDR3
(Wilson and Stanfield, 2001). The characteristic /6
pairings show a significant CDR1/2 divergence from each
other. Such divergence contrasts with the constraint
imposed on TCR app CDRI1 and CDR2 by the require-
ments for binding to major histocompatibility complex
(MHC) antigens (Garcia et al., 1996), thus CDR1/2 /6
sequences are more free to diverge, contributing signifi-
cantly to antigen specificity.

v0 cells also represent more than 50% of the infiltrating
T lymphocytes in epithelia-rich tissues such as skin, gut, and
the reproductive tract (Hein and MacKay, 1991; Deusch et
al., 1991). In these tissues they constitute a first defense line
able to recognize not only a myriad of different microbial
antigens, but above all, the unique “stress-induced anti-
gens” which are markers of cell infection or transformation
(Groh et al., 1996). However, although various immuno-
protective and immunoregulating functions have been
proposed for y/6 T cells, they account only for a small
percentage (1-5%) of the T lymphocytes present in the
peripheral blood and in secondary lymphoid organs of most
adult organisms, such as human and mouse (“yd low”
species), but more than 70% of peripheral T cells in young
ruminants and chicken (“y0 high” species), this percentage
decreasing to 5—25% with age (Hein and MacKay, 1991;
Six et al., 1996). In cattle and sheep the 7RG locus has two
different locations on chromosome 4, one at position 4q31
(locus TRG1@) (Miccoli et al., 2003), and the other one at
4922 (TRG2@) (in preparation). This is a peculiarity of
these ruminant animals not found in the human TRG@
locus. The ovine TRG2@ spans over about 100 Kbp and it
is structured in recombination clusters, each one comprising
a V—J-C segment, arranged in the same transcriptional
orientation. These findings support the hypothesis that a
series of intra-locus gene duplications followed by a
transpositional event have characterized the evolution of
TRG@ loci in Bovidae. On the other hand, many multigenic
families are known to expand their repertoire and spread it
along the entire genome by both intrachromosomal and
interchromosomal gene duplications (e.g., olfactory recep-

tors) (Glusman et al., 2001). It can be assumed that this
propension to expand and contract shown by the olfactory
receptors and T lymphocytes receptors gene families, as
well as their propension to be involved in events of
recombination, gene conversion, translocation, and positive
selection for functional changes reflects a “biological
demand” to adapt to a myriad of new signals, represented
by the antigens in the case of the immune defense genes
(Lane et al., 2002).

To allow an assessment of the contributions of the yo
high speciation mechanisms, we performed a systematic
comparison of T cell receptor gamma (7RG) V' gene families
in cattle, sheep (Bovidae), and human. Our aim was: i) to
determine the sheep TRGI@ locus structural organization;
ii) to identify the sequence of sheep TRGI@ locus V gene
segments in their germline configuration and determine
them as correctly spliced transcription products; iii) to
compare cattle, sheep and human V peptides tertiary
structural features; iv) to perform phylogenetic analysis
using cattle, sheep and human expressed V' gene sequences
only. We have established that in sheep TRG 1@ locus the V;
J, and C genes are distributed in three recombination
clusters, with a V—J—C structural scheme similar to that of
TRG2@ locus, but having, in addition, repeated structures
within V' gene regions. This was not surprising since the
genetic complexity resulting from the organization of
several repeated clusters and the higher number of genes
in the ovine locus compared to the human one well
correlates with the condition of “vyd high” in Bovidae.

2. Materials and methods

2.1. BAC clones isolation, variable and joining mapping
and subcloning

A sheep BAC library, constructed by Vaiman et al.
(1999), was screened by PCR with primers designed
according to the published sequences: two primer pairs
(C5A1/C5B; C5A/C5B) for sheep C5 (AY147901) were
used: C5A1: 5-GAGGAAGTAAAACGCCATAG-3, C5B:
5'-CCCATTGCCTTTTTAGTCAG-3’, C5A: 5'-
GGCTTGATGGAGACTTGTTT-3'. Following the screen-
ing, BAC clones, address 655D3, 634F4, and 403D4 were
isolated and DNAs were then subjected to PCR to confirm
the presence of C5 gene using the previously designed
primer pair. A second primer pair (VG3A/VG3B) designed
according to the published sequence for sheep V3.1
(Z13003) was used; VG3A: 5-TTCACATTTTTCTCGT-
TCTGG-3' and VG3B: 5-CTGTGGAGGGGGAGATTTG-
3. The presence of V3.1 on the isolated BAC 202C5 DNA
was confirmed by PCR. A third primer pair (CB1/CC1)
designed according to the published sequence for sheep C/
(Z12964) was used; CBI1: 5-ATTACACATACCTCC-
TCCTC-3" and CCl: 5-ATGACATAAAAGGGGAAA-
AA-3'. The presence of CI on the isolated BAC 637ES8
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DNA was confirmed by PCR. Isolated BAC clones DNA
was digested with various rare-cutting restriction enzymes.
DNA samples separation was performed on 1.2% agarose
gel. Gels were run on a CHEF for 15 h, at 14 °C, 6 V/cm,
120° and 2 s switching time in 0.5 x TBE. The gels were
blotted onto a nylon membrane (Amersham), which was
then hybridized by using the DIG High Prime DNA
Labeling and Detection Kit (Roche Diagnostic GmbH) to
various V specific cDNA probes. The cDNA clones were a
gift from Dr. WR Hein (Basel Institute for Immunology,
Basel, Switzerland). Amplified DNA fragments and sub-
clone inserts were purified using the High Pure PCR
Product Purification Kit (Roche Diagnostic GmbH).
Nucleotide sequences were determined using a commercial
service and the resulting sequences were compared to
existing ones using the Basic BLASTN research program.

The distances between V, J and C elements were
determined by PCR on BAC DNAs with primers based on
published cDNA sequences. Approximately 0.7 ug of each
BAC DNA template were used in the PCR reactions. The
standard buffer reaction consisted of 10 x PCR buffer
(Roche Diagnostic GmbH); 0.2 mM of each dNTP; primers
at 0.05 pM; 2.5U Expand Long Template Polymerase
(Roche Diagnostic GmbH) was added in a 50 pL final
volume. The thermal cycling protocol was: 4 min 94 °C, 30 s
94 °C, 40 s 58 °C, 5 min 68 °C for 30 cycles. The final cycle
was extended for 15 min at 68 °C.

2.2. RT-PCRs (V transcription assay)

To test for the presence of correctly spliced transcription
products, 6 V-specific 18- to 21-mer primers were designed.
Five C-specific primers were also synthesized. Total RNAs
were extracted from adult and fetus ovine spleen (Trizol
method-Invitrogen) and polyA(+)RNAs were purified
(Dynabeads oligo(dT),5-Dynal). First strand cDNA synthesis
was performed using C third exon specific primers (cDNA
synthesis kit-Invitrogen). Ten microliters of the purified
cDNA (50 pL) were used together with two primers, one for
V and one for the relevant C first exon, in a standard 50 pL-
PCR reaction. The reactions were cycled 35 times at
temperatures of 94 °C for 30 s, 56—58 °C for 45 s, and 72
°C for 1 min, followed by a final extension at 72 °C for 7 min.
The first PCR products were reamplified using the same V
primer and an internal J-specific primer in opposite orienta-
tion. Secondary PCR reactions were stopped during the
exponential phase (20 cycles) and at the end point (35 cycles).
The results were run on a 2.0% agarose gel, stained, and
photographed. The following primers were used, for V'3.1:5'-
GCATTCACATTTTTCTCGTT-3' and 5'-CAAGTTTTGT-
CCCATCGCC-3 (J5.2), for V3.2: 5'-ATGCTCAAAT-
GTTCGCTTC-3 and 5- CAAGTTTTGTCCCATCGCC-3'
(J5.2), for V7: 5-TCCTCTTCTCCTCCCTCT-3' and 5'-
CAAGTTTTGTCCCATCGCC-3" (J5.2), for VP: 5'-
GATCTTCCAATAACACAAC-3 and 5'-ACGAGCTTAG-
TTCCTTCACC-3' (J5.1).

Total RNAs were extracted from young adult bovine
spleen (Trizol method-Invitrogen) and polyA(+)RNAs were
purified (Dynabeads oligo(dT),s-Dynal). The treated RNA
was used to generate full-length cDNA. First strand cDNA
synthesis (cDNA synthesis kit-Invitrogen) was performed
using bovine C4 first exon specific primer (C4BR1: 5'-
GGTCTTCATGGTATTTCCCT-3"). The 5 RACE PCR
were performed with a second C4 specific primer
(C4BR3: 5'-GTTGCAGCCTGTTGATGGTT-3') and an
ovine V6 specific primer (V6: 5-CAACTTGAGCCCCAC-
CACC-3"). PCR products obtained were purified with High
Pure PCR Product Purification Kit (Roche Diagnostic
GmbH) and cloned into pCR-XL-TOPO vector (TOPO
XL PCR cloning kit; Invitrogen).

2.3. Sequence alignment and computational analysis

The nucleotide variable sequences were multialigned on
the basis of amino acids alignment using CLUSTALW
(Thompson et al., 1994; website: http://www.cbi.ac.uk/
clustalw/), with manually optimization by using GeneDoc
program (Nicholas et al., 1997; website: http://www.psc.
edu/biomed/genedoc/). For comparative analysis of genomic
sequences mVISTA tool was used (website: http://
gsd.lbl.gov/vista/index.shtml). The prediction of the struc-
tural features of cattle and sheep variable peptides was
obtained using the Swiss-Model Automated Protein Model-
ing Server (Peitsch et al., 2000) (website: http://www.expa-
sy.org/spdbv/).

2.4. Sequence analysis and drawing of dendrograms

TRGV sequences used in the analysis were:
human (Homo sapiens): V1S2 (M13429), V1S3
(X04038), VIS4 (M36285), VIS5 (M36286), VIS8
(M13434), V2 (X07205), Vol (M22198); cattle (Bos
taurus): V2S1 (D13648), V5S8 (D13649), V1SI
(D16119), VI1S2 (D16123), V5S11 (D16126), V5S6
(D16129), V587 (D16130), V1S3 (D16131), V5S16
(D16133), V3S1 (U73186), V3S2 (U73187), V4Sl1
(U73188), V6S1 (AY560834); sheep (Ovis aries): V1S1
(Z212998), V2S1 (Z12999), V2S2 (Z13000), V2S3
(Z13001), V2S84 (Z13002), V3S1 (Z13003), V3S2
(AY348328), V4S1 (Z13004), V5S1 (Z13005), V5S2
(Z13006), V6 (Z213007), V7 (AY362775); chicken (Gallus
gallus): V1S3 (U78210), V1S4 (U78212), V1S5 (U78213),
VIS8 (U78216), V257 (U78225), V2S8 (U78226), V2S9
(U78227), V3S3 (U78230), V3S4 (U78231), V3S8
(U78235).

The sequences were multialigned on the basis of amino
acids alignment using the PILEUP program of GCG
package (Wisconsin Package Version 9.1, Genetics Com-
puter Group, Madison, Wisc.), with optimization of align-
ment by hand. Phylogenetic analysis was done on
aminoacidic aligned sequences using PROTML from
Molphy (Adachi and Hasegawa, 1992). ML reconstructions
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utilized PROTML program with the Jones—Taylor—Thorn-
ton (JTT-f). The analysis on nucleotide aligned sequences
was performed using maximum parsimony method (MP) on
non-synonymous positions (1+2 codon position). We used
the neighbor-joining (NJ; Saitou and Nei, 1987) method to
reconstruct the phylogenetic trees. MP as implemented in
PAUP*4.04b (Swofford, 2000) was also used to examine
the reliability of topologies generated by the NJ method.
The reliability of trees was examined by the bootstrap test
(Felsestein, 1985) and the interior-branch test (Rzhetsky and
Nei, 1992; Sitnikova, 1996), which produced the bootstrap
probability ( Pg) values, for each interior branch in the tree.

3. Results and discussion
3.1. Isolation of ovine TRG@, germline V and J genes

We have previously described the germline structure of
the constant (C) genes in sheep (Miccoli et al., 2001) and
the genomic organization of the ovine TRG2@ locus
(Miccoli et al., 2003). In this paper we present an analysis
of the organization and structure of the ovine TRG/@ locus
and an overview of the isolated variable (V) and joining (J)
gene segments of the two ovine TRG@ loci in terms of their

germline structure. As shown in Table la, TRGI@ V
segments can be divided into three distinct subgroups and
TRG2@, V segments into two subgroups. This division
depends on the rearrangment of 7 segments with their
relevant J(C) (Hein and Dudler, 1993). The VI gene was
isolated from the partially characterized N6A3 phage clone
(Massari et al., 1998) using the V'/ cDNA as a probe. Using
C5-, V3.1- and C1- specific primer sets, five clones, 634F4,
403D4, 655D3, 202C5 and 637E8 were isolated from an
ovine genomic BAC library (Vaiman et al., 1999). Hybrid-
ization experiments (Fig. la, b) between a V2.2 cDNA
probe and digested BAC 655D3 genomic clone DNA
detected three (V2.1/V2.2, V2.3, V2.4) of the four variable
genes found rearranged with J3(C3) in mature transcripts by
Hein and Dudler (1993). Isolation and sequencing of these
genes supported the hypothesis that V2.1/V2.2 transcripts
result from two alleles of a single gene.

Two signals were observed after hybridization of a V3
c¢DNA probe with EcoRV digested BAC 202C5 clone DNA
(not shown). Relevant bands were cloned and subclones
sequenced. The resulting sequences represent two variable
genes: one is genomic V3./; the other is a newly identified
gene that, in accord with the current nomenclature for
bovine ortholog, we named V3.2. It exhibits 98% nucleotide
identity with V3.1.

Table 1
Gene name and rearrangement is derived from cDNA sequences (Hein and Dudler, 1993)
Table la
Locus Gene name Rearrangement Genomic clone Acc. number
TRGI@ Vi JI(CI) NOA3* AY362770 This paper
V2.1/2.2 J3(C3) BAC 655D3 AY348330 «
V2.3 “ AY348329 «“
V2.4 « AY348331 «
V3.1 J5.1(CS) BAC 202C5 AY348332 «
3.2 « AY348328 «
V4 J5.2(CS5) BAC 655D3 AY362775 «
vz « « «
#VP « « «
TRG2@) V5.1 J2.1(C2) BAC 201E2 AY 135487 Miccoli et al., 2003
V5.2 “ AF540880 «
Ve J4.1(C4) “ AF540881 «
Table 1b
TRGI@, JI1.1 NO6A3* AY362774 This paper
#J1.2 (CI) “ AY362778 «
J3.1 (C3) N3U3* AY362776 “
vJ3.2 “ AY362777 «
J5.1 (C3) pBSC57.3* AY 147900 “
J5.2 « « «
v J5P “ “ “
TRG2@), J2.1 (C2) BAC 201E2 AF540883 Miccoli et al., 2003
J2.2 BAC 201E2* AY362771 This paper
J6.1 (C2) N17A5 AF540882 Miccoli et al., 2003
J6.2 N17AS5* AY362773 This paper
J4.1 (C4) NP1 AF540884 Miccoli et al., 2003
J4.2 BAC 201E2* AY362772 This paper

(*) indicates genomic clones partially described in Miccoli et al., 2001, 2003; TRG2@ V5.1, V5.2, V6, J2.1, J6.1 and J4.1 were not isolated in this study, but
were placed based on previous report. Newly identified /" and J genes are underlined; (#) coding region has stop codon; (v) vestigial form.
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Fig. 1. (a) Southern hybridization experiments to investigate the genomic organization of variable genes of ovine TRG3 cluster. Genomic BAC 655D3 was
digested with Xbal and Xbal/Xhol enzymes, separated by pulse field gel electrophoresis and hybridized with a specific cDNA (V2.2) probe. (b) Schematic map
of TRG?3 cluster variable region. Genes are indicated as boxed filled with gray shades (V" segments). Only the dimension of Xbal/Xhol fragments (underlined in
Fig. la) is indicated: V2.4 (10.6 Kb), V2.1/2.2 (7.5 Kb), V2.3 (2.5 Kb). (c) Schematic map of sheep TRG (@ locus. Three separated screenings were necessary
for the analysis of the whole locus: (i) two primer pairs for sheep C5 allowed the isolation of BAC 655D3, 634F4 and 403D4; (ii) a primer pair for /3./ made it
possible to isolate BAC 202C5 and (iii) a primer pair for C/ allowed the isolation of BAC 637ES8. On the top line the genes (¥, J, and C) are indicated as boxes
filled with different grey shade. Vestigial gene is indicated as a vertical bar, while genes having stop codons but found transcribed are indicated with dotted
lines. Xhol restriction map is represented on the line below; Xhol restriction site polymorphisms, ({2) and (t), are indicated. Five bars represent the BAC clones
from which the locus physical map was determined; (») indicates the BAC insert orientation in pBeloBAC11 vector.

V4, V7 and VP germline structure was established by
sequencing a plasmid clone (PV410) identified by the
hybridization of a ¥4 cDNA probe with Xhol/NotI digested
BAC 655D3 clone DNA. In particular, V7 was identified
thanks to the high (93,7%) nucleotide identity with bovine
V4S1 (U73188).

Table 1b provides an overview of all the J segments; they
are divided according to locus and in terms of the C gene to
which they are spliced in mature transcripts (Hein and
Dudler, 1993) and which defines the recombination cluster
they are part of. The sequence analyses of the genomic
clones obtained enabled us to identify two J gene segments
for each recombination cluster in the sheep genome, except
for the TRGS5 cluster which has three of them. Individual J
gene segments are numbered in the chronological order of
their discovery since J segments we refer to as J x./ were

previously identified as cDNAs by Hein and Dudler, while
those referred to as Jx.2 correspond to genes never
previously isolated. The only exception is the J5P, whose
name reflects the homology to the human JP. As to the
isolation of J segments belonging to TRGI@ locus, the
sequence of plasmid subclones from the N6A3 phage,
enabled us to detect J/./ and J1.2 gene segments. The J3./
segment, previously isolated as cDNA, was detected in a
N3U3 subclone from which a vestigial form (J3.2 gene), has
also been isolated. Finally, the complete sequencing of the
pBSC57.3 clone showed the presence of three J5 gene
segments, J3.1, J5P and J5.2. With regard to the TRG2@
locus, reported here is the isolation of the J2.2, J6.2, and
J4.2 underlined in Table 1b; see companion paper for
genomic description and mapping of J segments on
TRG2@.
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3.2. Genomic structure of the ovine TRGI@ locus and
sequence analysis of V segments

Two BAC clones (637E8 and 202C5) were indicated to
contain the entire TRGI@ locus as a whole. Southern
blotting, subcloning, sequencing and PCR data of these
BAC DNA inserts, allowed to locate the ¥, J and C genes
on the physical map of the TRGI/@ locus (4q3.1), as
reported in Fig. 1c. The three clusters (TRGS5, TRG3, and
TRGI), having a total length of about 140 Kbp, are
distributed over 220 Kb and lie in the same transcriptional
orientation. The TRGS cluster (V3.1, V3.2, V7, VP, V4-J5.1,
J5P, J5.2-C5) spans about 41 Kbp and contains a larger
number of V' segments than either TRG3 (V2.3, V2.1, V2.4-
J3.1, J3.2-C3) or TRGI (V1-J1.2, J1.1-CI). Now if the
chromosomal mapping and the organization of the ovine
TRGI@ locus are compared with the counterparts of the
human locus (IMGT Database), we can see first that
Bovidae (cattle and sheep) TRGI@ is included within a
region of homology (GDB, 2001) with human TRG@ locus
on HSA7; second, the difference concerning genomic
structure lies in that 7TRG/@ locus is substantially more
complex in gene number and organization, since in man it is
only in the region of V' genes that the duplications are
considerable. In particular, the human 7RGV subfamily
consists of nine closely related members, only five of which
encode functional peptides. The TRG2 subfamily contains a
single member (V9%), increasing the total number of six
functional peptide-encoding V7 segments (Arden et al.,
1995). The single-member subfamilies V3, V4, V5, and
V6 have been classified as pseudogenes, because the leader
introns are unspliced in all transcripts. The absence of
splicing is due to the fact that splice donor and acceptor sites
are different from the splice consensus sequences (Zhang et
al., 1994).

Fig. 2 presents the alignment of TRGI(@ variable genes
in their germline configuration. All of them except VP
encode functional peptides. The V elements are made up of
two exons: the first one, which encodes the initial part of the
leader region (LP1), is followed by an intron whose length
ranges from 79 bp for V4.1 to 136 bp for V'2.4. The second
exon encodes the remaining portion of the leader (LP2) and
the entire V region. The splice consensus sequences are
readily detectable in the intron, while characteristic hep-
tamer/nonamer recombination signal sequences (RSSs),
showing only slight differences with the CACAGTG/
ACAAAAACC consensus sequence (Ramsden et al.,
1994), are visible immediately downstream of the 3’ end
of each V element coding region. The deduced amino acid
sequence of V3.2 shows 95,8% identity with V3.1.
However, V3.2 differs significantly from V3.1 at the 3’
end, particularly for the deletion of three nucleotides in the
heptamer. VP consists of two exons of 46 and 321 bp, which
are separated by a 222 bp-intron. It contains an ATG start
codon, splice and RSS sites, but has a stop codon in position
196. According to the IMGT definition of functionality, a V'

gene is considered a pseudogene if the coding region has a
stop codon in L-PART1 and/or the V-EXON. Therefore VP
might be considered a pseudogene (Fig. 2).

3.3. Transcription assay of newly isolated V genes

To examine whether the newly identified V' genes (all
belonging to TRGS cluster and underlined in Table 1a), are
transcribed and spliced, we developed a rapid RT-PCR-
based assay. V- and J-specific primers and a single primer
located in the first exon of each C were used in RT-PCR
reactions performed on first-strand cDNA prepared from
adult and fetus spleen polyA(+)RNA. PCR reactions were
stopped during the exponential phase (20 cycles) (Fig. 3a)
and at the end point (35 cycles) (Fig. 3b). Reactions
included V3.1 as control since it was previously reported as
a cDNA isolated from a sheep library by Hein and Dudler,
1993. Results of these experiments show that all the newly
identified V' genes were transcribed at a similar extent in
adult and foetus. A strong band is present in the VP lane. It
is well known that mRNAs with a premature translation
termination codon are unstable, since they are subjected to a
selective degradation by the Nonsense-Mediated mRNA
Decay (NMD) mechanism (Maquat, 2004). VP features a
premature termination codon (PTC) at a position that is
more than 50-55 nucleotides upstream of the splicing-
generated exon-exon junction between J and C exons; it
therefore seems to escape from this mechanism, since its
RT-PCR product indicates an abundant and healthy mRNA.
The presence of a second VP exon without the stop codon is
excluded: a) because the PCR primer was designed in the
exon bearing the PTC and b) the nucleotide sequence of
PCR products shown in Fig. 3 (VP lane) has confirmed the
presence of the STOP codon. A mechanism other than the
alternatively spliced transcript formation (Wang et al., 2002)
has probably been adopted in the case of the VP gene to
escape NMD and to generate a functional mRNA.

3.4. Alignment of cattle, sheep and human Vy peptides and
comparison of their tertiary structures

We focused on the structural and functional inferences of
the multialignment of the cattle, sheep (included the
sequences reported in this paper), and human V+y polypep-
tide sequences as deduced from their germline configu-
ration. The protein sequences were trimmed of leader
peptides as IMGT suggestion, assuming that different
selection mechanisms may be involved in the evolution of
V' gene segments and leader peptide sequences. V' segments
of all the six TRG recombination clusters comprised in the
sheep TRGIl@ and TRG2@ loci (with exception of VP)
were included in the analysis. In cattle, all members of
subgroups 2, 3 and 4 were included and assigned to 7TRG3
(subgroup 2) and to TRGS5 (subgroups 3 and 4). Two out of
three sequences of subgroup 1 and nine out of twenty of
subgroup 5 were assigned to 7RG/ and TRG2/6, respec-
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Leader P1 L. P2 _____ Variable ’
- il
*
Vi : G gtaagt //119pb// ttgcag TCA( 86
V2.1/2.2 : /1129pb// ..t... TCAT 83
V2.3 : /1112pb/ | ... .. TCA 83
V2. 4 /1136pb/ 1 ... .. TCA 86
V3.1 /1 96pb/l ... .. CTi 86
V3.2 /1 95pbl// CTi 86
V4 /1 79pbl | ATGGAGACATCAAAATAA 86
V7 /1 98pbl// TTGGOETTEGGCAAI TAICT 86
c g t tc Aa tgga g9
140 * 160 *
Vil : AT TACACAAGAT- - - m ------ TAIAJCIS €EGGATGECTCC : 182
V2.1/2.2 : AT TATCACCOAAACC% AA- - - - - - ATATISCACTEGTACY €EGCACAECTCC : 188
V2.3 : ATQUTACACAAAAG- - - - - - === == - - - - TAIAI CEGAACT[ETGCC : 173
V2. 4 ATQUITCCTACACAAAA Cy ------ TAUAI CEGAACCATACC : 185
V3. 1 A GAGAGCACAGATT]| TGAATCAGAAGT)| EAATCAGECTTT : 191
V3.2 GUAIL A GAGAGCACAGATT||CGATCAGAAA EAATCAGECTTT : 191
V4 ACCA- - - - - - GACAGAACAGGCATJJAA AGJGT CAGGGGT T GcﬁeAATeccs% €GGGAGCCCCT 191
V7 AAGA- - - - - - GAAAAGAGIIAIIAAT T/AZI GA( AGHGT TCTCTAAGGA TAeoc\AAGATTAcpu-axxﬁ CATCAGEGTTT : 191
a g tott aT tTG A T t a t T cACt gGTAc a A g9 g
* 240 * 260 * 280 * 300
Vil : T GAGTTCAIATJAEGAAT CGATAAAGCAAAT ACAGTETTTATAVAEGT GEAGCAGGAAGGAGACAGA 293
V2.1/2.2 : T GTGTTGIAAT ONEGAAT A GT GAAGGGAGT ACAAAETTTAT/AWA. - - - - - - - - GAGAA( ATIACT 290
V2.3 : T GTATTGIACT O eGAAT G- GT GAAGGGIAATACCOACETTTACAIAEGCABA- - - GGGAA( AC 281
V2. 4 T GTGTTGAA CGAATCAGT CCA CAMAATA ACTGCTATARAEGCARA- - - GACAA ATIAAA 293
V3.1 CGAAATCA “AG - - AA (‘”‘AATT(ﬁ ECAA STCGAATGT T Ren 299
V3.2 CGAAATCA 3AG - - AMCIAATTG  GECAAGA VAT TCAAATGT T o@. 299
V4 NTGGCTCA:- - - - - - GCTAACAGT TAIJAAGCTGAA ‘CCI'AATTCCCGTTT%QG:T@TAA AANVIGAATGGA: - - - - - - - - STQYTTTAC 287
V7 ATGTCTCA- - - - - - ACAGECCCTGCGCAGAAT ACT TINEGAGGTLIAGAAAAA HGCTT@GEOGA eATc{o:TOCCTCTrocﬂ B 296
t aA ag alAag c a T a T
Vari abl e | — RSS | — RSS =
* 360 * * 20 * 40
Vil : EAU TCTIE= G CATSIISIIENESIIE TOIEECATAAG - - © 354 [[SACGTOGT]ICA CCTGTAJACTGFA{TGIRA 394
V2.1/2.2 : (GATISIGERALLE TACTACT GT GOTGCT GGe SV c SRNCEE I ICACE) TC i TP IS RIS \SIECAT Ee LA 391
V2.3 : cOLCOfeir (efelfee| CTOIEEGAGAAG - - © 342 | @A (CGTUTA cchTﬂ ACTGeA(TG 382
V2. 4 (ENITCT(e cAGT QNS CCOFEI[€®| c TMIEEGAGAAG - - : 354 [o 3G CA TCTTTCOACTGeAd 394
V3.1 GEeAIRITACTACT GTGOTEECT G co e 357 |l ClA ATGGAGE cﬁ 396
V3.2 GEeAIRITACTACT GTGOIEECT GO E—_— 351 ATIA GTGGA(J; A 390
V4 ACTINe1 G[eI[€eCTCKEECATCT- - - - : 345 (@K - LACAGA( CAGAAG(JTWA 384
V7 AcAENe  (ofelfceCECY[EETTGAGOGCC : 360 |4 4T~ GGGA( CTTGGATAA 399
Cg a TACtaCTGIGCtg CTGG a tg t ctt a A cac A at
MLLLPQVLVVASLWT Y TS GDLPI TQRVTS
VP : ATGCTGCTCCTGCCCCAGGT CTTGGT GGTGGCCTCCCTCTGGACAT gt gagt //222pb// tttcag ACACAAGTGGAGATCTTCCAATAACACAACGCGTAACATCC @ 87
I T KKKGNTAFLETCQI KI DKLIKRMYTCTGTUDRNGI QST S L *
ATTACCAAGAAAAAAGGAAATACGGCAT TTCTTGAATGCCAAATAAAAAT AGATAAGT TAAAAAGAAT GTATACAT GCACT GGCACCGACAGAAACCAGAGCAGCCTCTAAA @ 199
ACGAATTCTGCATGT TTCCTCCAACGAGAAT GT TGT TCACGAACAAGGGAT TAGT GAGGAAAGAT AT GAGGCAAGGAAAT GGCCGAGT AACGCACTGGT TAGCCTCAGGATA 1 311
CACCAGGCTACT GAAGAGGATGCGBGECCTCTACTATTGTGCCTGCTGGTTGGGACA 367 [CACGTTGCCGAAGAGAT CAGCTGTCATTGAACGAAAACT @ 406

Fig. 2. The sheep TRGI@ V germline genes nucleotide alignment. The most abundant character at each position is shown as white on a black background; the
second most abundant nucleotide has a grey background and the third most common character is shown as black on a different grey shade background. Gaps
are presented by dashes. The donor and acceptor splice sites are in lowercase and underlined and heptamers and nonamers in the 3’ RSS are boxed. Nucleotides
coding for Leader P1, Leader P2 and Variable regions are indicated. VP is shown separately as a pseudogene: the translation stop codon in the amino acid

sequence is indicated (¥).

tively. V6¢c was newly isolated by us as cDNA from the
bovine spleen (AY560834) and assigned to TRG4. The
appartenance to a given cluster resulted from the C with
which the rearranged V'—J was found spliced in mature
transcripts (Ishiguro et al., 1993; Hein and Dudler, 1997;
Takeuchi et al., 1992; this paper). From the alignment
reported in Fig. 4, it firstly appears a clear separation
between the TRG4, TRG3, TRG2/6, TRGI V peptides and
those belonging to TRG)S, differences being particularly
straightforward for the latter.

The complementarity determining regions (CDRI1 to
CDR3) in cattle and sheep were inferred on the basis of
human IMGT variable sequences. The analysis of the
changes in the residues that, according to Chothia et al.
(1988) determine the structural features of the Ig domain,

(residues buried in the P strands (B), residues in the turn
between the two strands (T) and residues responsible for the
interaction (I) between the variable domains of H and L
chains), shows that although in most of the cases these
residues are conserved, in some cases there are changes
which alter the type of the aminoacid. In particular the
buried residue G*¢ is Q in TRGS and TRG4 and it is absent
in TRG2/6: for the residues in the turn G is E, D, K or S in
TRGS5 and W in TRGI; Y® is I or L in TRGS5 and V in
TRG4. The rest of the deviations occurs for the I-type
residues: H*> is Q or E in TRGS5 and Q in TRG! and TRG4
and P* residue is L in TRGS. In order to examine more
closely the structural features of cattle and sheep variable
peptides, we took advantage of the knowledge of the crystal
structure of two human afp TCRs (Garcia et al., 1999) and
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Mk VI V3.1l V3.2 VP V7 Mk VI V3.1l V3.2 VP V7
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2176pb
1766pb
1230pb
1033pb
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Fig. 3. RT-PCR assay products of newly isolated V" genes rearranging with C5; V3.1 is taken as a control. The results of RT-PCR performed on polyA+RNA
extracted from adult (A) and foetus (F) spleen, meant do determine whether they are represented in TCR <y chain repertoire, are shown. The gene-specific
oligonucleotide primers used are described in Materials and Methods; their efficiency was determined on genomic clones and negative or low results were
repeated twice. The products were analyzed by electrophoresis in 2% agarose gel with a molecular weight marker. (a) PCR products at 20 cycles; (b) PCR
products at 35 cycles.

of one y6 TCR (Allison et al., 2001), and used the Swiss- C” and F B strands of the upper B sheet are shown in Table
Model Automated Protein Modeling Server (Peitsch et al., 2. It is interesting to observe that the human V1S2h, V1S4h,
2000) to predict the three-dimensional structure of the and V1S3h (colored orange in Table 2) structures were

protein aligned in Fig. 4. The lengths and the position of the predicted not on the basis of the homology with the
A, B, E and D p strands of the lower  sheet and the C, C’, published structure of V9h (Allison et al., 2001) as one
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Fig. 4. The Vv peptide sequence alignment of cattle (c), sheep (s) and human (h). The IMGT nomenclature to refer to the gene segments is used. The
numbering system for amino acid residues refers to protein sequences trimmed of leader peptides (IMGT Database). Amino acid residues are color-coded (in
online version only) to highlight functionally conserved features. Hydrofobic residues are /ight blue; tyrosine (Y) and histidine (H) are blue in a hydrophobic
preference. Asparagine, glutamine, serine, and threonine (N, Q, S, and T) are green; aspartate and glutamate (D and E) are purple; arginine and lysine (R and
K) are red; cysteine (C) is pink. More than 50% occurrence of a property results in coloring. (S and T are also colored in a hydrophobic preference). All
glycines (G, orange) and prolines (P, yellow) are colored. Lengths of CDR1 and CDR2 are given. CDR3 length is shown in part since the V segment is in its
germline structure. Insertion or deletion are accommodated by appending characters to the corresponding numbers. Residues at positions homologous to those
of Ig residues that determine conserved structural features of the Ig domain are indicated by characters. B, residues buried between the p-sheets. T, residues in
turns. 1, inter-domain sites.—, residues that are not conserved in Ig but part of the p-sheet framework.
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Table 2

The length and position of p-strands of the tertiary structure of all proteins aligned in Fig. 5 are predicted by the Swiss-Model Automated Protein Modeling

Server (Peitsch et al., 2000; website: http://www.expasy.org/spdbv/)

CDR1 CDR2

A (L) B (L) C ) C' (V)
V6s np 12-24 33-37 44-50B
Véc np 12-24 33-37 44-50B
Voh 3-3B 18-25 32-37 44-50
V1S2h 34 18-25 30-34 42-49
V1S4h 34 15-25 31-37 44-48
V1S3h 34 21-25 32-36 44-46
V1S5h _ _ _ _
V1S8h _ _ _ —
V2.3s np 18-20 35-46 48-55
V2Slc np 15-24 21-37 np
V2.4s 3B-4 18-24 33-37 44-46
V2.1s _ _ _ _
V5S13c 1-3 18-24 33-37 44-46
V5S6¢ 1-3 18-24 33-37 np
V5S18c 1-3 18-24 33-37 44-46
V5S8c 1-3 18-24 33-37 44-46
V5S7¢c 1-3 18-24 33-37 np
V5S1ic 1-3 18-24 33-37 np
V5Sb¢ 1-3 18-24 33-37 44-46
V5.1s 1-3 18-24 33-37 44-46
V5.2s 1-3 18-24 33-37 44-46
V5S15¢ 1-3 18-24 33-37 44-50B
V5S16¢ 1-3 18-24 32-37 44-50B
V1Slc _ _ _
V1S3c _ — — _
Vis np 15-24 33-37 np
V3.1s 3-3B 18-25 32-37 44-50
V3.2s 3-3B 18-25 32-37 44-50
V3S2c 3-3B 18-25 32-37 44-50
V3Slc 3-3B 18-25 32-37 44-50
V7s 3-3B 18-25 32-37 44-49
V4Slc 3-3B 18-25 32-37 44-50
V4s 3-3B 18-25 32-37 np

CDRS3
cC'(U) D() E (L) F (V) protein pdb-code
54-58 66-69C  71-80 87-91 Ig lotu
54-58 66-69C 71-80 87-91 g lotu
53-57 64-69B 71-78 87-91 V9 1lhxm
58-61 _ 63-71 _ Ig 1fgv
55-57 64-69B  72-80 87-93 Ig Ifgv
50B-52 _ _ _ Ig larqg
_ - _ _ no protein
— — _ _ no protein
55-57 64-66 75-78 87-89 g 1fgv
np 64-69C 72-80 87-90 g 1fdl
np 64-68 73-79 87-91 g 1ad0
_ _ _ _ no protein
np 64-68 71-78 87-91 Ig 1ad0
np 64-68 71-78 87-91 Ig 1ad0
np 64-68 71-78 87-91 Ig 1ad0
np 64-69 71-77 8791 Ig 1ad0
np 64-68 71-78 87-91 Ig 1adO
np 64-68 71-78 87-91 Ig 1ad0
np 64-68 71-78 87-91 Ig 1ad0
np 64-68 71-78 87-91 Ig 1ad0
np 64-68 71-78 87-91 Ig 1ad0
53-59 65-69C 71-77 87-91 g 1ad0
53-59 65-69 71-78 87-91 Ig 1adO
_ _ _ _ no protein
— - - - no protein
np 64-66 71-80 87-91 Ig 1ad0
52-56 64-69B 71-78 87-91 V9 1hxm
52-56 64-69B 71-78 87-91 V9 1lhxm
52-56 64-69B  71-78 87-91 V9 Thxm
52-56 64-69B  71-78 87-91 V9 1hxm
55-57 64-69B  71-78 87-91 V9 1hxm
53-57 64-69B 71-78 87-91 V9 1hxm
np 64-69B 71-78 87-91 V9 1hxm

On the left cattle and sheep TRGV subgroups are indicated with different colours (in online version only). The V9h structure experimentally determined for
human VGAMMAY9/VDELTA?2 (Allison et al., 2001) has 1 hxm.pdb entry. As an example, the PDB entries retrieved by the program in searching sequences of
known 3D structures for the following peptides are: V1S2h (1fgv.pdb), V1S3h (1a7q.pdb) (orange); V5S16c, V5S18c (blue) and V2.4s (ligth blue) (1ad0.pdb),
V6s (lotu.pdb) (pink). The lower (L) B sheet contains four strands labeled A, B, E, and D and the upper (U) B sheet contains four strands C, C’, C” and F. On
the right the PDB entries retrieved by the program are reported. Not present (np) indicates lack of B-strand,- indicates no protein. The majority of cattle and
sheep V peptides belonging to the 7TRG3 and TRG2/6 clusters do not have a C” strand.

would expect, but on the basis of the homology with the
human Fab three-dimensional structure. Of all the examined
sequences in Bovidae, only the TRG5 Vs (colored green in
Table 2) structure was predicted based on the homology
with V9h; this is in agreement with the phylogenetic trees
obtained by the NJ method analyzing V" genes from cattle,
sheep, human and chicken, where human V9 gene was
shown to be the ancestral form in human, as is the case for
TRGS5 Vs in cattle and sheep (Fig. 5). It is remarkable to note
that the structures inferred from the sequences of all (except
for TRGS) clusters (pink, light blue, blue and gray) in
Bovidae have been predicted on the basis of the homology
with the human Fab three-dimensional structure. The

program was not able to predict the tertiary structures of
the most diversified variable vy chain encoded by genes
derived from more recent duplications in the two loci both
in human (V1S5h and V1S8h) and in Bovidae (V2.1s,
VI1Slc and V1S3c). The above reported data show, in
Bovidae like in human, that the overall conformation of the
v6 TCR is certainly more similar to the Fab fragment of an
antibody than any TCR heterodimer (Wilson and Stanfield,
2001).

With regard to the loops that contain the complemen-
tarity determining regions CDR1 and CDR2 (CDR3 length
is shown in part since the V' segment is in its germline
structure), on the basis of the conservation of the loop
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Fig. 5. The phylogenetic tree reported in the figure is the most significant tree that ML selected among those calculated using NJ method on the base of
distances (PROTML in MOLPHY package), analyzing amino acid sequences by JTTF-f of variable (V') genes from cattle and sheep (Ishiguro et al., 1993; Hein
and Dudler, 1993; Hein and Dudler, 1997; Miccoli et al., 2003; this paper), human (IMGT Database, 2002), and chicken (Six et al., 1996). On nodes, the most
significant bootstrap values out of 100 replicates are shown. The extent of the compared sequences is 75 amino acid positions. The recommended IMGT
nomenclature for the cattle, sheep and chicken genes is used. The nomenclature for the human genes is from the literature. All the cattle and sheep variable
sequences examined (double vertical lines) are shown with the relevant 7RG cluster (TRGI to TRGSY).

length and of some residues located at certain key
positions (Chothia et al.,, 1992), the alignment (Fig. 4)
shows a large range of length variation in the C**—(W/
L)** region, which contains the CDR1 domain. The
sequences included between V6s and Vl1s have a loop
length from 10 to 13 aa, whereas TRGS5 family members
have a loop 15 aa long. In this case it is likely that
extraresidues form a longer hairpin loop, lacking an
ordered conformation and extending away from the
domain (Arden, 1998). The CDRI1 loop contains one
hydrophobic residue in position 29, which penetrates in the

protein framework and interacts with the highly conserved
hydrofobic residue located at both ends of the loop, in
position 24 and 32; this interaction could be important to
stabilize the conformation of the loop (Arden, 1998). A
similar conformation occurs in IgHV, whereas in TRAV a
Pro in position 30 is involved in the stabilization and in
TRBYV histidine which is exposed to the solvent in pos. 29.
In the alignment (Fig. 4) the CDR2 loop appears to be
more structurally constrained than the CDRI1; in fact the
CDR2 loop of TRG is almost always 8 residues long
compared to 7 residues for TRA and TRB.
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3.5. Evolution of TRG clusters in cattle and sheep

A phylogenetic analysis of V sequences from human,
cattle, sheep and chicken is reported (Fig. 5). A variable
segment belonging to the human family Vo/ (Accession
number M22198) was used as an outgroup. The dash line (—
in Fig. 5) that divides the tree in two parts is useful for
understanding the evolutionary relationship among TRGV
genes. The upper part features a cluster only with human
(subfamily TRGVIs members) and Bovidae sequences. The
cluster in the lower part consists in the human 79, cattle and
sheep TRGS5 V subgroup and the chicken sequences. Cattle
and sheep V' genes were classified into six main groups,
each one of which refers to a recombination cluster,
according to the C name. This classification was based on
bootstrap probability (Pg) values ranging from 60% to
93%.

The results of the organization of the ovine TRGI/@
locus and of the phylogenetic analyses obtained on V" genes
indicate that in Bovidae the V evolutionary behaviour is
such that all the ' members distribute in the phylogenetic
tree according to their belonging to a given 7RG recombi-
nation cluster. This opens the way to deducting the
evolutionary history of the Bovidae loci which, starting
from an ancestral cluster (the TRGS5), after a series of
duplications, has led to the origin of the most recent clusters
(presumably the TRG2/6 and the TRG1).

4. Conclusions

The main objective of this study was to focus on the
inferred evolution and structural features of variable (V) gene
segments of both 7RG loci in cattle and sheep compared to
the human locus. Particularly when considering the objec-
tives set in previous sections, conclusions can be drawn in
the following points: i) the structural genomic analysis of the
sheep TRGI@ locus reiterates the peculiarity of the
organization of Bovidae <y loci in clusters, each containing
the basic structure V'—J—J—C segment; on the other hand,
the human <y locus has duplicated J—C ensembles separated
from the set of V' genes; ii) the expression profiles of
correctly spliced and transcripted 7RGV segments indicate
the adoption of a mechanism that allows to escape the
Nonsense Mediated mRNA Decay mechanism, in presence
of a premature termination codon as is the case of VP; iii)
comparison of both analyses of V proteins primary and
tertiary structure highligthed, in Bovidae like in human, that
the overall conformation of the y6 TCR is more similar to the
Fab fragment of an antibody than any TCR heterodimer.
Moreover analysis of cattle and sheep V tertiary structure,
inferred from the comparison with the published crystallo-
graphic structures present in database, showed an unques-
tionable and remarkably high degree of conservation
between the proteins belonging to TRG5V~y subgroup from
cattle and sheep and the human V~v9; iv) phylogenetic data

obtained from the analysis of TRGV genes from cattle, sheep,
human and chicken has shown V79 to be the ancestral form
in human, as is the case for TRGS5 Vs in cattle and sheep.
When considering that the yd T population in human is
confined to a small number of specific Vy9 and V62 chain
pairings that are usually tissue specific, and that in peripheral
blood, up to 90% of the 5% of y6 TCRs use a specific
combination of Vy9 and V52 gene segments, it seems to us
that investigations on the tissue specific expression of
TRG5V~ subgroup V in Bovidae, should be carried out.
Finally further studies should be performed on comparing
large genomic portions of cattle and sheep 7RG and TRD
chromosomal regions with their human counterparts in order
to provide a genomic perspective for understanding yo loci
evolution in Bovidae that fully represent a “yd -high”
species condition.
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