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ABSTRACT T cells play important regulatory roles in the
immune responses of vertebrates. Antigen-specific T-cell acti-
vation involves T-cell receptor (TCR) recognition of a peptide
antigen presented by a major histocompatibility complex mol-
ecule, and much has been learned about this antigen-
recognition process through structural and genetic studies of
mammalian TCRs. Although previous studies have demon-
strated that avian T cells express cell-surface molecules anal-
ogous to the mammalian TCR heterodimers, TCR genes have
not been identified in nonmammalian species. We now report
the cloning of a cDNA that encodes the .8 chain of the chicken
TCR. Southern blot analysis using this TCRfi cDNA probe
demonstrated that the chicken TCR38 locus was clonally rear-
ranged in chicken T-cell lines. TCRfi mRNA was expressed in
cells isolated from the thymus but not in cells from the bursa
of Fabricius where B cells are generated. Sequence analysis of
six additional TCRfi cDNAs suggested the existence of at least
two variable (V) region families, threejoining (J) elements, and
single diversity (D) and constant (C) elements. As in mammals,
considerable nucleotide diversity was observed at the junctions
of the variable, diversity, and joining elements in chicken
TCRfi cDNAs. Genomic Vfi and Jfi elements were also cloned
and sequenced. Both elements are flanked by classical hep-
tamer/nonamer recombination signal sequences. Although the
chicken and mammalian TCR.8 chains displayed only 31%
overall amino acid sequence identity, a number of conserved
structural features were observed. These data indicate that (t0
the chicken TCR, repertoire is generated by combinatorial
and junctional diversity and (it) despite divergent evolution at
the level of nucleotide sequence, important structural features
of the TCRfi polypeptide are conserved between avian and
mammalian species.

One of the central features of vertebrate immunity is the
ability of T cells to mount a specific cell-mediated response
to a foreign antigen (1). The specificity of the T-cell-mediated
immune response is determined by highly polymorphic mem-
brane-bound heterodimers expressed exclusively on T cells
(2). Each T-cell expresses a unique T-cell receptor (TCR)
heterodimer that can react with a specific antigenic peptide
bound to a cell-associated major histocompatibility complex
molecule (3, 4). Genes that encode each of the four known
mammalian TCR polypeptides, a, ,B, y, and 8, have been
cloned and characterized (for review, see ref. 5). These genes
are all comprised of immunoglobulin-like variable (V), diver-
sity (D; in the case of f3 and 8), and joining (J) gene segments
that are somatically joined near constant (C) region se-
quences (6, 7). Structural similarities between TCR and
immunoglobulin molecules are also reflected in the conser-

vation of specific sequences at the amino acid level (8). TCR
gene rearrangement occurs in the thymus and the rearranged
genes are expressed selectively in T lymphocytes (3, 4).
Disulfide-linked heterodimers formed between a and P
chains and between y and 8 chains are expressed on the cell
surface in association with a cluster of five polypeptides (the
CD3 complex), thought to be involved in signal transduction
(9). The ac4TCR mediates the major histocompatibility com-
plex-restricted antigen recognition of cytotoxic and helper T
cells, whereas the function of T cells expressing the y5
heterodimer is largely unknown (10).
As in mammals, chicken T cells are activated in an antigen-

specific, major histocompatibility complex-restricted fashion
through the TCR (11, 12). At the protein level, TCRs homol-
ogous to af3 (designated TCR2) and y5 (designated TCR1)
have been characterized and found to be associated with a
CD3-like complex (13-15). In addition, chicken T cells ex-
press CD4 or CD8 homologues (16). Therefore, at the struc-
tural and functional levels, TCRs and associated molecules
appear to have evolved prior to the divergence of avian and
mammalian species.

Structural analysis of avian TCRs is of potential interest for
two reasons. (i) Phylogenetic comparisons at the nucleotide
level may provide insights into the evolutionary history of
antigen recognition and may reveal structural and regulatory
motifs that have been conserved along divergent pathways of
evolution. (ii) Unlike mammals, birds generate diversity in
the immunoglobulin heavy and light chains primarily by gene
conversion (17-19). Thus it was of interest to determine
whether birds also utilize gene conversion to create diversity
in the TCR loci. The studies in this report begin to address
these questions by describing the cloning and structural
characterization of a chicken TCR13 cDNA.t

MATERIALS AND METHODS
DNA Libraries. A chicken thymus cDNA library con-

structed from 2-week-old-chicken thymus RNA by using
AgtlO as a vector (20) was kindly contributed by D. Watson
(National Cancer Institute, Frederick, MD). A chicken ge-
nomic DNA library, kindly provided by K. Conklin (Univer-
sity of Minnesota), was prepared by partial Sau3A digestion
of erythrocyte DNA from an outbred White Leghorn chicken
and cloned into A-FIX (Stratagene).
DNA Probes and Library Screening. Eleven fragments of

human and mouse TCR,8 genes were pooled and used in the
initial screening of a chicken thymus cDNA library. A murine
CP3 cDNA, 86T5 (8), and murine D,81, J,81, D132, and J132
genomic clones (21, 22) were kindly provided by M. Davis

Abbreviations: TCR, T-cell receptor; V, variable; D, diversity; J,
joining; C, constant.
lThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M37798-M37806).
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(Stanford University, Stanford, CA). A human J-CB cDNA,
JUR-,B2 (23), and five human VDJCf cDNAs, 4D1, 12A1,
L17, 262, and HUT (24) were also included in the screening.
Approximately 200 ng of the pooled fragments was labeled
with [a-32PJdCTP and [a-32P]dTTP by nick-translation. Nick-
translation was performed using a DNase I concentration of
0.33 ,g/ml to generate a probe uniformly labeled at cytidines
and thymidines that had a mean size of -=100 base pairs (bp).

Nitrocellulose blots of primary and secondary platings of
the chicken thymus cDNA library were prehybridized at 42°C
in 50% (vol/vol) formamide/Sx SSC/lx Denhardt's solu-
tion/25 mM sodium phosphate, pH 6.5/torula RNA (250
,tg/ml). (1x SSC = 0.15 M NaCl/0.015 M sodium citrate, pH
7.0; 1x Denhardt's solution = 0.02% polyvinylpyrrolidone/
0.02% Ficoll/0.02% bovine serum albumin.) Hybridizations
were carried out for 16-20 hr under identical conditions
except for the addition of 10% (wt/vol) dextran sulfate and
labeled probe at 3 x 106 dpm/ml. After hybridization, blots
were rinsed twice at room temperature in 2x SSC/0.1% SDS
and then washed 20 min in 2x SSC/0.1% SDS at 56°C. Blots
were air-dried and exposed to x-ray film for 8-20 hr at -70°C
with intensifying screens. Rapid isolation of Agt1O inserts by
the polymerase chain reaction for 32p labeling by random
priming was performed as described (25). Isolation of ge-

nomic clones and additional cDNA clones was performed
using end-labeled oligonucleotides or the insert from cDNA
1340 radiolabeled by random priming (25, 26).
DNA Sequencing. Double-stranded DNA sequencing was

performed using a Sequenase kit according to the supplier's
protocols (United States Biochemical). Oligonucleotide prim-
ers specific for the SP6 and T7 promoter sites ofpGEM-3Z and
pGEM-7Zf(+) as well as 17- to 20-mer synthetic oligonucle-
otide primers specific to sequences internal to the chicken
TCRf3 locus were used to sequence both strands. The DNA-

STAR software package was used for sequence data analysis.
Southern and Northern Blot Hybridization. DNA and RNA

preparation from avian lymphoid cells, electrophoresis, and
hybridization methods have been described (27). Southern
and Northern blots were probed with cDNA inserts that were
released from the plasmid vector by EcoRI digestion and
labeled by random priming.

Cell Lines. Marek disease virus-induced T-cell lines, CU-16
and CU-24, were kindly provided by K. A. Schat (Cornell
University, ref. 28). The Rev-T-induced B-cell lines 30LI and
DT40 were courtesy of E. Humphries (25, 27). The UG9 cell
line was a gift of L. Schierman (University of Georgia). The
MSB-1 and UG9 cell lines were grown and passaged as

described (16, 26).

RESULTS
Cloning of a Chicken TCRI8 cDNA. To maximize the

probability of detecting a chicken TCR/3 cDNA, a pool of 11
TCRf3 gene fragments was used to screen a chicken thymus
cDNA library at low stringency. This pool included a mouse

C,8 cDNA, two mouse genomic D,3 fragments, two mouse

genomic JB fragments, one human J-CB3 cDNA, and five
human VDJC/3 cDNAs. By using these pooled fragments as

a probe, several putative TCRB-positive clones were iso-
lated. The insert from one AgtlO clone, cDNA 1340, was

found to hybridize to thymic RNA but not bursal RNA. This
insert was sequenced (Fig. 1), and a comparison of the
predicted amino acid sequence with consensus mammalian
TCR3 gene segment sequences (29) revealed a number of
compelling similarities (see Fig. 4 for more complete com-

parison). Within the 5' portion of the clone, several residues
match the position and identity of mammalian VB residues
thought to be important in maintaining the structural integrity
of the TCR. These include the invariant cysteine at position
92 and the invariant or highly conserved tyrosine, serine,
aspartic acid, and phenylalanine residues at positions 90, 87,
86, and 65, respectively. In addition, four amino acid residues
on the C-terminal side of the VB-homologous region corre-
spond to highly conserved or invariant mammalian JP resi-
dues. The locations of the conserved residues enabled us to
predict boundaries between the putative TCR,3 gene seg-

ments and suggested the presence of a Df3 element between
the potential VB and J,6 gene segments. Based on the amino
acid residue landmarks, cDNA 1340 appears to be truncated
at the 5' end within the putative V,3 gene segment. The
C-terminal end of the open reading frame in cDNA 1340
displayed 35% overall amino acid identity with a consensus
sequence for the mammalian C,8 region.
cDNA 1340 Fulfills Basic Predictions for a TCR Gene. By

virtue of its predicted amino acid sequence, cDNA 1340 resem-

bles the mammalian TCR,3 gene. Mammalian TCRl genes are

composed of distinct germ-line gene segments that are rear-

ranged and expressed during T-cell ontogeny in the thymus to
create a TCRl repertoire. To test whether the gene encoding
cDNA 1340 shared these features, cDNA 1340 was radiolabeled
and used to probe Northern and Southern blots and to rescreen
the thymus cDNA library to identify additional clones.
A Northern blot of total cellularRNAfrom bursal and thymic

cells and from two chicken T-cell lines and two chicken B-cell
lines was probed with cDNA 1340 (Fig. 2A). The cDNA 1340
insert hybridized to a 1.3-kilobase mRNA species from thymo-
cytes and the T-cell lines UG9 and CU-24, but not to RNA from
the bursa or the two B-cell lines. UG9 and CU-24 are chicken

V . >< . N-D-N . >< . J
AATATTTT150GCAGATATGTCAGGCGGGACAGGGGGATACTCAACACACCACTG150
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AACAMACTACACGGCAATCiTTCACCMT T TTGGCTTGCTTTCAAAATTATCCTCTGATMAAGCTATCCTTMA^ AAAAAAiAAAAAAAM AAiAAAAAAMiGGAT T C 867

FIG. 1. Nucleotide and predicted amino acid sequences of cDNA 1340. Amino acid residues are numbered according to Kabat et al. (29)
for mammalian TCRB and underlined residues correspond to invariant mammalian VP and JP residues (30). Predicted borders between VP and
DB, between D/3 and Jf3, and between JP and Co3 are indicated above the nucleotide sequence (><). The predicted DB region (N-D-N) includes
putative N-nucleotides (N). The predicted polyadenylylation signal (underlined) in the 3' nontranslated region, although atypical, has been
reported in other eukaryotic genes.

Immunology: Tjoelker et al.



Proc. Nati. Acad. Sci. USA 87 (1990)

C
VB2
cDNA1377

. Leader . >< VP
GAATTCCGATCTTGTACTTCTTTGGAGCAAGAGCTGAGATAAACCAACCC 50

VB2
cDNA1377 TCAGTTCTGGTGCTGAAAGAAGATGAGAACGCTACCCTGAGATGCAGTCA 100

V82
cDNA1377 AAATGATAATCACGATAATATGTACTGGTACCTGCAGCAGCCCGGGAAGG 150
cDNA1277

A 1 2 3 4 5 6 cDNA1277
VB1I
cDNA1340
cDNA1373

TCR} * 4 --1.3 kb cDNA1291
cDNA1280
VB2
cDNA1377
CDNA1277

GPD 9

B M 1 2 3 4 5 6 7 M

w :*:t .* :: A:. W, , , U ., . .. .' '.'' ''.. ..... gi.. .. . . s .......... . .... .. . ....... . .....
A. .. . An.:*. X... .... ...* . : .-: .......... A. : :,; w
: .: .:: And:..::, , .. ... :. -.- .:* .. . . ; : .. . .:

:.e:.: .: :::: ::.:
.;:Mf .,

:' Are:
4bl5: ..

:.*: . e. - - ::.
He Se of >>eeSee

VB1
cDNA1340
cDNA1373
cDKA1291
cDNA1336
cDNA1280
V82
cDNA1377
cDNA1277

VB1
cDNA1340
cDNA1373
cDNA1291
cDNA1336
cDNA1280
VB2
cDNA1377
cDNAt277

VB1
cDNA1340
cDNA1373
cDNA1291
cDNA1336
cDNA1280
V82
cDNA1377
cDNA1277

GTCTGCAATTAATCTATTCTTCATATGGAGTAAATCAGGAAAATAAGGGT 200

GAATTCAAAAGCCGCTTCCAGAGCAGTGGGACTAAGGGGAACTCCTTATC 250
.....................................A--A-------

.....................A----------------A---A----

....................-A----------------A---A----
-AA-A.............---...A-

- -TA-TC-C-CTG-A-A-G- -GCT-AGC- -T-A-GCCAAG-AGT - -- TCA
- -TA-TC-C-CTG-A-A-G- -GCT-AGC- -T-A-GCCAAG-AGT - - TCA

AATGGCGATAGATCACGTCCTACTCAATGACTCAGGCACTTATTTCTGCG 300
-Go- -- -- -- -- -- -- -- -- ----- T -- - --T-- -- -- -- -- -- -- -- ---

-G----T - -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- ---

-G----T - -- -- -- -- -- -- -- -- ---------------------------

-Go-- -- -- -- -- -- -- -- --C- -- -- -----T -- -- -- -- -- -- -- -- ---

TT-A-AT- -CATATCT-C-AAGAAG- -CC-T - -CT-TC .------- T-
TT-A-AT- -CATATCT-C-AAGAAG- -CC-T- -G-CT-TC -------- T-

VB . >< . N-DP-N . >< . JB
CTAAGCAAGATATGTCAGGCGGGACAGGGGGATACTCAAACACACCACTG 350
---------//////////-AMT -------C////////-..........

..CTGTIII//////ll///////////-------------

.-/I/III//II//////////--..-.-.TT-C-GG///////ATATC-A-
...........C--I////// --- TCTC-C- -CCG-///- - GTAACA--

CAGCAG////////TTTCGA - --TCC-AT-GGTA///////ATATC-A-
-CAGCG-////////GTCCTC ............ G////I...........

Jo . >< . CoB
AACTTTGGACAGGGCACTCGTCTGACAGTGCTTGGGAAGAACAGTGAAAT 400
..................................................

..................................................

T-T.---- G-A- -A- -AAAAG-A.- T----G-G--------------
-TT- -C- -TG-T.---- GAAA- -T---- A-C----------------

T-T.----- G-A- -A- -AAAAG-A-T-----G ----------------
..................................................

FIG. 2. Analysis of rearrangement
and expression patterns of the chicken
TCR/3 gene (A and B) and nucleotide
sequence of additional TCRP cDNA
clones (C). (A) Northern blot containing
total cellular RNA from bursal (lane 1)
and thymic (lane 2) cells, T-cell lines
MSB-I (lane 3) and CU-24 (lane 4), and B
cell lines 30LI (lane 5) and DT40 (lane 6)
hybridized sequentially with a radiola-
beled probe from cDNA 1340 (TCR3;
Upper) and a probe specific for glycer-
aldehyde-3-phosphate dehydrogenase
(GPD; Lower). (B) Southern blot ofDNA
from erythrocytes as a source of germ-
line tissue (lane 1), bursal (lane 2) and
thymic (lane 3) cells, and T-cell lines
MSB-I (lane 4), UG9 (lane 5), CU-16
(lane 6), and CU-24 (lane 7) hybridized
with the radiolabeled insert from cDNA
1340. HindlIl-digested A DNA was used
for size markers (lanes M). (C) Addi-
tional cDNAs detected by hybridization
with the radiolabeled insert from cDNA
1340 were subcloned and sequenced.
Nucleotide sequence identity to the top
line of the sequence is indicated (-) and
spacers (/) were introduced to maximize
homology among the clones. Borders be-
tween gene segments are as in Fig. 1.
Two apparent V8 families were found.
Vp segments related to the 1340 V8 are
classified as V81 genes, whereas VP seg-
ments unrelated to the 1340 V8, but sim-
ilar to each other, are classified as V32.
The C regions of all cDNAs were identi-
cal except for cDNA 1336, which has a
cytidine at position 608 (data not shown).

TCR2' cell lines that are believed to express the chicken
homologue of the mammalian a/?TCR (14).
To determine whether the gene encoding cDNA 1340

undergoes tissue-specific rearrangement, a Southern blot of
bursal and thymic DNA was probed with cDNA 1340 (Fig.
2B). Only the germ-line pattern of hybridization is observed
in DNA from bursal lymphocytes. In contrast, several new
bands were detected in thymocyte DNA, and the intensity of
at least the largest germ-line band was diminished. Non-
germ-line bands were also observed in all four of the chicken
T-cell lines tested. Thus, the locus appears to undergo
multiple distinct rearrangements in the T-cell lineage. That
such rearrangements are clonal is indicated by the presence
of only one or sometimes two non-germ-line bands within
each of the T-cell lines.

Finally, if cDNA 1340 represents a chicken TCR/3 cDNA,
there should be multiple clones in a thymic cDNA library that
are related but not identical to cDNA 1340. This was confirmed
by rescreening the cDNA library using cDNA 1340 as a probe.
Six additional distinctcDNA clones were identified, subcloned,
and sequenced (Fig. 2C). All clones shared the same 3' Cal
sequence. However, the 5' regions of all seven clones were
distinct. Two distinct Vf3 families appear to be represented.
Four clones contained V, segments that were highly homolo-
gous to the V3 region ofcDNA 1340. These V3 segments were
collectively designated the V/31 family. The 5' end of each of
these clones was located at the same position as the 5' end of
cDNA 1340 as a result of a conserved EcoRI site within the Vp
region of this VP family. The other two clones encoded nearly
identical Vp segments that were only 40%o identical to the
cDNA 1340 VP segment at the nucleotide level. These two Vp
segments have been grouped together as the V,82 family. From
these sequences, it is impossible to determine whether differ-
ences between V elements within each of the two families

identify unique germ-line VP segments or whether they repre-
sent allelic polymorphisms or modifications ofa single germ-line
Vp element as observed in the chicken immunoglobulin light
chain gene (17). However, preliminary Southern blot analyses
indicated the presence of multiple members of each of the two
families in the germ line (data not shown).
The exact size, sequence, and number of putative D,8

regions are difficult to estimate from this group of cDNAs.
cDNA clones 1340 and 1277 share a 12-bp sequence within
the predicted D,8 region. Subsets of this sequence appear in
all of the other clones except cDNA 1291. If the D8 is about
the same size as mammalian D regions (12-14 bp; refs. 22 and
31), there appear to be considerable deletions and N-nucle-
otide additions at the ends of the recombining elements.
Finally, three distinct J8 segments are represented in the
group of seven cDNAs. Therefore, unlike the chicken immu-
noglobulin loci, which contain only single V and J elements,
the TCR,8 locus appears to utilize combinatorial diversity in
creating a repertoire.
Genomic TCR VPi and JP Gene Segments. To define the

nature of the chicken TCR recombination signal sequences
and transcription promoter regions, radiolabeled oligonucle-
otide probes specific for the cDNA 1340 V,8 and Jf elements
were used to screen a chicken genomic library. Vp81+ and J,8+
fragments were subcloned from two nonlinked phage clones
and sequenced (Fig. 3). As expected for recombination-
competent TCRI3 gene segments, both elements are flanked
by heptamer and nonamer recombination signal sequences.
The length of the spacer region between heptamer and
nonamer, 22 bp for V,8 and 12 bp for Jp, matches that found
between signal sequences of mammalian V.8 and J8 elements.
A decanucleotide sequence found within the promoter region
of mammalian TCRN V regions (32) was also found in the
chicken V8 promoter region (Fig. 3A).

7858 Immunology: Tjoelker et al.



Proc. Natl. Acad. Sci. USA 87 (1990) 7859

Evolutionary Conservation of TCRfi Structure. The sub-
cloning of a germ-line Vl3 gene segment enabled us to
compare the chicken TCRP gene with a mammalian TCRP
gene over the entire coding region. Sequence comparisons
were performed at both the nucleotide and amino acid levels.
At the nucleotide level, the chicken and mammalian TCRP3
sequences were 47-51% identical, depending on the species
compared. Thus considerable sequence heterogeneity has
occurred at the TCR,3 locus between avian and mammalian
species. This suggests that much of the conservation within
the coding region occurs as a result of evolutionary selection
at the protein level. In Fig. 4, the amino acid sequence of the
genomic V31 clone was substituted for the truncated VB1
sequence of cDNA 1340. The amino acid sequence of the
composite chicken TCRj polypeptide was then compared
with a consensus amino acid sequence of a composite mam-
malian TCRP polypeptide comprised of the consensus V,
sequence from the mammalian Vo1 subgroup (30), and Jo and
Co3 consensus sequences compiled by Kabat et al. (29). No
significant homology was found in the leader exons (data not
shown). As a result of the high degree of variability in the
CDR3 domain, no consensus DP amino acid sequence has
been reported within mammalian cDNAs.

Overall, the chicken V,1 amino acid sequence had only
22% amino acid identity with the mammalian Vo1 subgroup
consensus sequence. However, the VB segments of the
mammalian V,1 subgroup share 11 invariant or very highly
conserved (>93%) residues (underlined in Fig. 4). In the
chicken VB1 family, 9 of these 11 residues are conserved,
including the cysteine residues at positions 23 and 92 that can
form intrachain disulfide bonds (35). In addition, the chicken
V/1 family has the conserved arginine residue at position 64
and the aspartic acid residue at position 86 proposed by
Schiffer et al. (30) to form a salt bridge characteristic of the
mammalian Vfl subgroup. The chicken VP2 family was
found to be most homologous to the mammalian VP2 sub-
group (refs. 30 and 33; 46% amino acid identity). The chicken
V,82 family has a tyrosine residue at position 65 that is
invariantly found in the mammalian V,32 subgroup.
The chicken Jf3 amino acid sequences are overall 47%

identical to the mammalian consensus J13 (29). The amino
acid differences were primarily localized at the N terminus of
the JB element, which is encoded by nucleic acid sequences

susceptible to exonuclease degradation during TCR rear-
rangement. Five of the six invariant residues in the Jl regions
of mammals have been conserved in all three of the avian Jj3
regions that we have identified.
The chicken C,8 region shares 35% identity with the mam-

malian consensus C,8 at the amino acid level. Important resi-
dues including the cysteines at positions 147 and 212, which are
believed to form an intrachain disulfide bond, and the cysteine
at 247, which may form a disulfide bond with a corresponding
cysteine on the TCRa chain (35), have been conserved in the
chicken sequence. The predicted chicken transmembrane do-
main (residues 267-286) is structurally conserved and retains
the lysine at position 271. This charged residue has been
reported to be required for the association of the mammalian
TCRaj3 heterodimer with the CD3 complex (34). Three leucine
residues have also been conserved within the transmembrane
domain at spaced intervals that suggest that the TCRl chain
may form an amphipathic helix through the membrane. The
chicken and mammalian cytoplasmic domains bear little resem-
blance except for the lysine residues that presumably constitute
the stop-transfer signal associated with transmembrane do-
mains. This is consistent with the proposal that signal trans-
duction is mediated through the CD3 complex and not the
cytoplasmic tail of the receptor molecule (9).

DISCUSSION
This report describes the cloning ofTCR f3 chain genes in the
chicken. A cDNA clone was isolated by low-stringency
hybridization with a pool of mammalian TCRB gene frag-
ments. By using nick-translation to generate a probe of high
specific activity consisting of small random fragments, we
were able to obtain cross-hybridization despite the low levels
of nucleotide sequence identity between the mammalian
probes and the chicken TCRl3 cDNA. As described for
mammalian TCRs, the chicken TCR,8 gene was found to be
rearranged in T-cell lines but not in B-cell lines. Similarly, the
gene is expressed in thymic tissue and T-cell lines, but not in
the bursa of Fabricus or B-cell lines. Structural analysis of
additional cDNAs suggests that the chicken TCRI3 locus
contains at least two V families, one D region, three J
elements, and a single C region.

Despite extensive divergence of the chicken TCRP gene at
the nucleic acid level, several regions of the amino acid

A Chicken genomic VS11RNA
decamer . . . . Leader . .spl ice

gcat ttcttccttcctcaatgt ttcctcctcacacaacag'agctcctagg'tc ggtgacacaggcagatcagctg'aagaagataacact tttcccATGTTTCCCT'GCTGGTTTCTTACGGCCTTaCTGGCCCATGTAGgtatgta 150
MetPheProCysTrpPheLeuThrAtaLeuLeuAlaHi sValG
-13 -10 -1 1

aattttgttctcccttgacaagccttctgstggtgcttcaacaatgtgticagttgttggcaatgctgcat tccccagggctccctggggaggatgagcaatgaatgaggtgaaattttcctcagtctcttactcaaaaagctctgctgg 300

450tctacacat ttttat ttttttatttt tttcacattttaaaacttcaaccaagggtggtgaagttagtatt taaaaaaaatatatgtaagaaaaaaatactagtagtacacttgaaattgtttttttctgtctcctatctgtcccttcctg

mR*NA
spL ice

agaaatgggacagcgtaagacacgctggcatcccatctattaattcaaggatgtgtctctgtgtctct ttcaactcattccattcctcacagct tcttttcttctttcct tttctpaGCTGGGCTCTTCAGCAAACCCCAGACATGATTa
lyTrpALaLeuGtnGlnThrProAspMetl LeV
2 10

atArgLeuGlyAspSerLeuThrLeuAsnCysSerHi sLysGLuSerGLyAtaTrpThrtetLeuTrpTyrLysLeuProVaLGLyLysAsnALaThrLeuGLnLeul LeVaLArgSerVaLGLuGLySerLysALaGLuPheGLuGLuG
15 17 20 30 31A 40 50 60

-. heptamer. . . nonamer .

AATTCAAAAGCCGCTTCCAAGCAGTGGGACTAAGGAGAIAATCTTATCAAMTGGCGATAGATCACGTCCTACTCLAAITACTCAGGCACTTATTTCTGCGCTAcacgaaggctggagcagcacaacgcaaacct
LuPheLysSerArgPheGlnSerSerGLyThrLysGluLysSerLeuSerMetAlal leAspH isValLeuLeuAsnAspSerGlyThrTyrPheCysAlaLysGlnAsp

62A 70 80 90 96

nRNA
spt ice

tggcagacaattctggtacttcttgaaaatactgtgCAAACACACCACTGAACTTTGGACAGGGCACTCGTCTGACAGTGCl4Ggtaagtcttctctgta
AsnThrProLeuAsnPheG lyGlnG lyThrArgLeuThrVatLeu

600

750

900

100

FIG. 3. Nucleotide and amino acid sequences of genomic V,8 and JP gene segments. Amino acid residues are numbered according to Kabat
et al. (29). (A) Sequence of genomic V131 clone 1397. Amino acid residue 1 is preceded by leader sequence and represents the start of the V/31
coding region. The conserved decamer in the promoter region, the mRNA splice donor and splice acceptor signal sequences of the leader and
V/31 exons, and the heptamer and nonamer recombination signal sequences are underlined. (B) Genomic sequence of the Jp element found in
cDNA 1340. Recombination signal sequences and the mRNA splice site of the J, gene segment are underlined.

TCCGACTGGGAGACTCTCTGACTCTGACTGTTCACACAAGAGTGGAGCCTGGACCATGCTCTGGTACAGCTGCCAGTGGGGAAGAACGCCACTTTGCAGCTGATTGTTCGTTCAGTGGAAGGTAGCAAAGCAGAGTTTGAGGAAG

B Chicken genomic JS
nonamer . heptamer
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Vo1 10 20 30A 40 A 50 60

chicken /GUALOQTPOMIVRLGDSLTLNCSHKESGAWTMLWYKLPVGKNATLQLIVRSVEGSKAEFEE
: . Q ..::I. G:.:TL.C.. .: . :M WY: :G:. .: LI : .: .. .

mamnal xAGVSQSPRHLITGRGQEVTLRCDPISGHNTSMYWYRQxLGOGLEF/LIYFNNGSLIDKSGx

>< N-Dp-N >< J >

V01 A 70 80 90 100 ABC 110 A

chicken EFKSRFQSSGTKEKSLSMAIDHVLLNDSGTYFCAKQDMSGGTGGYSNTPLNFGOGTRLTVLG
K.RF :. .:.. :: I: : :DS:.Y:CA. FG.GTRLTVL.

mammalL PEKDRFSAERPNGSFSTLKIOSLEPEDSAVYLCASSLxxxxxxxxxxxxQYFGPGTRLTVLE

Ce 120 130 140 150 160 170 180

chicken KNSEI IEPDVVI FSPSKQEIQEKKKATLVCLASGFFPDHLNLVWKVNGVKRTEGVGTD/////
. .::. P.V :F.PS..EI .:KATLVCLA GFFPDH::L W VNG . .GV:TD

mamnmal DLRNVTPPKVSLFEPSEAEIxxTQKATLVCLAxGFFPDHVELSWUVNGKEVHSGVSTDPQPYK

C'O 190 200 210 220 230 240

chicken EISTSNGSTYSLTSRLRISAQEWFNPLNRFECIANFF/////////KNGTQQSIQKI///
E :: N:S Y.L:SRLR:SA W NP N:F C .:F: :::::. .Q:I

manmal ExPALNDSxYCLSSRLRVSATFWHINPRNHFRCQVQFYGLSENDEWTQODSAKPVTQNI SAE

C'O 250 260 270 280 290

chicken IYGDTGCDI FKENYQRSATAGKFVYIML I FKSI LYGI FVMGMMLWYKKMY/////
.G ::C: ..:YQ::. ::.::Y :L: K:.LY:::V :::L . .

manmal AWGRADCGxTSASYQQGVLSATI LYEILLGKATLYAVLVSALVLMAMVKRKDSRG
4, <--A.-----TM .--------->
a

FIG. 4. Amino acid sequence comparison of the chicken TCR,8
coding regions and consensus mammalian TCR sequences derived
from Kabat et al. (29, 30). The upper line represents the amino acid
sequence for the chicken TCR,8 chain beginning with the V/31 exon
as defined by genomic V,81 clone 1397. Chicken sequence from
amino acid 61 to amino acid 290 is derived from TCRB cDNA 1340.
The lower line consists of consensus mammalian TCR V,81 (30), Jf,
and C,3 (29) coding sequences. Spacers (/) were introduced to
maximize homology and sites lacking consensus residues (x) are
indicated. Alignments were made on the basis of the PAM250 amino
acid similarity matrix using the AALIGN program (DNASTAR). A
positive relationship (:), a 0 value relationship (.), and a negative
relationship (blank space), as well as identity between two residues,
are depicted on the line between the chicken and mammalian
sequences. Residues that are invariant or highly conserved in mam-
malian V,81 genes (30, 33) are underlined. Cysteine residues believed
to form intrachain disulfide bonds within the V and C regions are
marked with an asterisk (*) and an arrow to indicate direction of bond
formation. A cysteine at position 247 (a) is thought to form an
interchain disulfide bond with the constant region of TCRa. The
predicted mammalian transmembrane domain (TM) is marked and
the conserved lysine residue at position 271 (34) is indicated (A).

sequence have been conserved. This suggests that there has
been evolutionary selection for certain structural features of
the molecule. Amino acid residues thought to be central to
the mammalian TCRB protein structure (35) are found in the
chicken TCRp. These include the two pairs of cysteine
residues, one in VB and the other in Cp, that are believed to
form intrachain disulfide bonds. The cysteine found in exon
2 of Cf3, which may form the disulfide linkage with the a
subunit of the TCR, is also found in the corresponding
position in chicken C13. Within the putative transmembrane
domain, the chicken has retained the invariant lysine thought
to mediate the association between the , subunit and the CD3
complex (34). These data confirm, at the nucleotide and
amino acid levels, the earlier observations that the chicken
TCR molecules are structurally and developmentally similar
to the mammalian TCR (13-15). Therefore, the TCR antigen
recognition system appears to have predated the evolution-
ary divergence of birds and mammals and the original struc-
ture of the receptor has been largely maintained during the
estimated 250-300 million years of divergent evolution.
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