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ABSTRACT We present the nucleotide sequences of the
two genomic constant (C)-region gene segments, Cpl and Cp2,
encoding the P chain ofthe human T-cell antigen receptor. The
two Cp genes are organized identically to each other and to the
corresponding mouse genes, both having four exons, whose
boundaries were confirmed from the sequence of a Cp2 cDNA
clone from the T-cell line MOLT-4. The predicted amino acid
sequences of human Cpl and Cp2 differ at only five positions,
which suggests that the proteins have very similar functions.
This similarity is the result of strong nucleotide-sequence
conservation in protein-coding regions, which extends to silent
positions. A quantitative analysis of an alignment of the
nucleotide sequences of the two human genes shows that
whereas the 5' ends (including the first exon) are extremely
homologous, the 3' ends are widely divergent, with other
regions having intermediate levels of homology. Analysis of
published data [Gascoigne, N. R. J., Chien, Y., Becker,
D. M., Kavaler, J. & Davis, M. M. (1984) Nature (London)
310, 387-391] shows that the mouse Cpl and Cp2 genes are also
virtually identical in their first exons but more divergent in the
remaining coding regions. Therefore, partial gene conversion
events may have occurred during the evolution of both human
and mouse Cp genes.

In the cellular immune response of vertebrates, antigen
recognition by T cells involves a membrane-bound receptor
consisting of two disulfide-linked protein chains, a and /3.
Recently, cDNA clones corresponding to both chains have
been isolated from man and mouse (1-4). Analysis of their
sequences has revealed that the T-cell receptor (TCR) pro-
teins consist of variable (V) and constant (C) regions (1-5).
For the /3-chain clones, comparison with their corresponding
genomic sequences has shown that the variable region is
composed of three types of segment, namely Va, Do, and J13
(variable, diversity, and joining, respectively), which are
separated in germ-line DNA, but which rearrange in T cells
to become contiguous (6-8). This recombination system has
a direct parallel in immunoglobulin (Ig) heavy chain V gene
structure, where it is in part responsible for the generation of
antibody diversity (9). It is likely, therefore, that TCR
diversity is created by similar mechanisms.
Another parallel with Ig heavy chain (and X light chain)

genes is that the C-region genes for the TCR /3 chain are found
as more than one copy. In both man and mouse, there are two
tandemly arranged Cpr genes, with each gene having its own
cluster ofJ4 regions, either of which can support Vp -Dp -J4
rearrangement (10-12). The functional basis for the duplicat-
ed Jp-Cp gene structure is not well understood, however, and
we therefore determined the sequences of the human genes
in order to compare their protein products. The results also

enabled us to examine the evolution of the human Cp genes
with respect to each other and their mouse counterparts.

METHODS
DNA Filter Hybridizations. Genomic DNA was prepared

from human T-cell leukemia lines MOLT-4 (13) and JM (14)
and from human colon carcinoma line COLO 320 (15) as
described (16), digested with BamHI or EcoRl, fractionated
in 0.8% agarose gels, and transferred to nitrocellulose filters
(17). Filters were hybridized with a Ca cDNA probe
(M131B1OBB1) as described (10).

Isolation and Characterization ofcDNA Clones. The cell line
NH17b.5.5, a variant ofMOLT-4 selected for high expression
of the T-cell differentiation antigen HTA-1 (CD1) (18), was
treated with interferon a (2000 units/ml) for 48 hr and
cycloheximide (2 ,ug/ml) for 15 min before harvesting.
Poly(A)+ RNA was ioslated from a cell membrane pellet as
described (19). Double-stranded cDNA was prepared,
nuclease Sl-treated, repaired with DNA polymerase Klenow
fragment and avian myeloblastosis virus reverse tran-
scriptase, size-selected, and ligated into Sma I-cleaved and
phosphatase-treated pUC9 (20) essentially as described (21).
Ampicillin-resistant colonies were selected after transforma-
tion of competent (22) TG1 (T. Gibson, personal communi-
cation) and screened at moderate colony density (4000
colonies per 82-mm filter) with a nick-translated full-length
/3-chain cDNA clone (10). From 30,000 colonies screened, 17
were positive, and one of these was selected for DNA
sequence determination (pUCM44). Sequencing was per-
formed with M13-derived vectors (23) by use of the dideoxy
chain-termination method (24).

Sequence Analysis. The isolation of phage X recombinants
containing human C1l genes was described previously (10).
Fragments hybridizing to a Cp probe were subcloned in
M13mpl8 or -mpl9 (23) and further subcloned according to
a partial restriction map (see below) for sequencing as above.

Pairs of sequences were aligned using the DIAGON
program (25), with a setting of 14 matches in a 21-base-pair
(bp) span (67%). The final fine adjustment was done manu-
ally, introducing gaps to increase homology. Silent-site
divergence (S) in coding regions was calculated as in ref. 26.
Divergence (N) of introns and 3' noncoding regions was
calculated directly, treating each gap as one site and as a
single substitution, regardless of length. The splicing signals,
-G-T- and -A-G-, at the extremities of introns were ignored,
being conserved among unrelated genes (27).

RESULTS AND DISCUSSION
Isolation and Characterization of a Human Cp2 cDNA

Clone. To determine the positions of exon/intron boundaries
within the Cp genes, it is necessary to refer to corresponding

Abbreviations: TCR, T-cell antigen receptor; V, variable; C, con-
stant; J, joining; D, diversity; bp, base pair(s); kb, kilobase(s).
*Present address: Ludwig Institute for Cancer Research, Blackburn
Building, University of Sydney, NSW 2006, Australia.
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cDNA or protein sequences. Although cDNA clones for
human C3l are available (1, 10), no C,92 sequences were
known when this work was started. Therefore, we isolated a
human C2 cDNA clone from the T-cell line MOLT-4, which
was shown by filter hybridization to have C,92 gene rear-
rangements on both chromosomes. Fig. 1 shows the hybrid-
ization of a Cal cDNA clone (which hybridizes to both Cat
genes) with EcoRI and BamHI digests of various genomic
DNAs. As previously described (10), after digestion with
EcoRI, DNA from the T-cell line JM shows rearrangement of
the Ca91 gene [9.5-kilobase (kb) band] on one chromosome,
while retaining the germ-line C711 configuration (11.5-kb
band) on the other chromosome (Fig. lA). The 4-kb band
represents the unrearranged C(2 genes from both chromo-
somes. In MOLT-4 DNA, there is no band corresponding to
the C91 gene, indicating deletion of this gene on both
chromosomes, but the 4-kb EcoRI fragment containing the
C(2 gene(s) is present. Rearrangement ofthe C(2 genes is not
observed when the DNA is cleaved with EcoRI, since this
enzyme cuts downstream of the J2 cluster (unpublished
results). However, MOLT-4 has two BamHI fragments
containing Ca genes that differ from the germ-line pattern
(represented by the 24-kb band seen in COLO 320), suggest-
ing rearrangement ofboth C(2 genes. RNA blot hybridization
data (not shown) confirmed that at least one of the C(2 genes
is expressed in MOLT-4.
A cDNA library prepared from MOLT-4 RNA was screen-

ed with a Ca probe, and several clones were isolated. The
sequence ofone clone, pUCM4-4, is given in Fig. 2. It covers
the entire C,02 coding region and extends through the whole
of the V region including the sequence encoding the hydro-
phobic leader segment and the probable initiator methionine.
The cDNA C-region sequence is identical with the genomic
C,?2 coding sequence presented here (see below) and differs
in only a small number of nonreplacement positions from two
published human C(2 cDNA sequences (28). The J region of
the MOLT-4 cDNA clone does not correspond to any
previously defined sequence but has greatest similarity (13
out of 16 amino acids) with a J,2.1 of mouse (11, 12), being
more related to this than to two human Jp2 sequences (28).
There must therefore be at least three J,82 sequences up-
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FIG. 1. Hybridization ofTCR ,8-chain gene probes to DNA from
T-cell lines MOLT-4 and JM and from colon carcinoma line COLO
320. DNA (10 jig) was digested with EcoRI (A) or BamHI (B),
fractionated in a 0.8% agarose gel, and transferred to nitrocellulose
filters. The filters were hybridized with a Cp cDNA probe
(M131B1OBB1) (10). Sizes were calculated from coelectrophoresis of
phage X DNA digested with HindIll.

stream of C(2. It is also noteworthy that the V region of
pUCM4-4 shows little homology with published sequences,
and therefore provides the basis for defining a-new germ-line
Vp gene.
Sequence and Organization of Human Cp Genes. The C(1

and Cp2 genes were cloned and sequenced as described in
Methods. The sequencing strategies and complete sequences
are shown in Fig. 3. The sequences have been aligned for
direct comparison (see below), and gaps have been inserted
to increase homology. The exon/intron boundary positions
were confirmed by comparison with C(l and Cp2 cDNA
sequences (this paper and refs. 1, 10, and 28).
Both genes have the same transcriptional orientation and

consist of four exons, with introns located at identical
positions in each gene: the first exon (387 bp) encodes both
the immunoglobulin-like constant domain of the TCR and
part ofthe so-called connecting peptide (11); the remainder of
the connecting peptide is encoded by the second exon (only
18 bp) and a portion of the third exon (107 bp). Most of the
transmembrane region (21 of 22 amino acids) of the protein is
coded for by the rest of exon 3. The fourth exon encodes 1
amino acid of the transmembrane region and a cytoplasmic
tail of 5 amino acids in C(l and of 7 amino acids in C(2,
followed by 3' noncoding regions of about 190 bp up to the
polyadenylylation signals. In the C731 gene, the intron sizes
are 442, 152, and 322 bp, respectively; in C(2, these are 516,
143, and 291 bp.
The nucleotide sequences of the coding regions of the two

human Cal genes are remarkably similar, being about 97%
identical. This results in just 5 amino acid replacements out
of 177 shared positions. It seems likely, therefore, that the Cal
proteins have very similar functions.
The overall organization of the human C(l genes is almost

identical to that of the equivalent murine genes (11, 12), the
numbers of exons and positioning of exon/intron boundaries
being the same. However, two differences are that the first
exon is 12 bp longer in the human genes and that mouse Cp2
does not have the extra 2 amino acids found in the cytoplas-
mic tail of the human Cp2 protein.

Evolution of Cp Genes. It is apparent, either by visual
inspection (Fig. 3) or with the aid of a homology matrix
computer program (25), that the degree of nucleotide se-
quence homology varies dramatically along the length of the
C(l genes. To evaluate this phenomenon quantitatively,
divergence was calculated in different regions of the aligned
sequences as described in Methods. In noncoding regions
(introns and 3' untranslated regions), divergence (N) was
calculated directly, but in coding regions, only silent-site
divergence (S) was calculated, since the rate of substitution
at these sites is not restricted by the need to conserve protein
structure. Silent-site substitution rates are thus more directly
comparable to the substitution rate at noncoding sites (30). S
and N were calculated for the regions of the human C(l genes
listed in Table 1. Due to the small sizes of the coding regions
of exons 2 and 4, these were not included. Similar calcula-
tions were performed for human and mouse (11) Cp2 genes,
the exon sequences of human and mouse C(31 genes (align-
ments not shown), and the exon sequences ofmouse C(73 and
C(2 genes (based on the alignment of ref. 12).

In the human/mouse C(71 and C(2 comparisons, S and N
values are roughly constant throughout the gene lengths
(Table 1). This shows that different parts of the genes have
evolved at equivalent rates between the two species and
serves as a control for the intraspecies comparisons. In the
human C7317Cp2 alignment, however, S and N vary widely
throughout the gene, a result which suggests unequal degrees
of evolution in different regions. Since the two C(l genes must
have arisen by gene duplication, we would expect all regions
of the genes to be equally divergent in nonreplacement sites.
This apparent paradox can be explained by invoking a
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M L L L L L L L G L AG SO6 L G AY V S OH P S
GTGTGAGGCCATCACGGAAGATGCTGCTGCTTCTGCTGCTTCTOGGGCTAGCAGGCTCCOGGCTTGGTGCTGTCGTCTCTCAACATCCGA

10 20 30 40 50 60 70 80 90

0F
wVI CK S G T S V K I E R L 0 F 0 A T T M F W Y R 0 F

100 110 120 130 140 150 160 170 180

P K O S L M L M A TS HE G SK A T Y E 00G V E K D K F L I
TCCCGAAACAGAGTCTCATGCTGATGGCAACTTCCAATGAGGGCTCCAAGGCCACATACGAGCAAGGCGTCGAGAAGGACAAGTTTCTCA

190 200 210 2120 230 240 250 260 270

N H A S L T L S T L T V T S A H F E O S S F Y S A RE S
TCAACCATGCAAGCCTGACCTTGTCCACTCTGA~CAGTGACCfAGTGCCCATCCTGAAGACAGCAGCTTCTACATCTGCAGTGCTAGAGAGT

280 2190 300 310 320 330 340 350 360

Co 2
T S D:P K N E 0 F F G P G T R L T V L E 0 L K N V F P P E V

CGACTAGCGATCCAAAAAATGAGCAGTTCTTCGGGCCAGGGACACGGCTCACCGTGCTAOAGGACCTGAAAAACGTGTTCCCACCCGAOG
370 380 390 400 410 420 430 440 450

A V F E P 5 E A E I S HI T 0 K A T L V C L A T G F Y P 0 H V
TCGCT0TGTTTGAGCCATCAGA~AGCAGAGATCTCCCACA~CCCAAA~AGGCCACACTGGTGTGCCTGGCCACAGGCTTCTACCCCGACCACG

460 470 480 490 500 1510 520 530 540

E L S U W V H 6 K E V H 5 0 V S T [I P 0 P L K E 0 P A L H 0
TGGAGCTGAGCTGGTGGGTGAATGGGAAGGAGGTOCACAGTGGGGTCAGCACAGACCCGCAGCCCCTCAAOGAOCAGCCCGCCCTCAATG

550 560 570 580 590 600 610 620 630

S R Y C L S S R L R V S A T F W 0 N P R N H F R C 0 V 0 F Y
ACTCCAGATACTGCCTGAOCAlOCCGCCTGA6GGTCTCGGCCACCTTCTGGCAGA~ACCCCCGCAACCACTTCCGCTGTCAAGTCCAOTTCT

640 650 660 670 680 690 700 710 720

0 L S E N 0 E W T 0 0 R A K P V T 0 I V S A E A W 0 R A 0 C
ACGGGCTCTCGGAGAATOACGAGTGGACCCAGGATAGGGCCAAACCTGTCACCCAGATCGTCAGCGCCGAGGCCTGGGGTAGAGCAGACT

730 740 750 760 770 780 790 800 810

F T S E S Y 0 0 G V L S AT I L Y E I LL 6 K A T L Y A V
OTOOCTTCACCTCCGAOTCTTACCAGCAAOGGGTCCTGTCTOCCACCATCCTCTATGAGATCT TGCTAGGGAAGGCCACCTTOTATOCCO

820 830 840 850 860 870 880 890 900

L V S AL V L M A M V K R K D S R 0 *
TOCTGGTCAGTGCCCTCOTOCTGATGGCCATGOTCAAGAGAAAGGATTCCAGAGOCTAGCTCCAAAACCATCCCAGGTCATTCTTCATCC

910 920 930 940 950 960 970 980 990

TCACCCAGGATTCTCCTGTACCTGCTCCCAATCTOTOTTCCTAAAAGTGATTCTCACTCTGCTTCTCATCTCCTACTTACATGAATACTT
1000 1010 1020 1030 1040 1050 1060 1070 1080

C TCTCT TTTT TCTGTTTCCCT OAAGATTGOAC TCCC
1090 1100 1110

FIG. 2. Nucleotide and deduced amino acid sequences of the C,32 cDNA clone (pUCM4-4) from MOLT-4. V (upstream of vertical dashed
line), J, and C regions are indicated. The single-letter amino acid abbreviations are used. Cysteine residues presumed to be involved in V region
intrachain disulfide bridges are circled; the circle above Cys-28 indicates a possible alternative residue for this disulfide bridge.

mechanism such as gene conversion, whereby the sequences
of gene family members are corrected against one another
during evolution (31). Such gene-conversion events involving
the human C13 locus which affected only limited regions of
each gene would account for the variable divergence along
the gene lengths. The most dramatic example of an apparent
gene conversion encompasses exon 1 and --100 bp of the first
intron. Here, sequences are highly conserved between C13)
and C~,2, which implies an evolutionarily recent gene con-
version. The degree of homology in this region is in sharp
contrast to that found at the 3' ends of the genes, which are
widely divergent. It is reasonable to suppose that neither the
sequences of the third introns nor those of the 3' noncoding
regions have been corrected against one another since the
ancient C13 gene duplication took place. Other regions of
comparison show intermediate levels of homology, suggest-
ing the occurrence of more than one gene-conversion event
between the human C13 genes during evolution. One event
may have covered intron 2 and exon 3 (and possibly extended
upstream of exon 2), which have similar degrees of diver-
gence (Table 1). It is difficult to be precise about the number

and extent of such gene conversions with present knowledge
of evolutionary mechanisms, but it is clear that gene conver-
sion has played an important role in the evolution of human
C13 genes. [The times of some of these evolutionary events
can be estimated using published formulas (32) with the
human/mouse C,9 comparison as a standard, having an
average divergence of 43.8% (weighted for the number of
sites in each region), and a species divergence time of -'75
million years (Myr) (33). This gives figures of 30-40 Myr
since the gene conversion involving intron 2 and exon 3 and
about 3 Myr since the conversion event in exon 1. The C13
duplication event occurred at least 100 Myr ago. Although
these estimates of divergence times can be subject to con-
siderable error (34), they illustrate the marked difference in
evolutionary separation of different regions of the human C13
genes.]
Gene conversion also seems to have occurred between the

two mouse C13 genes: exon 1 sequences are virtually identical
(11, 12), as with the human genes, whereas exon 3 and the 3'
noncoding region show about 40%6 divergence at nonreplace-
ment sites (Table 1). This suggests that although the first
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TGCATCC TAGGGACAGCATAGAAAGGAGGGGCAAAGT GGAGAGAGAGCAACAGACACTGGGAT GGTGACCCCAAAACAATGAGGGC CTAGAAT GACAT AGT TGTGCTTCA TTACGGCCCA 120

---------------------------------------------------------ATGGCGTAGTCCCC-AAAGAACGAGGACCTAG--TAACATAATTGTGCTTCATTATGGTCCT

E El L N K V F F P
TTCCCAGGG--CTCTCTCTCACACACACAGAGCCCCTACCAGAACCAGACAGCTCTCAGAGCAACCCTGGC TCCAACCCCT CTTCCCT TTCCA-GAGGACCTGAACAAGGTG TTCCCACCC 240

TTCCCGGCCTTCTCTCTCACACATACACAGAGCcCCTACCAGGACCAGACAGCTCTCAGAGCAAcCCCTAGCCCCATTACC TC TTCCCTT TCC GAGGACCTGAAAAACGTGTTCCCACCC
E D L K N V F P P

E V A V F E P S E A E I S H T 0 K A T L V C L A T G F F P 11 H V E L S W W V N G
GAGGTCGCTGTGT TTGAGCCATCAGAAGCAGAGATCTCCCACACCCAAAAGGC CACAC TGGTG TGCCTGGCCACAGGCTT C TTCC C CGACCAC GTGGAGCTGAGCTGGT GGG TGAATGGG 30

GAGGTCGCTGTGTTTGAGCCATCAGAAGCAGAGATCTCCCACACCCAAAAGGCCACACTGGTGTGCC TGGCCACAGGCT TC TACCCCOACCACGTGGAGCTGAGCTGGTGGGTGAATGGG
E V A V F E P S E A E I S H T Q K A T L V C L A T G F r P El H V E L S W W V N G

K E V H S G V S T D P Q P L K E 0 P A L N E' S P Y C L S S P L P V S A T F W 0 N
AAGGAGGTGCACAGTGGGG TC AGCACGGACCCGCAGCCCCTCAAGGAGC AGCCC GCCC TCA ATG AC TCCAGA TAC T GCC TGAGC AGCCGC CTGAGGG TC TCGGCC ACC TT C TGGCAGAAC 480

AAGGAGGTGCACAGTGGGGTCAGCACAGACCCGCAGCCCCTCAAGGAGCAGCCCGCCCTCAATGAC TCC AGATAC TGCC TGAGCAGCC GCC TGAGGGTC TCGGCC AC CTTCTGGCAGAAC
K E V H S 6 V S T El P 0 P L K E 0 P A L N lo S R Y C L S S F: L F: V S A T F W 0 N

P R N H F R C 0 V 0 F Y G L S E N ED E W T 0 E F: A K F, V T 0 I V S A E A W G R A
CCCCGCAACCACTTCCGCTGTCAAGTCCAGT TCTACGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCC AAACCC GTCACCCAGAT CGTCAGCGCCGAGGCCTGGGGTAGAGCA 6W
*t***********************************g*******************$*t~ttttt$$tttg$-tt~~tt$ * **************************ttttt.*******
CCCCGCAACCACTTCCGC TGTCAAGT CCAGT TCTACGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAACC TGTCACC CAGATCGTC AGCGCCGAGGCC TGGGGTAGAGCA
P R N H F R C 0 V 0 F Y G L S E N ED E W T 0 l F: A K P V T 0 I V S A E A W G R A

GGTGAGTGGGGCCTGGGGAGATGCCTGGAGGAGATTAGGTGAGACCAGCTACCAGGGAAAATGGAAAGAT CCAGGT AGCAGACAAGAC TAGAT CCAAAAAGAAAGGAACCAGCGCACAC - 720
t*************t*F* *****FF**F******F*F***FFF****F*F***FFFFF*FF******ttttt$tt~ttt$t **F*F*F*******F* **F**** **** * **
GGTGAGTGGGGCCTGGGGAGATGCC TGGAGGAGATTAGGTGAGACCAGC TACCAGGGAAAATGGAAAGA TC CAGGT AGCGGACAAGAC TAGtTC CAG -AAGAAAG- -- --CCf^ GAGTGGACA

---------------------------------------------------------------CATGAAGG-AGAATTGGGCACCTGTGGTTCATTCTTCTCCCAGATTCTCAGCCCAAC 840
*** *** **** * ****** f ********* ***'** ** V **

AGGTGGGATGATCAAGGT TCACAGGGTCAGCAAAGCACGGTGTGCACT TCCCCCACCAAGAAGCATAGAGGC TGAA T GGAGE.AC CT CAAGC T CAT T CT T CC T T C AGA T CC TGACACC T T -

AGAGCCAAGCAGCTGGGTCCCCTTTCTATGTGGCCTGTGTAACTCTCATCTGGGTGGTG--CCCCCCfATCCCCCTCfAGTGCTGCCACATGCCATGGATTGCAAGGACAATGTGGCTGACA 960
***** **** *** ** * **F ****** *****ttt ****tt * F*-t $ * * * ** ***Vt~ *5*t~ * 5*5 **
AGAGCTAAGCTTTCAAGTCTCCCTGAGGACCAGCCATACAGCTCAGCATC TGAGTGGTGTGCATCC CAT TCTCTTCTGGGGTCCTGGT TTC CTAAGATCATAGTGACCACTTCGCTGGCA

TCTGCATGGCAGAAGAAAGGAGGTGCT-GGGCTGTCAGAGGAAGCTGGTCT--------C,(GCCTGGGAGTCTGTCCCAACTGCAAATCTGACTTTACTTTT 1080
* *** ** ** * * *$*** *** 5*5* *55* * 555*5* 55t*55*55* * ** * 5*5*

CTGGAGCAGCATGAGGGAGACAGAACCAGGGCTATCAAAGGAGGCTGAC TTTGTACTATC TGT ATC.CATGTGT TTG TGGCC TGTGAG TC TGTGATGTAfAGGCTCA^-ATGTCCT TAC--- -

Tr C G F T F
AATTGCCTATGAAAATAAGOTCTCTCATTTATTTTCCTCTCCCTGCTTTCTTTCAGACTGTGGCTTTACCTCC'GGTTAAiG TAiCCCCTTCCTTTTCCTCTCCCT('TCTCATGGTTCTTGAC 1200

t* t******* ***** ** 555FF **F***F*5***VFS*F*** 5*555 15*55*5 FS * *55*55*t *FV**: *5* ** ** *
---------- .AAAGCAGCATTCTCTCATCCATTTTTCTTCCCCTGTTTTCTTTCAGACTGTGGCTTCACCTCCGGTCf.TGACTCTCTCC rTTTTCTCTCTATCTTTCGCCGTCTCTGCT

r C G F T S

S r a a
CTAGAACCAAGGCATGAAGAACTCACAGACAC TGGAGGGTGGAGGC-TGGGAGAGACCAG AGC TACC TGTGCAC AGG TAC CC AC CT GTCCTTCCTCC GTGC CA T GTACCTCC CAA 1320
** t***** 5***$*5 t*5 *** 5a*55 ** * *5* ** * *555 * tt*****55**F***V* **t ** ** * * ** stss*s*ttts %***sss
CTCGAACCAGGGCATGGAGAATCCACGGACACAGGGGCGTGAGGGAGGCCAGAGCC------- ACCTGTGCACAGGTACCTACATGCTCT--GTTCTTGTCAACAGAGTCTTACCAGCAA

E 3 Y n Q

O V L S A T I L Y E I L L G K A T L r A V L ) S rAL V L F A F
GGGGTCCTGTCTGCCACCATCCTCTATGAGATCCTGCTAGGGAAGGCCACCC TGTATGC TGTCCT GGTCAGCGCCC TTGT GT TGATGGCCA TGG-TAAGCAGGAGGGCAGGAT GGGGCCAG 1440
****t*5*t**~**g*********g*5*S****** *$*5*t*55*t****F5 **F**5* 55**F****5* *555* *5* V**5VF***F$$S*** *5*55*5 5*55 *55* **
GGGGTCCTGTCTGCCACCATCCTCTATGAGATCTTGCTAGGGAAGGCCACCTTGTATGCCG TGC TGGTCAGT GCCC TCGl GC TGATCrCC ATGC.TAAGGAGGAGGGT GGGATAGGGC --onG
O V L S A T I L Y E I L L G K A T L Y A V L V S A L V L M A F

CAGGCTGGAGGTGACACACTGACACCAAGCA-CCCAGAAGTATAGAGTCCCTGCCAGGAT TGGAGC TGGGCAGTAGGGAGGGAAGAGAT T TCA TTCAGGT GCC T CAGAACGAT AACT TG C A1560
* t** * t*** * *t * * ** *5*5* ** * * * 55*5 *

ATGATGGGGGCAGGGGATGGAACATCACACATGGGCATAAAGGAATCTCAGAGCCAGAGC ACAGCCTAATATATCC TATCAC CTC A T GAAACCAT AATGAAGCC AGAC TGGGGAGAAAAn

CCTCTGTAGOATCACAGTGGAAGGGTCATGCTGGGAAGGAGA--AGCTGGAGTCACCAGAAAACCCAATGGATGTTGTGATGAGCC T ACTATTTTGTGTGTCAIATGGGCCCT lCTACTT 1680
* * *5*5*5* * * ***** *5* FF*5* F * * * * * ** * * ** * * *- *

TGCAGGGAATATCACAGA--ATGCATCATGGGAGGATGGAGACAACCAGCGAGCCCTACTCAAATTAGGCCTCAGAGCCCGCCTCCCC TGCCCTACTCCTGC'TGTGCCATAGCCCC----

V K R K El F ter
TCTCTCAATCCTCACAACTCCTGGC TCTTAATAACCCCCAAAAC T TTCTCTTCTGCAGG TCAAG*AGAAAGGA TT T ( TGAAGGCAGC C CTGGAA>GTGGAGT TAGGAGC TTC T AACCCG TC A 1800

* ** F *5 F *t*F**5* FSSFSSSS*SF*55F5**F * ** * 5*5 F *5 * * * V *
.____ _-------. TGAAACCCTGAAAATGTTCTCTCTTCCACAGGTCAAGAGAAAGGATTCCAGAGGCTAGCTCCAAAACCATCCCAGGTCATTCTTCATCCTCAC

V K R K 11 S K G tVet

TGGTTTCAATACACATTCTTCTTTTGCCAGCGCTTCTGAAGAGCTGCTCTCACCTCTCTGCATCCCAATAGATATCCCC CTATG TGC ATGCACACCTGCACAC TCACGGC TGAAIATC TCC 1920

**** *t * 55 t* tF* *F*5*55 5~t 5* 5555 F * 5* 5 5 5* *5 V *5 *
CCAGGATTCTCCTGTACCTGCTCCCAATCTGTGTTCCTAAAAGTGATTCTCACTCTGCTTCTCATCTCCTACT TACATGAATANCTTC TCTCT TT T TTCT(;TTTCCC TGAAGFAT TGAGCTC

CTAACCCAGGGGGACCTTAGCATGCCTAAGTGACTAAACCAATAAAAATGTTCTGGTCTGGCCTGACTCTGACT TGTGAATGTCTGGATAGCTCCTTGGCTGT CTC TGAACTC;CCTGTGA 2040O

* gg **t** **5~$t~at 55 5S 5* $ F * S t*~t~5 ~ 5* * *$
CCAACCC_-------_CCAAGTACGAAATAGGCTAAACCAATAAAAAATTGT GTGTTGGGCC TGGT TGCAT T TCAGGAGT GTCl1GT GGAGT TC TGC T CAT C )C TGAC C TAT CT T CTGA T

CTCTCCCCATTCAGTCAGGATAGAAACAAGAGGTATTCAAGGAAAATGCAGACTC TTCACG TAAGAGGGATrGAGGGGC CCAC C TTGAGATC AFATAGC AGAA^

TTAGGGAAAGCAGCATTCCCTTGGACATCTGAAGTGACAGCCCTCTTTCTC TCCACCCAATGC TGCT T TCTCCT G TTCATC CTGA)TOGAAG TC TCAhSAC AC

FIG. 3. Sequencing of human C,91 and Cp2 genes. (Upper) Sequencing strategies for Cl (Left) and Cp2 (Right). Partial restriction maps are
shown, giving restriction sites used in sequencing: A, Ava I; BI, BalI; BII, Bgl II; H, HindIII; Ha, Hae III; K, Kpn I; M, Mbo I; PI, Pst I;
PII, Pvu II; R, Rsa I;S, Sac I; Sp, Sph I (there are two adjacent Sph I sites in C131); St, Stu I. Arrows indicate direction of sequencing. Shaded
boxes represent exons; hatched boxes denote the 3' untranslated regions. (Lower) Sequences and alignment of human CsJ (upper line) and C92
(lower line) genes. Nucleotide sequences, with predicted amino acid sequences, are aligned to maximize homology (shown as asterisks), with
insertion of gaps (signified by dashes) where necessary. Splicing signals (GT and AG) (27) and the polyadenylylation signal AATAAA (29) are
underlined.
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Table 1. Sequence divergence between human and mouse
Cal genes

S or N, % sequence divergence
Human CaJ Human Cp2 Human CJl Mouse Cal

vs. vs. vs. vs.
human Cp2 mouse Cp2 mouse CaJ mouse C,2

5' flanking
region 19.1 53.6

Exon 1 2.3 43.6 42.5 1.2
Intron 1

5' region 2.9 44.7
Remainder 42.9 38.8

Intron 2 29.1 40.7
Exon 3 24.4 44.6 39.3 39.4
Intron 3 63.3 47.7
3' noncoding

region 67.7 42.6 39.1 44.0

S refers to silent-site divergence in coding regions, and N to
noncoding region divergence. Regions for comparison were defined
by exon/intron boundaries, except for the 5' region of intron 1, which
ends at position 705 of Fig. 3. Coding regions of exons 2 and 4 were
not included due to their small size. The 3' noncoding region was
delineated by the end of the termination codon (of human Cr2 in the
first two comparisons) and the beginning of the polyadenylylation
signal AATAAA. Complete intron sequences of mouse Ca1 were not
available.

exons have undergone very recent gene conversion, this did
not include the 3' ends of the genes, which may have been
evolving independently since about the time of the
human/murine divergence.

It has been suggested that the ancestral Jp-Cp region
duplication was exploited as a means of increasing the
number of4 segments, resulting in increased diversity after
genetic drift (11, 12). However, our data show that the
duplicated Cp genes have remained extremely similar in
sequence (and, presumably, in function). In this context it
may be important that the TCR P chain is part of a complex
multiprotein structure on T-cell surfaces. This structure
comprises the TCR a and ,f chains and the T3 molecule, itself
consisting of three or four subunits (35). It may be desirable
that both Cp1 and .C82 interact equally well with T3, in order
to maintain the advantage of a duplicated 4o locus. Identity
of C11 and Cp2 over critical regions would ensure this, and
could be maintained by coevolution of the p-chain genes. In
support of this argument is the observation that both human
and mouse C# genes have undergone very recent conversion
events in the same regions.
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