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The gene encoding the carcinoma-associated antigen defined by the monoclonal antibody GA733 is a member
of a family of at least two type I membrane proteins. This study describes the mechanism of evolution of the
GA733-1 and GA733-2 genes. A full-length cDNA clone for GA733-1 was obtained by screening a human
placental library with a genomic DNA probe. Comparative analysis of the cDNA sequence with the previously
determined genomic sequence confirmed that GA733-1 is an intronless gene. The GA733-2 gene encoding the
monoclonal antibody-defined antigen was molecularly cloned with a cDNA probe and partially sequenced.
Comparison of GA733-2 gene sequences with the previously established cDNA sequence revealed that this gene
consists of nine exons. The putative promoter regions of the GA733-1 and GA733-2 genes are unrelated. These
findings suggest that the GA733-1 gene was formed by the retroposition of the GA733-2 gene via an mRNA
intermediate. Prior to retroposition, the GA733-2 gene had been affected by exon shuffling. Analysis of GA733-2
exons revealed that many delineate structural motifs. The GA733-1 retroposon was localized either to
chromosome region 1p32-1p31 or to 1p13-1q12, and the GA733-2 founder gene was localized to chromosome 4q.

GA733 is a monoclonal antibody (MAb)-defined, 40-kDa
cell surface glycoprotein that is associated with human
carcinomas of various origins (9, 11). Full-length cDNA
clones for this antigen have been obtained from human cell
lines by several investigators (22, 24, 28, 29). MAbs recog-
nizing the human GA733 antigen are being evaluated for the
experimental diagnosis and passive immunotherapy of gas-
trointestinal tumors. As a first step toward experimental
active immunotherapy of cancer patients, cDNA sequences
for the human antigen have been transferred into the bacu-
lovirus expression system (26) in order to produce sufficient
quantities of antigen for immunization.

Protein and DNA sequence analyses revealed that there
are at least two related GA733 genes (15). Our initial cloning
effort was based on the partial amino acid sequence of the
native GA733 antigen that had been purified from the colo-
rectal carcinoma cell line SW948. A 54-base oligonucleotide
probe was designed and used to screen a human genomic
library. The first genomic isolate (GA733-1) was found to
encode a protein with a sequence similar to that of the native
antigen derived from SW948 cells. This indicated that the
native protein which we had partially sequenced is encoded
by a second gene (GA733-2). Subsequently, we determined
that clones for the GA733-2 gene were not represented in the
genomic library used in our initial screening.

Analysis of the GA733-1 genomic DNA sequence revealed
a long open reading frame for 323 amino acids. A 35.7-kDa
protein with four potential N-linked glycosylation sites was
predicted from the genomic sequence. The distribution of
hydrophobic amino acids was characteristic of a type I
membrane protein. A putative promoter region with an Spl
binding site, an atypical CAAT box, and a TATA box was
observed 5' to the open reading frame. Polyadenylation
signals were found 3' to the open reading frame. The
GA733-1 gene was found to be actively transcribed in
pancreatic carcinoma cell lines (15).
To obtain GA733-2 cDNA clones, we utilized an indepen-
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dent cloning strategy based on immunoselection with MAb
GA733 (29). A cDNA library was prepared from the human
colorectal carcinoma cell line SW948, and cDNA clones
were isolated by using the high-efficiency COS cell expres-
sion system. The amino acid sequence predicted by GA733-2
cDNA was identified as that of the native GA733-2 antigen.
The GA733-2 and GA733-1 amino acid sequences were 49%
identical. The distributions of hydrophobic and hydrophilic
residues in the two sequences were strikingly similar.
The GA733-1 gene appeared not to be a defective retro-

pseudogene but rather an apparently intronless gene with the
potential to encode a protein with several structural features
in common with the transmembrane glycoprotein GA733-2.
Descriptions of expressed retroposons and their exon- and
intron-containing founder genes are rare (4). More com-
monly, promoter acquisition does not occur and the retro-
poson becomes an apparently nonfunctional retropseu-
dogene.
The results of this study establish the mechanism of

evolution of the GA733-1 and GA733-2 genes. A cDNA
clone for GA733-1 and genomic clones for GA733-2 were
isolated and sequenced. This new information, along with
previously established sequences, allowed a comparison of
cDNA and genomic sequences for both the GA733-1 and
GA733-2 genes. The chromosomal locations of the GA733-1
and GA733-2 genes were also determined.

MATERIALS AND METHODS

GA733-1 mRNA expression. Cytoplasmic RNA was iso-
lated from cell lines by using the vanadium method (2), and
total cellular RNA was isolated from placenta by using the
guanidinium-cesium chloride method (17). RNA was frac-
tionated by oligo(dT)-cellulose chromatography (1).

Aliquots (5 ,ug) of poly(A)+ mRNA were electrophoresed
on a 2.2 M formaldehyde-1% agarose gel (13) and trans-
ferred to nitrocellulose. The plasmid subclone Pst-B5.9
derived from GA733-1 genomic coding sequences (15) was
radiolabeled by nick translation and hybridized to the filter in
50% deionized formamide-5 x SSC (20x SSC is 3.0 M
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sodium chloride plus 0.3 M sodium citrate [pH 7.0])-lx
Denhardt's solution (50x Denhardt's solution is 1% Ficoll
400, 1% polyvinylpyrrolidone, and 1% bovine serum albu-
min)-0.1% sodium dodecyl sulfate (SDS)-0.05 M NaPO4
(pH 6.5)-sonicated denatured salmon sperm DNA (50 ptg/
ml)-poly(A), poly(I), and poly(C) (25 pug/ml each) for 18 h at
420C. The filter was washed at high stringency in O.1x
SSC-0.1% SDS at 650C.

Molecular cloning. GA733-1 cDNA clones were isolated
from a human placental cDNA library (Clontech Laborato-
ries, Inc.). Xgtl1 recombinants (106) were plated and trans-
ferred to nitrocellulose filters. Plaque hybridization was
carried out as described previously (18) with radiolabeled
Pst-B5.9 genomic insert DNA that had been gel purified by
electroelution and Elutip-d chromatography (14). The filters
were washed at high stringency in O.lx SSC-0.1% SDS at
650C. Plaque-purified clones were grown preparatively,
banded on equilibrium CsCl gradients, and phenol extracted.
cDNA inserts were sized by digestion with EcoRI and
subcloned into the plasmid vector pBR322.
Two human genomic libraries were utilized to isolate the

GA733-2 gene. The LN87 B-cell lymphoma bacteriophage
EMBL 3A library (31) was screened with a full-length
GA733-2 cDNA insert (29) that had been gel purified and
radiolabeled by nick translation. To isolate the 3' end of the
gene, a lambda DASH lymphocyte library (Stratagene) was
screened with a DNA probe that had been prepared by the
polymerase chain reaction (PCR) with primers designed to
amplify the 3'-end 450 bases of GA733-2 cDNA. The PCR
product was radiolabeled by the random-primed method (7).
GA733-2 genomic clones were digested with various restric-
tion enzymes and blotted. Exon-containing restriction frag-
ments were identified by hybridization to radiolabeled full-
length cDNA and then subcloned into the pBluescript vector
(Stratagene).
DNA sequence analysis. To determine the sequence of

GA733-1 cDNA, the 1.8-kb EcoRI insert of the pBR322
subclone 17-1-4 was gel purified, digested with various
restriction enzymes, and subcloned into the M13mpl8 and
M13mpl9 vectors. 17-1-4 DNA was sequenced by the
dideoxynucleotide method (23) with T7 DNA polymerase
(Pharmacia) and a vector-specific primer. To resolve com-
pressions in GC-rich regions, two sets of sequencing reac-
tions were carried out, one substituting 7-deaza-deoxygua-
nosine 5'-triphosphate for dGTP.
The structure of the GA733-2 gene was established by

partial DNA sequence analysis. Double-stranded DNA tem-
plates were prepared from exon-containing pBluescript sub-
clones and sequenced by using the dideoxynucleotide and
specific-primer-directed methods (27). Initially, sequence
data were obtained by using oligonucleotide primers de-
signed from the cDNA sequence (29). Exon and intron
junctions were identified, and reverse-sequencing primers
were designed from intron sequences to confirm and extend
the data. Some of these primers were useful in subsequent
experiments to measure the sizes of small introns by PCR
analysis.
DNA sequences were assembled by using the Staden

programs (25). Relationships of GA733-2 coding sequences
with known sequences were determined by searching release
70 of GenBank with the program TFASTA (21), release 30 of
the NBRF protein data base with FASTP (16), and release 17
of the Swissprot data base with FASTA (21). Results of
database searches were further analyzed for statistical sig-
nificance by using ALIGN (6). Multiple sequence alignments
were then performed with CLUSTAL V (12).

1 2 3

kb

1.8-aa

FIG. 1. Expression of GA733-1 mRNA in the placenta. Poly(A)+
mRNA (5 pg) was electrophoresed on a 1% agarose gel containing
2.2 M formaldehyde and transferred to a nitrocellulose filter. The
hybridization probe was a nick-translated 0.85-kb PstI restriction
fragment of the GA733-1 genomic clone (15). The filter was washed
at high stringency with 0.1x SSC-0.1% SDS at 65°C. mRNAs were
derived from SW948 colon carcinoma cells (lane 1), SKmel37
melanoma cells (lane 2), and placenta (lane 3).

Chromosome mapping. Isolation, propagation, and char-
acterization of most somatic cell hybrids used in this study
have been described elsewhere (5, 19). Hybrids 7299, 10115,
9142, 7300, and 10027 were obtained from the National
Institute of General Medical Sciences Human Genetic Mu-
tant Cell Repository (Coriell Institute, Camden, N.J.).
Hybrid and control DNAs were prepared by cell lysis,

proteinase K digestion, phenol extraction, and ethanol pre-
cipitation. Cellular DNAs were digested with the appropriate
restriction enzyme, fractionated on 0.8% agarose gels, trans-
ferred to a nylon membrane, and hybridized in 50% forma-
mide-5x SSPE (lx SSPE is 0.15 M NaCl, 0.1 M Na2PO4,
and 0.001 M EDTA [pH 7.5])-5x Denhardt's solution-0.1%
SDS-sonicated denatured salmon sperm DNA (100 ,ug/ml)
for 16 h at 42°C. GA733-1 and GA733-2 probes for filter
hybridizations were radiolabeled by nick translation to a
specific activity of 108 cpm/0.1 ,ug; 108 cpm was used for
each filter hybridization.

Nucleotide sequence accession numbers. The GA733-1
cDNA sequence has been assigned GenBank data base
accession number X13425. The GA733-1 gene has been
assigned the symbol MlS1 by the Human Gene Mapping
Nomenclature Committee. GA733-2 exon sequences have
been assigned GenBank accession numbers M93029 through
M93036.

RESULTS

Isolation of GA733-1 cDNA clones. A Northern (RNA) blot
experiment was conducted to identify a cellular source for
the isolation of GA733-1 cDNA clones. We have previously
shown that a 1.8-kb message for GA733-1 was expressed
abundantly in pancreatic carcinoma cell lines and to a lesser
extent in the SW948 colorectal carcinoma line (15). The
presence of GA733-1 mRNA in the human placenta was
tested, given the commercial availability of a Xgtll library. A
1.8-kb message for GA733-1 was detected in placenta (Fig. 1,
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GTTCTCCCCTTCCCGGClTTCGGTCCGGAGGAGGCGGGAGCAGCTTCCCTGTTCTGATCCTATCGCGGGCGGCGCAGGGCCGGCTTGGCCTTCCGTGGGACGGGGAG GGGATGT 120
GTCACCCMATACCAGTGGGGACGGTCGGTGGTGGAACCAGCCGGGCAGGTCGGGTAGAG AG =GCCGGAGGGAGCGGCCGGGCGGQAGACGCCTGCAGACCAITCCCAGACGCCGGA 2401120
cDNA w (1) CGGA

1
MetAlaArgGlyProGlyLeuAlaProProProLeuArgLeuProLeuLeuLeu

GCCCGAGCCCCGCCGAGTCCCCGCGCCTCATCCGCCCGCGTCCGGTCCGCGTTCCTCCGCCCCACCATGGCTCGGGGCCCCGGCCTCGCGCCGCCACCGCTGCGGCTGCCGCTGCTGCTG 360
111111111111 II 1111111 1111111111111111111111111111111111111111111111111111111111111111111111111111111 111111111111111111
GCCCGAGCCCCGACGAG'TCCCCGCGCCTCATCCGCCCGCGTCCGGTCCGCGTTCCTCCGCCCCACCATGGCTCGGGCCCCGGCCTCGCGCCGCCACCGCTGCGGCTGCCGCTGCTGCTG

* 50
LeuValLeuAlaAlaVal7'h~rGly~lsThrAlaAlaGlnAspAsnCys7'hrCysPzo7'rAsnLy-set~h~rVal CysSerProAspGlyProGlyGlyAr~gCysGlnCysArgAlaLeu
CTGGTG;CTGGGGCGG:GACCGGCCACACGGCCGCGCAGGACAACTGCACGTGTCCCACCAACAAGATGACCGTGTGCAGCCCCGACGGCCCCGGCGGCCGCTGCCAGTGCCGCGCGCTG 480

CTTGG;CTGGCGGCGGTGACCGGCAACGGCCGCGCAGGACAACTGCACGTGTCCCACCAAGTGACCGTGTGCAGCCCCGACGGCCCCGGCGGCCGCTGCCAGTGCCGCGCGCTGu

GlySerGlyMetAlaValAspCysSer~hrLeu7hrSerLysCysLoeuLeuLeuLysA.ZaArgMetSerAlZaProLysAsnAlaArg~hzLeuValArgProSe~rGl uHSsAlaLeuVal
GGTGGAGGCGGTC:IGACTGCTCCACGCTGACCTCCAAGTGTCT GCTGCTCAA'GGCGCGCATGAGCGCCCCCAAGAACGCCCGCACGCTGGTGCGGCCGAGTGAGCACGCGCTCGTG 600

G=GGAGGCTGCGACTGCTCACGCTGACCTCCAAGTGCTTGCTGCAAGGCGCGCGAGCGCCCCCAAGAACGCCCGCACGCTGTGCGGCCGAGTGAGCACGCGCTCGTG
100

AspAsnAspGlyLeuTyrAspProAspCysAspProGl uGlyArg~heLysAlaArgGlnCysAsnGlnThrSerValCysTzpSysValAsnSerValGlyValA~rgArg7'hrAspLys
GACAACGATGGCCTCTACGACCCCGACTGCGACCCCGAGGGCCGCTTCAAGGCGCGCCAGTGCAACCAGAC TGGTGCGCATGTGGCGTGCGCCGCACGGACAAG 720

GACAGATCG^TGCCTCTACGACCCCGACTGCGACCCCGAGGGCCGCTTCAAGGCGCGCCAGTW ACCAGAC MGTGGTGTGCGTGAACTCGGTGGGC =GCGCCrCACGAZUAAG
[Glul 150

GlyAspLeuSerLeuArgCysAspA~spLeWalArg~hrHisHis~l eLeu~l eAspLeuArgHisAzrgProThrAl aGlyAlaPheAsnHisSerAspLeuAspAlaGl uLeuArgArg
GGCGACCTGAGCCTACGCTGCGATGACCTGGTGCGCACCACCACATCCTCATTGACCTGCGCCACCGCCCCACCGCCGGCGCCTTCAPA:CACTCAGACCTGGACGCCGAGCTGAGGCGG 840

1111111111111111111111 111111111111111111111111111111111111111111111111111111111111 111111111111111111111111111111111
GGCGACCTGAGCCTACGCTGCGATGAGCTGGTGCGQACCQCCACATCCTCATTGACCTGCGCCACCGCCCCQCCGCCGGCGCCTTQAACQACTCAGACCTGGACGCCGAGCTGAGGCGG

* 200 [Asp]
LeuPheArgGluArgly~rA~rgLeuHisP~roLysPheValAl aAlaValHisTyrGluGlnPzo~hrIleGlnIleGluLeuArgGlnAsn~hrSerGlnLysAlaAlaGly~luValAsp
CTCTTCCGCGAGCGCTATCGGCTGCACCCCAAGTTCGTGG;CGGCCGTGCACTACGAGCAGCCCACCATCCAGATCGAGCTGCGAACACGTCTAGGCCGCCGGTGAAGTGGAT 960

1111111111111111111111111111111 111111111111111111111111111111111111111111111111111111111111111111111111111111 111111
CTCTTCCGCGAGCGCTATCGGCtGCCCQAGTTCGTGGCGGCCGTGCACTACGAGQAGCCCACCATCCAGATCGAGCTGCGGCAGAAf ACGTCTCAGAAGGCCGCCGGTGACGTGGAT

250 *

11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111
IAsn~sArgrlaserla yr~ys~elyruysgspallleLysGly u~eLeu~ eGlnulyArg~LyyGulryeLeU~pou~r~~r~yIundeul a G ~gh~u

ATCGGCGATGCCGCCTACTACTTCGAGAGGGACATQAAGGGCGAGTCTCTATTCCAGGGCCGCGGCGGCCTGGACTTGCGCGTGCGCGGAGAACCCCTGCAGGTGGAGCGQACGCTQATC

TyrTyrLeuAspGl uIleProProLysPheSer~etLysArgLeu7'hrAlaGlyLeuIleAlaVal IleValValValValVaallaLeuVaLAlaGlyMetAlaValLeuVal IleThr
TATTACCTGGACGAGATTCCCCCGAAG=TCCCATGAAGCGCCTCACCGCCGGCCTCATCGCCGTCATCG6TG6TGGTGTGGTGGCCCTCGTCGCCGGCATGGCCGTCCTGGTGATCACC 1200

11111111111111111111111111111 111111111111111111111111 111111111111111111111111111111111111111 111111111111111111111111111

TATTACCTGGACGAGATTCCCCCGAAGTTCTCCATGAAGCGCCTCACCGCCGGTCTCATCGCCGTCQTCGTGGTGGTCGTGGTGGCCCTCGTCGCCGGCATGGCCGTCCTGGTGATCACC;
300 * 323

AsnA~rgArgLysSerGlyLysTy~rLysLys~al G1uIleLysGluLeuGly~luLeuA~rgLys~luPr~oSerLeuEnd
AACCGGAGAAAGTCGGGGAAGTACAAGAAGGTGGAGATCAAGGAACTGGGGGAGTTAGAAAGAACCGAGCTTGTAGGTACCCGGCGGGGCAGGGGATGGGGTGGGGTACCGGATTCG 1320

11111111111111111111111111111111111111111111111111111111111111111II11111111111111111111111111111I11111111111111111111111111

AACCGAGAATGGGAAGTA CAAGAAGGTGGAGATCAAGGAACTGGGGGIAGTTGAAGACCGAGC TTGTAGGTACCCGGCGGGGCAGGGGATGGGGTGGGGTACCGATTTrCG

GTATCGTCCCAGACCCAAGTGAGTCACGCTTCCTGATTCCTCGGCGCAAAGGAGACGTTATCCTTTCAAATTCCTGCCTTCCCCCTCCC=TTTGCWtACACACCAGGTTTAASTAGATCC 144 0

111111111 11111111111111.1111111111111111111111111111111111111111111111111 111111111111:111111111111111111111111111111111111

GTATCGTCCCAGACCCAAGTGAGTCACGCTTCCTGATTCCTCGGCGCAAAGGAGACGTTATCCTTTCAAATTCCTGCCTTCCCCCTCCCTTTTGCGCACACACCAGGTnAATAGATCC.

TGGCCTCAGGGTCTC TGTCTTGAAGGAAGCATTTCTAATT TCCCCTT CGGTCAAAGACCTGACTGGGGATAGAGGGATGGCACAG 1 560

TGGCCTtCAGGGTCTCCTTTC=TTCCTTCTGTCTTGAAGGAACATTTAAAATGTATCCCCTTCGGTCCAACAACAGGAAACCTGACTGGGGCAGTGAAGGAAGGGATGGCATAG

* ~~~~~~*

CGTTATGTGTAAACAGTATCTGTATGACAACCCGGGATCGTTCAAGTAbCTGACCATTGCGAC ATTGAAGGCTTAAATGAGTTAGATGGAAATAGCGTTGTTATCGCC 168 0

111111111 111111111111111111111111111111111111111111111111111111111111111 1111111111111111111111111111111111111111111

CGTTATGTGTAAAAAACAGTTCTGTATGACAACCCGGGATCGTTTGCAAGTAACTGAACCATTGCAT TGAAGGCT AAATAGTTAGTGGATAGCGTTGTTATCGCC

TTGGGTTAAATTATTTGATGAGTTCCACTTGTATCATGGCCTACCCGAGGAGhAAGGGGTTAACTGGGCCTATGTAGTAGCCTCATTACCATCGTTTGTATTACTGACCAQAT 180 0

IIAI~~~~TTCCACTTGTTCTGGCCTACCCGAGGAGAA&AAAGGAGTTTGTTAACTGGGCCTATGTAGTAGCCTCATT ACCATCGTTTATCGACCAQAT

ATGCTTGTCACTGGGAACAkACGA CATGCCTGTT CAGCATGATGTC&ACTGCAGGAlCAGaACATCCTCAGTCTATTTATTCTTCAGCTTGCCCTTACTACCACT 192 0

ATGClUTTGM TGAAAGAAGCCTGTT CAGCTGCCTGAACGCAGTTGGATGTCTTTGAGAGCATTGCCCGGAAACTCAGTCTATTTATTCCTCAGCTTGCCCTTACTGCCACT

GATA =TTTAATG T AAAAITCGTTGATTTTGT CTTTGATAATGTTGCTG __ A A G A A A C G A 204 0

GATATTGGTAATGTTCTTTTTTGTAAAATGTTTGTACATATGTTGTCTTTGATAATGTTGCTGTAATTTTTTAAU&TAR&ACACGAATTTA TAlATAGGGAAAGGC (Al5) (1808)

GTTGGCATTTGTGAAAAGTCCCTCCAGAlCATCA CTTGGTCTCTAATIt:CCAAGACTT _Cl CCCCA GAAGTGGGTGTT 2160
CATGTTGCTACTCTGGTGTGTCCCAAGATATCCTAACTGGCCAGTGTAAATCATT ClTlc:AAAAGTTTTGAAACTTCCTTCAAACTGCAG,3 ' 2259

FIG. 2. Sequence of the GA733-1 full-length cDNA clone 17-1-4, shown in relation to the 2.2-kb genomic sequence (15). The intronless
nature of the GA733-1 gene is apparent from the colinearity of the two sequences. A putative Spl binding site, an atypical CAT box, and a
TATA box are underlined. Amino acid residues predicted by the cDNA sequence which differ from those predicted from the genomic
sequence are indicated in brackets. Nucleotide positions differing in the two sequences are marked with asterisks. Two possible
polyadenylation signals in the cDNA sequence are underlined.

lane 3) and in positive-control SW948 cells (Fig. 1, lane 1) placental library by screening with a genomic DNA fragment
but not in the negative-control melanoma cell line SKmel37 containing GA733-1 coding sequences. EcoRI digestion in-
(Fig. 1, lane 2). Under the stringent conditions of this dicated that two of the six clones contained full-length 1.8-kb
experiment, no hybridization was observed for the 1.45-kb inserts. To facilitate further analysis, a full-length cDNA
GA733-2 mRNA which is expressed in SW948 cells (29). clone was subcloned into the plasmid vector pBR322.

Six GA733-1 cDNA clones were plaque purified from the Sequence comparison between the GA733-1 cDNA clone
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GATCCCTAACGCCGCCATGGAGACGAAGCACCTGGGGCGGGGCGGAGCGGGGCGCGCGGGCCCACACCTGTGGAGAGGGCCGCGCCCCAACTGCAGCGCCGGGGCTGGGGGAGGGGAGCC
AP-1

TACTCACTCCCCCAACTCCCGGGCGGTGACTCTCAACGAGCAC'-CAGCGGCCAGAGGTGAGCAGTCCCGGGAAGGGGCCGAGAGGCGGGGCCGCCAGGTCGGGCAGGTGTGCGCTCCGCC
Exon 1

CCGCCGCGCGCACAGAGCGCTAGTCCTTfGGCGAGCGAGCACCTTCGACGCGGTCCGGGGACCCCCTCGTCGCTGTCCTCCCGACGCGGACCCGCGTGCCCCAGGCCTCGCGCTGCCCGG
t eDNA 5-end

MetAlaProProGlnValLeuAlaPheGlyLeuL
CCGGCTCCTCGTGTCCCACTCCCGGCGCACGCCCTCCCGCGAGTCCCGGGCCCCTCCCGCGCCCCTCTTCTCGGCGCGCGCGCAGCATGGCGCCCCCGCAGGTCCTCGCGTTCGGGCTTC

Iinmertion-
euLeuAlaAlaAlaThrAlaThrPheAlaAlaAlaGlnGl uG ...intrn 1 (3.8 kb)...
TGCTTGCCGCGGCGACGGCGACTTTGCCGCAGCTCAGGAAGGTGAGGCGCGGTTGGAGCAGAGTTGTGGAGCTGGGCTGGGCTGGGGGGCA TTATTATTACAATATAACTTAGCTGGG

Exon2 A
luCysValCysGluAsnTyrLysLeuAlaValAsnCysPheValAsnAsnAsnArgGlnCysGln

ACATGAGAGTTIATATCCACATTTTAAAGTGTTTATTTTCTAGsAATGTGTCTGTGAAAACTACAAGCTGGCCGTAAACTGC TTTGCTGAATAATAATCGTCAATGCCAG

CysThrSerValGlyAlaGlnAsnThrValIleCysSerLysL ktwn 2(Q237kb)
TGTACTTCAGTTGGTGCACAAAATACTGTCATTGCTCAAAGCfi GAGTAAAATATCCTAATTACCTGTAAGCTTTATTTTGACTTAATACTTCTTrAATTGATGTGCCTTGAGTTGGAA

AGAGTTTTATTGGCTTAAATCTGAATCATGTTACAAAGTAAGTGTGGGAACACATAAATTTCAAATAATCTTTGACCCTGGAACTTTAGAGTTAATTTTTTTTTrTCCCGTAATCATGAAA

euAlaAlaLysCysLeuValMeLysAlaGluMetAsnGlySerLysLeuGlyArgArgAlaLysProGluGlyAlaLeu
TCAGTT TTCATTTGGATAGTCTC~AQTGGCTGCCAAATGTTTGGTGATGAAGGCAGAATGATGGCTCAAAACTTGGGAGAAGAGCAAAACCTGAAGGGGCCCTC

Exon 3
GlnAsnAsnAspGlyLeuTyrAspP~roAspCysAspGl uSerGlyLeuPheLysAlaLysGlnCysAsnGlyThrSerThrCysTrpCys~alAsnThrAlaGlyValArgArg~hrAsp
CAGAACAATGATGGGCTTATGATCCTGACTGCGATGAGAGCGGGCTCTTAAGGNCCAAGCAGTGCAACGGCACCTCCACGTGCTGGTGTGTGAACACTGCTGGGGTCAGAAGAACAGAC

LysAspmhrGl uIleThrCysSerGl uArgValArgThrTy
AAGGACACTGAAATAACCTGCTCTGAGCGAGTGAGAACCTA21GAGTGGGGCTGCCTATACTACTTG=TTCATGCTGTTCAGATTCATTATATTATTATTTAATAT

Exon 4
...intron 3 (1.1 kb)... rTrpIleIleIleGluLeuLysHisLysAlaArgGluLysProTyrAspSerLysSerLeuArgTh

GATTTCATGGTT AACTGAACATTGTCTTTTTAACTTTATAiCTGGATCATCATTGAACTAAACA CAAGAGAAAAACCTrATGATAGTAAAAGTTTGCGGACjaAGTGCAATTA
A

AATGCATCATATTCTTGCACAGTTGGTGGCTCAAATCTTCCATCCTACACCATTAGAAAAAGCCAAGTCTAAATGCTTTTTTATATTTCTGAAAAATAAAGTTACTTGAAATAGAGTTGC
AAGAATAGCACAGAGATTCTGGGAATACACTTCACTCAGATTCACCAATTAACATTTTGGCACATTTGCTTTTTATATGTGTATGTGTGGATGAATATGTGTGTGTGCTTTACATCAGTG

...Inlron 4 (1.7 kb)...
ATCTATG TCCAGCCTGAATCAATTAT GATAGTTGCAAAATGGCAGAAAAATTTTAACTTTAATGACAGTTAGACCCTGAGCTGTCTGCTTAAAGAGTAGTGCTTCTTACTGT

A Exon5
rAlaLeuGlnLysGluIleThrThrArgTyrGlnLeuAspProLysPheIleThrSerIleLeu

TGTGTGGTACAAACAT mTA ~ TTTACA;TGCACTTCAGAAGGAGATCACAACGCGTTATCAACTGGATCCAAAATTTATCACGAGTATTTTGfaATGAT

...htron 5 (1.9 kb)...
ACTTAATGTGAATT AAATTTATATTT AAAAATCTTTTCA TCTCTTAGAAAAATTGTACATTGTAATTATGTTTGGGTTGCATGGCTGTCTTATTT

A

Exon6
TyrGluAsnAsnValIleThrIleAspLeuValGlnAsnSerS

GATTCTCAATTAATG ~lR~TATTTA TATTAATTTGTATTATTCAAT TTCCCCagi TATGAGAATAATGTTATCACTATTGATCTGGTTCAAAATTCTT

erGlnLysThrGlnAsnAspValAspIleAlaAspValAlaTyrTyrPheGluLysAsp
CTCAAAAAACTCAGAATGATGTGGACATAGCTGATGTGGCTTATTATTTTGAAAAAGATfLTGAGTATCATCTTCTTTATTCCTGTGTTCAGGAATGTAGTCTATCATGCCTCAATGAATT

AAATATATTTCATCACCTTTTTATCCACTTACAGATCAACCAAATGGTTCGCTGCTGCCGTTAATTTTGTCCTCCCTGTCACTCACATGCATCTTGCTTGTTTGTATA =ATGCCTCTT
...intron 6 (0.7 kb)...

ATCAAATTGTAAGT AAGAGAGGCTATGTGTTGTTGGCCTTGCATCTGGGTGATAGGTACATGGGCATCATTGCACTACTC CTACTTTCGTGTATGTTGAAAGGTTCCTGTAATAAAC
A

Exon 7
ValLysGlyGluSerLeuPheHisSerLysLysMetAspLeuThrValAsnGlyGl uGlnLeuAspLeuAspProGlyGlnThrLe

ATATTTTAATTCCTTTTCTCC=TTCAATACAQGTTAAAGGTGAATCCTTGTTTCATTCTAAGAAAATGGACCTGACAGTAAATGGGGAACAACTGGATCTGGATCCTGGTCAAACTTT

uIleTyrTyrValAspGluLysAlaProGluPheSerMetGlnGlyLeuLysAlaGlyVal IleAlaVal IleVal ValVal ValIleAlaVal ValAlaGlyIleValValLeu
AATTTATTATGTTGATGAAAAAGCACCTGAATTCTCAATG;CAGGGTCTAAAAGCTGGTGTTATTGCTGTTATTGTGGTTGTGGTGATAGCAGTTGTTGCTGGAATTGTTGTGCTGgIGAG

...infm 7(>1.4 kb)...
TACAGAACAAGTAAAATTTCATTTAAGGGTATATTCAAGAAAAAGTAATAGTGGCTGGGCGCGGTGGCTCACCACACCTGTTATCCCTACACTT TCAAAATTATGTCTATTAAAAG

A
Exon8

ValIleSerArgLysLysArgMetAlaLysTyrGluLysAlaGlu
CATATATGTCTGTTAGATAATC=TTTTGAATAGCAGTCCTAAAACAATAGTTGTCTTTCTTCCACTC~aiGTTATTTCCAGAAAGAAGAGAATGGCAAAGTATGAGAAGGCTGAGLIA

AATGGATTACTTACCTAAATAGAGCCCTGTTGAATCTCTTACTCCTAATCACTCTACCTTCCTACACACTGATGCATTCAGTTATACTGGAGTCCC=ATACTGTTGTCTTAGG
...intron 8 (1.2 kb)...

GTCTTAGGGACAGTCTTAGAATGTACTCTTACCTAAATATTCTTGCGTTGAGTTTCCATGGCAGATCACCATCT AATATAACTTCTTTTTTrTATTTAAATAAGTCTTATAAATGTGG

IleLysG
GAAAATTATCTTGTGTTCCmATTTAA=AmITTATTITAATACTATTTCAGATACAAGATTX;AAAAATTATTTAGAA =TTTTCTGTGCTTTTTCCTGTTTC~AGrATAAAGG

Exon 9
1uMetGlyGluMetHlsArgGluLeuAsnAlaEnd
AGATGGGTGAGATGCATAGGGAACTCAATGCATAACTTATAATTAAGTTATGAAAAGGAAATAGCAAATGGACACAAATTACAAATGTGTGTGCGTGGGACGAA

120

240

360

480

600

720

840

960

1080

1200

1320

1440

1560
1680

1800

1920

2040

2160

2280

2400

2520

2640

2760

2880

3000

3120

3240

3360

3480

3600

3720

kGACATCTTT 3840

,TGTCTTATA 3960
rfAT'TGTGA 4080
k cDNA 3'-erd

4200
CTTTTCTITITTTTTTTTGAGA-3' 4226 - cDNA 3T-end

FIG. 3. Organization of the GA733-2 gene. Putative binding sites for the Spl and AP-1 and transcription factors are underlined. The
position corresponding to the 5' end of the cDNA clone with the longest reported 5'-untranslated region (22) is underlined. Vertical bars
delineate the 20-base insertion observed in the 5'-untranslated region of one of three cDNA clones, and the associated 10-base repeats are
overlined. The first and last 2 bases of the introns conform to the GT-AG rule. Three poly(A) addition signals observed in cDNA clones are
underlined.

TATGCAGATCTAATGTAAAATCCAGAACTTGGACTCCATCGTTAAAATTATTTATGTGTAACATTCAAATGTGTGCA=&MTATGCTTCCACAQINIAATCTGAAAAAC-1

TTGAAAGCTGCCTTTCTATTTACTTGAGTCTTGTACATACATACTTTTTTATGAGCTATGAZATA&&ACA7MAAACTraAATTTCTTAACTTTGACATTTCAAATTTCTTCTTCTTTTT
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Exon 2:EGF-like repeat Exon 3:Thyro-like repeat

ECVCENYKLAVNCFVNNNR-QCQCTSVGAQNTVIC---SKLAAKCLVMKAEMSGSKLGRR
NCTCPTNKMTVCSPDGPGG-RCOCRALGSGMAVDC---STLTSKCLLLKARMSAPKNART
ECQPSRCHPDAFCYNTPGSFTCQCKPGYQGDGFRCVPGEVEKTRCQHEREHILGAAGATD
-----------------------------------------RTPCQQELDQVLERISTMR
-------------------------AGVQ---------DTEMGPCRRHLDSVLQQLQTEV
------------------------------------------GPCRREMEDTLNHLKFLN
-C-PTKCEVERF---TATSFG---------------------------------------
V----------------------------------------LTKCQEEVSHI--------

-AKP-EGALQNNDGLYDPDCDESGLFKAKQCNGTST-----CWCVNTAGVRRTD---K-D
LVRPSEHALVDNDGLYDPDCDPEGRFKARQCNQTSV-----CWCVNSVGVRRTD---KGD
PQRPI-PP-----GLFVPECDAHGHYAPTQCHGST----GYCWCVDRDGREVEGTRTRPG
LPDER-GPLEHLYSLHIPNCDKHGLYNLKQCKMSLNGQRGECWCVNPNTGKLIQGAPTIR
YRGAQ-T-------LYVPNCDHRGFYRKRQCRSSQGQRRGPCWCVDRMGKSLPG-SPDGN
VLSPR-G-------VHIPNCDKKGFYKKKQCRPSKGRKRGFCWCVDKYGQPLPGYTTKGK
------HP-------YVPSCRRNGDYQAVQCQ-TE----GPCWCVDAQGKEMHGTR-QQG
--PAV-HP-----GSFRPKCDENGNYLPLQCYGSI----GYCWCVFPNGTEVPNTRSRG-

* * * ** **

TEITCSERVRTY
LSLRCDELVRT-
MTPPCL----ST
GDPECH-L---F
GSSSCP-TGSSG
EDVHC----YSM
EPPSC------A
-HHNC-----SE

*

FIG. 4. Common ancestry of GA733-2 exons with other sequences. Portions of otherwise unrelated sequences are aligned to sequences
encoded by exons 2 and 3 of the GA733-2 gene (delineated by vertical bars). Multiple sequence alignment was performed with CLUSTAL
V by using a fixed gap penalty of 10, a floating gap penalty of 10, and the PAM 250 protein weight matrix. Amino acid positions identical (*)
and chemically conserved (.) in all eight sequences are indicated. Cysteine positions are shown in boldface. IGFBP2, -3, and -4, insulin-like
growth factor binding proteins 2, 3, and 4, respectively; THYRO, thyroglobulin (exon 8); HDRI, HLA-DR antigen-associated invariant chain
(exon 6b).

and the previously sequenced GA733-1 gene confirmed that
this gene contained no introns (Fig. 2). Single base differ-
ences were found at 7 of 1,793 possible positions. Three base
substitutions occurred in the coding region. Two of these
substitutions resulted in very conserved exchanges between
Asp and Glu (codons 147 and 216), and the third substitution
is silent (codon 276). These variations may represent poly-
morphisms, although it cannot be ruled out that reverse

transcriptase errors had occurred during the construction of
the cDNA library.

Isolation and partial DNA sequence analysis of the GA733-2
gene. Two X clones for the GA733-2 gene were characterized
in detail. Clone X21726, spanning 13.2 kb, was isolated from
the LN87 library by using a full-length cDNA probe. Clone
X19A12S66, spanning 19.0 kb, was isolated from the lym-
phocyte library by using a 3'-end DNA probe.
The organization of the GA733-2 gene was established by

DNA sequence analysis. Comparison between genomic and
cDNA sequence data (29) revealed that the GA733-2 gene
consists of nine exons with consensus exon and intron
junction sequences (Fig. 3). The X21726 clone contained a

portion of the putative promoter, exons 1 through 7, and a

portion of intron 7. The X19A12S66 isolate contained a
nonoverlapping portion of intron 7, exon 8, and exon 9.
The full characterization of the GA733-2 promoter will

require the isolation and analysis of additional genomic
clones and a definitive establishment of the RNA start sites.
On the basis of limited data, the GA733-2 and GA733-1 genes
have different promoters. Putative promoter sequences of
GA733-2 had no homology with sequences 5' to the GA733-1
coding region. GA733-2 was found not to have a TATA or

CAAT box (Fig. 3), as was observed in the putative GA733-1
promoter region (15) (Fig. 2). The consensus binding site for
the Spl transcription factor observed in GA733-2 differed
from the Spl site found in GA733-1 (15) (Fig. 2). A potential
AP-1 transcription factor binding site was identified in the
GA733-2 sequence (Fig. 3), whereas none was observed in
GA733-1 (15) (Fig. 2).
We had previously observed a 20-base insertion in the

5'-untranslated region of the GA733-2-2 cDNA clone (29) but
not in independently isolated cDNA clones (22, 28). Analysis
of GA733-2 genomic sequences revealed that this difference
was not due to alternative splicing. The entire 107-base
5'-untranslated region of GA733-2-2 was contained within
exon 1. Ten bases of flanking DNA are repeated in the
20-base insert. This phenomenon may represent a polymor-
phism; however, the Mendelian inheritance of the insertion
has not been investigated.
The boundaries of the GA733-2 exons corresponded to the

predicted structural domains of this type I membrane protein
(29). Amino acid sequences encoded by exon 1 correspond
to the putative signal peptide sequence. The putative extra-
cellular domain is encoded by exons 2 to 6. Exon 7 encodes
the hydrophobic transmembrane domain. Exon 8 encodes a

portion of the cytoplasmic domain, including a clustering of
six positively charged amino acids. Exon 9 contains the final
13 residues of the cytoplasmic domain, the termination
codon, and all of the 3'-untranslated region.

Introns with sizes of s1.7 kb were successfully sized by
PCR amplification of cloned genomic DNA templates with
primers from adjacent exons. The identities of PCR products
were verified by Southern blotting with nested oligonucle-

GA733-2
GA733-1
NIDOGEN
IGFBP2
IGFBP4
IGFBP3
THYRO
HDRI

GA733-2
GA733-1
NIDOGEN
IGFBP2
IGFBP4
IGFBP3
THYRO
HDRI

GA733-2
GA733-1
NIDOGEN
IGFBP2
IGFBP4
IGFBP3
THYRO
HDRI
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10027
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FIG. 5. Chromosomal mapping studies of the GA733-2 gene family. A completely stippled box indicates that the hybrid named in the left
column contains the chromosome indicated in the upper row; lower-right stippling indicates the presence of the long arm (or part of the long
arm, indicated by a smaller fraction of stippling) of the chromosome shown above the column; upper-left stippling indicates the presence of
the short arm (or partial short arm) of the chromosome listed above the column. The columns for chromosomes 1 and 4 are boldly outlined
and stippled to highlight the correlation of the presence of these chromosomes (or regions of chromosomes) with the presence of the GA733-1
and GA733-2 genes, respectively. The pattern of retention of the GA733-1 and GA733-2 genes in the panel is shown to the right of the figure
where the presence of the gene in a hybrid is indicated by a stippled box with a plus sign and absence of the gene is indicated by an open box
enclosing a minus sign. nt, not tested.
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FIG. 6. Regional localization of the GA733-1 and GA733-2 genes. DNA from rodent-human hybrids retaining portions of chromosome 1
or 4 was tested for retention of the respective genes as shown in Fig. 5. Most hybrids retaining partial chromosome 1 have been described
previously (19). The exact breaks in hybrids 77-30, J14-2, and PB5-1 are not known, as indicated by the dotted regions. Because of this
uncertainty, there are two regions on chromosome 1 where GA733-1 could map, either lp32-lp3l or 1p13-1q12. For chromosome 4, hybrids
G5, 77-31, and 3a carry a portion of chromosome 4p. Hybrid GM10115 carries only chromosome 4. The presence of the GA733-2 gene in
hybrid GM10115 and its absence in hybrids G5, 77-31, and 3a localize the GA733-2 gene to chromosome region 4q. The arrows indicate the
regions where the GA733-1 or GA733-2 genes are located.
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Thyroglobulin m
6b

HDRI

Nidogen

Exon shuffling

GA733-2

5'-rwlansl./
s~naL seq.

EG
rE

2 3 4 5 6 7

'F-IUke Thyro-type I Transmembrane

repeat repeat domain

Retroposition
Chromosome #1

GA733-1

FIG. 7. Evolution of the GA733-1 and GA733-2 genes. Exon-shuffling events have occurred among the genes for the HLA-DR-associated
invariant chain (HDRI), thyroglobulin, and GA733-2. Nidogen gene structure is unknown but is likely to consist of exons and to have
participated in the shuffling of a pair of exons, since two closely linked exons of GA733-2 are homologous to sequences juxtaposed in nidogen.
The GA733-2 gene consists of a total of nine exons, some encoding structural motifs of the transmembrane protein. The retroposition of the
GA733-2 gene occurred after the exon-shuffling events.

otides (data not shown). Larger introns had to be sized by
restriction enzyme mapping and Southern blotting with
exon-specific oligonucleotide probes. Intron 2 was deter-
mined by DNA sequencing. Restriction enzyme analysis of a
X21726 subclone indicated that intron 7 is at least 1.4 kb. The
full extent of this intron could not be determined, despite the
analysis of two additional X clones. This intron is apparently
quite large, and its isolation and characterization will prob-
ably require cosmid cloning. On the basis of the analyses of
the 21726 and 19A12S66 X clones, a minimum estimate of
13.9 kb can be obtained for the size of the GA733-2 gene.

Sequences homologous to GA733 genes. Computer analysis
of sequence data bases revealed homologies characteristic of
exon shuffling. A multiple sequence alignment was per-
formed with amino acid sequences encoded by exons 2 and
3 of GA733-2, a portion of GA733-1, and portions of six
human sequences otherwise unrelated to the GA733 genes

(Fig. 4).
All exons of the GA733-2 gene are represented in the

intronless GA733-1 gene. The sequence motifs encoded by
exons 2 and 3 are also juxtaposed in the cell matrix protein
nidogen. Exon 2 of GA733-2 encodes a cysteine-rich se-
quence that is homologous to the epidermal growth factor-
like repeat Ild of nidogen (20, 24). Exon 3 of GA733-2
encodes a cysteine-rich thyroglobulin type I repeat, as does
a segment of nidogen, exon 6b of the HLA-DR-associated
invariant chain gene, and segments of several insulin-like
growth factor binding proteins. Overall, 10 of 117 possible
positions were identical, and 2 were conserved in all eight
sequences. The positions of cysteine residues were particu-
larly well conserved.

Southern blot hybridizations with GA733-1 and GA733-2
DNA probes under various stringencies indicated that se-
quences homologous to both genes were present in DNA
derived from monkey COS cells, murine LTK- cells, ham-
ster CHO cells, and chicken erythrocytes (data not shown).
These studies gave no indication of recent duplications of
either gene.

Chromosome mapping of the GA733 gene family. Southern
blot analysis of a panel of DNAs derived from rodent-human
hybrids (5, 10) was used to map the GA733-1 and GA733-2
genes. Chromosome regions retained by each hybrid are
diagrammed in Fig. 5.
By using the pBR322 subclone 17-1-4 as a probe, the gene

for GA733-1 was found to be located on chromosome 1
(summarized in Fig. 5). Hybrid 77-30 retains a portion of
chromosome 1 between lp3l and 1q12 and is negative for
GA733-1. Hybrid J14-2 retains a portion of 1q distal to 1q12
and is negative for the GA733-1 gene. Hybrid PB5-1 retains
a portion of chromosome 1 between lp32 and 1q12 and is
positive for GA733-1. As diagrammed in Fig. 6, the GA733-1
locus maps to chromosome region 1p32-1p31 or to the
pericentric region of chromosome 1 (where the presence or
absence of overlap among these three hybrids is unknown).
The GA733-2 locus was present only in hybrids retaining

chromosome 4 and was absent in hybrids which did not
contain chromosome 4 (summarized in Fig. 5). Hybrids G5,
77-31, 3a, and 77-30 retain portions of 4p but are negative for
sequences which map to 4q (not shown). These hybrids are
negative for GA733-2 sequences, suggesting that the
GA733-2 locus maps to 4q (Fig. 6).

Evolution of the GA733 gene family. The combined results
of molecular cloning, DNA sequencing, amino acid se-
quence comparisons, and chromosome mapping studies in-
dicate that both exon shuffling and retroposition have been
factors in the evolution of the GA733 gene family (Fig. 7).
Exon 3 of the GA733-2 gene exhibits common ancestry

with the thyroglobulin type 1 repeat encoded by exon 8 of
the thyroglobulin gene. Exon 6b of HLA-DR-associated
invariant chain is homologous to exon 3 of GA733-2, by
virtue of its homology with exon 4 of thyroglobulin, which
also encodes a type 1 repeat. The nidogen and GA733-2
genes may have acquired a closely linked pair of exons for an
epidermal growth factor-like repeat and a thyroglobulin type
I repeat.
The chronological order of these complex exon-shuffling

8

Cyto.
anchor

9

t 4
3'-untansL

06--

VOL. 13, 1993



1514 LINNENBACH ET AL.

events is unknown. However, these exon-shuffling events
must have preceded retroposition, since all GA733-2 exons
are represented in the GA733-1 sequence. The retroposition
event in this gene family occurred between ancestral chro-
mosome regions that correspond to present-day regions of
chromosomes 4 and 1.

DISCUSSION

To allow for immunological, physical, and biochemical
studies of MAb-defined tumor-associated antigens, we have
molecularly cloned antigen sequences (15, 29, 30) to produce
large quantities of recombinant antigen (26). During the
course of a genomic cloning experiment designed to isolate
the gene for the antigen defined by MAb GA733, we isolated
the related GA733-1 gene with a GA733-2 oligonucleotide
probe (15). Serendipitously, the oligonucleotide probe cor-
responded to the region with the highest degree of homology
between the two sequences (29). The unusual structure of
the transcriptionally active GA733-1 gene led us to investi-
gate the evolution of the GA733 gene family by studying how
the GA733-2 gene was organized.
For this study, a full-length GA733-1 cDNA clone and

genomic clones for GA733-2 were isolated, analyzed by
DNA sequencing, and chromosomally mapped. By compar-
ing GA733-1 cDNA and genomic sequences, we have con-
firmed that the actively transcribed GA733-1 gene is intron-
less. By comparing GA733-2 cDNA and genomic sequences,
we have determined that the GA733-2 gene consists of nine
exons with consensus exon and intron junction sequences.
Chromosome mapping studies showed that the GA733-2
gene is located on chromosome 4 and that the GA733-1 gene
is located on chromosome 1. Thus, gene duplication had
occurred by a retroposition event whereby the GA733-2
founder gene gave rise to the GA733-1 retroposon.
The GA733-1 promoter is necessarily distinct from the

promoter of its founder gene, since GA733-1 arose via an
mRNA intermediate. This is supported by the lack of se-
quence homology between genomic sequences 5' to the
GA733-1 and GA733-2 coding regions described here and by
the previous observation ofvarious levels of activity of these
promoters in a given cell type (15, 29).

Portions of GA733-2 sequences were found to be homol-
ogous to portions of several genes. A comparison of the exon
organization of these genes with that of GA733-2 revealed
that the phenomenon of exon shuffling (8) could account for
these homologies. The epidermal growth factor-like repeat
encoded by exon 2 and the thyroglobulin-like repeat encoded
by exon 3 of GA733-2 are present in several otherwise
unrelated genes. It is interesting that these sequence motifs
are also juxtaposed in the predicted amino acid sequence of
the cell matrix adhesion protein nidogen. The exon organi-
zation of the nidogen gene is unknown; however, given the
observation that intron 2 of GA733-2 has a relatively short
length of 237 bases, it is likely that these exons were shuffled
as one unit. The nidogen homology is the most extensive
homology observed between GA733 and other sequences.
On the basis of this relationship, it has been suggested that
the GA733 antigens function in cell-cell or cell-matrix inter-
actions (24).
Three other GA733-2 exons encode important structural

features of the GA733-2 type I membrane protein. Exons 1,
7, and 8 encode the signal peptide, the transmembrane
domain, and the cytoplasmic anchor, respectively. It is
likely that the acquisition of exon 8 was a critical event in the
evolution of this transmembrane protein, as it encodes a

clustering of positively charged amino acids which probably
anchor the protein in the membrane.
Sequences encoded by present-day GA733-2 exons are all

represented in the GA733-1 gene. Thus, the exon-shuffling
events predated the retroposition event, and no additional
shuffling events have occurred since retroposition. More-
over, the degree of homology among shuffled exons is less
than the degree homology observed between the GA733-1
and GA733-2 genes.
Evidence for the approximate age of the GA733-2 gene

family was obtained by Southern blot assay for the presence
of homologous sequences in other species. The monkey,
mouse, hamster, and chicken were found to have sequences
homologous to those of both the GA733-1 and GA733-2
genes. Direct evidence for a functional GA733-2 gene in the
mouse has been provided by an analysis of a cDNA clone
derived from a murine plasmocytoma cell line (3). The
coding region of this murine cDNA was 80% homologous to
human GA733-2 coding sequences and 56% homologous to
human GA733-1 coding sequences. GA733 genes have not
been molecularly cloned from other species. On the basis of
Southern blot data, the retroposition event which gave rise
to GA733-1 preceded the divergence of avian and mamma-
lian lineages about 300 million years ago.
We have recently transferred a GA733-1 cDNA clone into

a eukaryotic viral expression vector and have observed that
recombinant virus directs the expression of a novel protein
with the predicted molecular weight in infected cells. The
production and purification of recombinant GA733-1 protein
will enable the production of polyclonal and monoclonal
antibodies. This will then allow the study of the expression
of the native GA733-1 antigen in normal and tumor tissues.
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