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The murine class I molecules are a family of cell-surface glycoproteins that
includes the transplantation antigens H-2K, H-2D, and H-2L, as well as the
lymphoid differentiation antigens Qa-1, Qa-2, Qa-3, and thymus leukemia (TL)!
antigen. These antigens are encoded in the major histocompatibility complex
(MHC) on chromosome 17 (Fig. 1). Class I molecules have molecular masses of
40-45 kilodaltons (kD), and associate noncovalently with 82-microglobulin. The
transplantation antigens are important cell-cell recognition molecules for cyto-
toxic T lymphocytes (1). The function of the Qa/TL antigens is unknown, but
their presence on lymphoid cells, coupled with their homology to transplantation
antigens, suggests that they too may be involved in cell-cell interactions in the
immune system.

TL antigen is a class I molecule of special interest because of its varied patterns
of expression in both normal and leukemic cells. Transplantation antigens are
expressed on virtually all somatic cells, while TL antigens are expressed only on
thymocytes, some thymic leukemias, and activated T lymphocytes (2-4). In
prothymocytes, TL antigen expression is induced in response to thymic hormones
during the maturation of these cells into thymocytes (5, 6). Mature T cells that
migrate to the peripheral lymphoid system no longer express detectable TL
antigen, except when stimulated to proliferate (4). Six serologically defined
alleles of Tla exist, and mice having the three most commonly studied alleles,
Tla*, Tla® and Tla‘, differ in the quantity of TL antigen expressed on their
thymocytes, as well as in serological determinants (7, 8). Thymocytes from Tla*
mice express about 20 times as much TL antigen as those from Tla® mice, while
thymocytes from Tla" mice are generally considered to be TL™; however, one
report (8) suggests that Tla® thymocytes may express very low amounts of TL
antigen. In contrast, leukemias of all three strains may express TL antigen at
levels comparable with Tla” thymocytes.

In the past four years, our understanding of class I genes has increased
dramatically due to the isolation of complementary DNA (cDNA) clones from
both human and mouse class 1 genes (9-11). Steinmetz et al. (12, 13) used a class
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I ¢cDNA clone to isolate 36 class I genes from A phage and cosmid genomic
libraries constructed from BALB/c mouse DNA. The chromosomal location of
each gene was mapped using strain-specific restriction enzyme polymorphisms
and recombinant mouse strains, and five of these genes mapped to the H-2
complex, while the remainder mapped to the Qa-2,3 and Tla regions (14). To
identify the genes encoding serologically defined products, each of the cloned
genes was transformed into mouse fibroblasts (L cells) by DNA-mediated gene
transfer, and the resulting transformants were examined with monoclonal anti-
bodies (mAb) against H-2K¢, H-2L¢, H-2D¢, Qa-2,3, and TL antigen (15). The
K4 LY D? Qa-2,3, and two Tla genes were identified by this method. Since then,
numerous class I genes have been sequenced, including the three BALB/c
transplantation antigen genes and two Qa-2, 3 region genes (12, 16-20). However,
none of the serologically defined Qa/Tla genes have been characterized to date.

In this report, we present the complete genomic nucleotide sequence and
analysis of a BALB/c gene (Tla®) encoding a TL antigen. The polypeptide chain
is encoded in six exons homologous to the first six exons of other class I genes.
Southern blot analyses using Tla-specific probes subcloned from this gene have
allowed us to reorganize the Tla-region gene clusters described earlier (13), and
have reduced the number of class I genes detected in the BALB/c mouse to 33:
18 in the Tla region, 10 in the Qa-2,3 region, and 5 in the H-2 region.

Materials and Methods

Materials. Restriction endonucleases and T4 DNA ligase were obtained from New
England Biolabs, Beverly, MA. The large fragment of E. ¢coli DNA polymerase was from
Bethesda Research Laboratories, Gaithersburg, MD. Deoxynucleoside triphosphates
(ANTP) were obtained from Sigma Chemical Co., St. Louis, MO, dideoxynucleoside
triphosphates and the 15-nucleotide sequencing primer from Collaborative Research
(Waltham, MA), and «-[**P]dNTP from Amersham Corp. (Arlington Heights, IL). E. coli
strain JM103, phage M13mp8, and phage M13mpl0 were from Bethesda Research
Laboratories.

Methods. Commonly used recombinant DNA procedures such as gel electrophoresis,
Southern blotting, nick translation, growth of plasmids and phage, and restriction endo-
nuclease digestions followed previously described protocols (21, 22).

DNA Sequence Analysis. The sequencing reactions for the chain termination or chem-
ical degradation methods were carried out according to previously published procedures
(23, 24). Overlapping subclones for chain termination sequencing in phage M13 were
generated using a deletion subcloning method similar to several published methods (25-
27).

Results and Discussion

Gene 17.3A Encodes a Serologically Defined TL Antigen. Clone 17.3 was previ-
ously shown (15) to transform mouse L cells to the TL" phenotype, as assayed
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FIGURE 1. Genetic map of the MHC. Genes indicated with open boxes encode class I
molecules. The order of loci within brackets is not known. Distances are in centimorgans (cM).
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by anti-TL mAb in a radioimmunoassay. A partial restriction map of the
eukaryotic insert of clone 17.3 is shown in Fig. 2. Since clone 17.3 contains two
class I genes (denoted 17.3A and 17.3B), it was necessary to determine which of
the genes was responsible for the TL-transforming activity. Digestion of clone
17.3 with the restriction endonucleases Sac II or Bam HI, which cut within
17.3B, did not affect the TL-transforming activity, whereas digestion with Eco
RI, which cleaves only within 17.3A, abolished the TL-transforming activity (R.
Goodenow, California Institute of Technology, unpublished results). Also shown
in Fig. 2 is pTLA.1, a pBR322 subclone derived from 17.3 that contains only
gene 17.3A. Subclone pTLA.1 contains the TL-transforming activity of clone
17.3, and this activity is abolished by digestion with Eco RI. Since Eco RI digests
the insert DNA only once, within gene 17.3A, we conclude that gene 17.3A
encodes a serologically defined TL antigen.

The 17.3A Polypeptide Chain in Encoded by Six Exons Homologous to the First Six
Exons of Transplantation Antigen Genes. 'The nucleotide sequence of gene 17.3A
was determined using the sequencing strategy shown in Fig. 2. The DNA
sequence is shown in Fig. 3. The first five exons of gene 17.3A correspond both
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FIGURE 2. Restriction map and sequencing strategy for gene 17.3A. (A) Partial restriction
map of the insert of Charon 4A clone 17.3A. Open boxes indicate regions hybridizing with
class I cDNA clones (11), and the arrows indicate the transcriptional orientation of the two
class I genes, 17.3A and 17.3B. Eco Rl sites marked with an asterisk result from the addition
of Eco RI linkers during the construction of the phage library (28). (B) Partial restriction map
of the eukaryotic insert of pTLA.1, a subclone derived from 17.3. pTLA.1 contains a 16.5
kb Cla I-Bam HI fragment that includes 3.5 kb of sequence from the left arm of Charon 4A
(not shown) subcloned into Cla I-Bam HI-digested pBR322. (C) Restriction map and sequenc-
ing strategy for gene 17.3A showing the locations of TL antigen—coding sequences (solid
boxes) and Alu-like repetitive elements (hatched boxes) related to either the mouse Bl or B2
sequences (29, 30). Sequencing done by the chain termination method (23) is indicated with
straight arrows, while that determined by the chemical degradation method (24) is indicated
by wavy arrows. The parts of the gene that were subcloned to make the two Tla-specific
probes, pTLA.4 and pTLA.5, are shown as brackets above the'map. The scale is in kb.
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in sequence and in the position of intron-exon borders with the first five exons
of other class 1 genes. These exons encode a hydrophobic leader peptide, three
external protein domains of about 90 amino acids each, and a hydrophobic
transmembrane segment. A cytoplasmic protein domain is encoded entirely by
exon 6, unlike transplantation antigens, where the cytoplasmic domain is usually
encoded by three exons.

The first exon of 17.3A encodes a hydrophobic signal peptide that is either
24 or 26 amino acids long, depending on which of two in-frame AUG start
codons initiates translation. Ordinarily, the first AUG encountered in a eukar-
yotic messenger RNA (mRNA) initiates translation (31). The reason for the
uncertainty is that a potential TATA box (bases 196-199) is located so close to
the beginning of exon 1 that the first AUG (bases 220-222) might not be
included in the mRNA, assuming, as with other eukaryotic genes, transcription
begins 26-34 basepairs (bp) downstream of the TATA box (32). There are other
AT-rich regions that might serve as TATA boxes (bases 144-149, 154-160),
and although a consensus sequence CCAAT box is not found, several similar
sequences are associated with the potential TATA boxes (CCATT at bases 93—
97, CAAGT at bases 174-178, CAAA at bases 181-184).

Exons 2, 3, and 4 encode three protein regions of ~90 amino acids each, and
are denoted al, o2, and a3, respectively (33). These three regions comprise all
of the TL molecule that is exposed on the cell surface. The positions of cysteine
residues are homologous to those of other class I genes: both the a2 and a3
regions contain cysteine residues ~60 amino acids apart, suggesting that each
contains an intrachain disulfide linkage, while the a1 region contains no cysteines.
The TL molecule encoded by gene 17.3A contains two potential carbohydrate
attachment sites (Asn-X-35,), both in the @1 domain, at amino acids 86 and 90.
It is not known from biochemical data how many carbohydrate moieties are
present on TL molecules from BALB/c (Tla) mice, but there is only one moiety
on TL molecules encoded by the Tla® allele (34).

Exon 5 encodes the transmembrane segment of the TL polypeptide. The
translated amino acid sequence contains 38 amino acids, including a span of 20
uncharged and generally hydrophobic amino acids (15 hydrophobic, 3 glycine,
and 2 serine residues) that presumably span the lipid bilayer and terminate in a
cytoplasmic region with two positively charged amino acids.

Three regions homologous to the sixth, seventh, and eighth exons of other
class I genes can be identified in gene 17.3A, and are indicated in Fig. 3.
However, in gene 17.3A, an in-frame termination codon is reached in exon 6,
so this exon encodes the entire cytoplasmic domain and the C-terminus of the
TL polypeptide chain. This fact is corroborated by the DNA sequence of a
closely related Tla® cDNA clone isolated using a transmembrane probe from
gene 17.3A. In this cDNA clone, the protein-coding sequence terminates in exon
6, and no RNA splice sequences are used downstream of exon 6 (Y. Obata, Y.
Chen, E. Stockert, and L. Old, Memorial Sloan-Kettering Cancer Center, NY,
personal communication). The cytoplasmic domain of gene 17.3A is two amino
acids shorter than the cytoplasmic domain of the L® molecule, and has only 30%
(7 of 23) amino acid homology with the L molecule.

The low sequence homology between transplantation antigens and gene 17.3A
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AAGTCCCGGAAGTGGTCBTCAGGGTCTGABCCTGAAGGCGGGGGATTAGGTTGGGCTGTACAGAACTATAGTTTCACTYTTTGCTCICTE

TACCATTGTCAGATTGTCTTCAAABBCCTTGCACTCCTGCCGAGAGCAGGTACTTAGAAGATGCAACAAAACTCTCTGAGTTGCAAGTTA

EXON M A M G T [¢] v P s T L L
CAAAGTCCAAGALCTTTATACAACTTCGGATCTCCCTAAC ATG AGG ATG GGG ACA CAA GTG CCT AGC ACC CTC CTC

I L L A A S o] v [e] T [¢] T C
ATC CTC CTG GCT GCC TCA CAA GTC CAG ACC CAG ACC TGC CCG G GTGAGTGCTGGATGAGGAGGGAAACAGCCTTT
TAGGGGAGGGGCGGAGGTCCATCCTCCACCAGACCCTCCACCACTTCTCCACTCAAGBCCCTAGACCTGAGTCCTTCTACTTCCCTGGEC

EXON 2 G s H S L R Y F
TGCACACCCTGCCGGGETTCTGGGAGGAGGTCGGAGBTCTCACCACGCGCCGCCCCLAG GC TCA CAC TCG CTG AGG TAC TTC

Y T A L S A P A I S E P w Y 1 A v 6 Y L 3] 0
TAC ACC GCC TTG TCC CGA CCT GCA ATC AGC GAA CCA TGG TAC ATC GCT GTG GBC TAC CTG GAT GAC

T [+ F A R F D S A 1 E T G T Y K L s A P W v
ACT CAG TTC BCG CGC TTC GAC AGC GCA GGG GAG ACT GGG ACA TAT AAG CTA AGT GCG CCA TGG GTG

E [¢] E G P E Y A E T A T N A a F F
GAG CAA GAGB GGG CCC GAG TAT TGG GCG AGA GAG ACA GAG ATC GTC ACA AGC AAT GCA CAG TTT TTC

A E N L Q T M L o Y Y N L s [¢]
CGC GAG AAT CTG CAG ACT ATG CTG GAC TAC TAC AAC CTG AGT CAA AAT G GTGAGGAACCCCCCAAATCTAAGA
GTCTGTCCCCACTCCTCTCCCTCTTATGCAAGCCACCTAATCATGGGGTGCAAAAGGGACCGGTTTCCCTTTCAGTTTGGAGAATTCCTA

EXON 3 G s H T I [¢] v M Y G c E v E
GGGTGGGCGGGTCTGACTAGGAGAGGGGGCCAG GC TCT CAC ACC ATC CAG GTG ATE TAT GGC TGT GAG GTG GAG
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TTC TTC GGG AGC CTC TTC CGC GCT TAT GAG CAG CAT GGC TAT GAT GGC CAA GAT TAC ATC BCC CTG
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AAT GAA GAT CTG AAA ACBG TGG ACA GCA GCA GAC ATG GCA GCA GAG ATC ACC AGA AGC AAG TGG GAG

A G Y T E L R R T Y L E G P c K 0 S L L A
CAG GCT GGT TAT ACA GAB CTC CGT AGG ACA TAC TTG GAG GGC CCA TGC AAG GAT TCC CTG CTC AGA

Y L E N R K K T a E c T

TAC CTG GAG AAC AGA AAA AAG ACA CAG GAG TGC ACA G GTGGGTGGCTGCAGGCAACTCCATCTCCCTTTIGCCTCTGT
ACTGAGTTCAGTCCAGAGAGAGCAGAAACTCACTAGCTGGGAAAACTCCCATCTCTTTTITCTTTITICTITTTGTITGTTIGTITGCTTE
TTTGGTTGGT TTTTTTGTCT TTTAATTTTAAAAGGTGACAACAGAGAAATAGCATATGGAAATTACACAAAGCAAAGGCTATACCCAGETY
CAATAACTTATAAACANTTAAAANNCCCACTTTGGACCASTAGAGGATATGPATTTTACATATTTTCCATTAAATATACTCATGCTATCC
AACATCGACCCAGGGGTCAGGGCAGGAGABAGAGACAGAGACAGAGACTCACAGACACAGAGAGACAGAGGCAGAGGCAGAAAGAGATGE
AGAGACAGAAAGAGAGAAAATCAGTGGCAGAATTAGAAGTAGCTATCAATTATTGCCCTGCCATTATCCATTCGTGTCLOTTTACCTACAT
TTGAGTCCTTGCCCATCTCCAAGTATTAGCCTTTCCTGATTTAATTATGTCATGTTGCAAGTAACAACAGGTCACATTCTTAACAAGTAG
TACGTTTTTTTIGTGTCY TTGTTTCTTTIGTTITGTTTGTTTTGCTAAATTACCTCTATGAGCAAAAAGACTGCAGTTTTACTTCCTGTTGTT
GTTCTGAGATGGGTGGACTTTGTTGAATATTGTATATTCAAAGTTCATCAATTTTCCTAGATAATTGTGTGATTACATTGTGTAGAGCTC
AACAGGATTCCACTTTATATATATACCCCATATTCGTTAGTCACTTAAGTGAATGCTGGGTTGCTTTACTGCAATAGCTAAGATCTCACS
CTCCATATCAATTAAGAGAGTAGAGAGTGBCACAGTTCTTTCCTTCTCTCTTITCTTTICTTITTTTITTAAGATTTATTTATTTATTATTATA
CATTAAGTAACTGTAGCTTCTTCAGACACACCAGNAGGTGTCAGTCTCATTACAGATGGTTGTGAGCCACCATATGGTTGLCTGGAATTTG
AACTCABGACCTTCGAAGAGCAATCAGTGTCCTTACCCATTGAGCCATCTCACCAGCCCTGGTAGTTCTTTGTTATTICGTGATCTTACCA
GCAATACTGGGTGTSTCTTCATTTGACTCAAGBTTCAGCCTCTTCATGTTCCTTTCTCTTCAATATGGGAGGGGGAGAGCACTCCTGTGT
TTCCTGACTCTCTCAGAGACTGCCTTCCAAGGBGAGCACCTTTGTCTCTGGACAGTTCAGATTCTCTTCAGGATGAAAAGGGAGAAGAGAA
GGTTCCTGAAAGANNNAAAAACATTTCCCATGAGTCTGCAGTGCTTTTGAGCTATGGCTTCTCTCAGGCCTTGTTCTCTGCCCACACLECA
ACCTCTGTGACATTTGACTTCAGTGATGCTGAATCTCTGAGCGCTACCCAGACAGAAGCAGACGTCCCTTTTTGCCTCCTGGGACACATA
GCTCCTCCTGGGCACAAGTTCTAGAATTTTCAGAGCATTTTATGTAACCTACTGGGGAAATTTGACCCTTGTTCCAGTCATTTCCTTICCC

EXON 4 D P P K
AGGTAGCCTCACAGACACTTCTGGAGTCACCAGGAAAAATATATGATGCCCAAACTTTCCAACTCTTCTCCTCAG AT CCT CCA AAA

T H v T H H P G v T L R c A L G F
ACA CAT GTG ACC CAT CAC GCC AGA CCT GaA GBT GAT GTC ACC CTG AGG TGC TGG GCC CTG GGC T7C

Y [ A H L T W a N G E E L 1 ] o] T E L
TAC CCT GCT CAC ATC ACC CTG ACC TGG CAG TTG AAT GGG GAG GAA TTG ATT CAG GAC ACG GAG CTT

FIGURE 3.
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231 v E T R P A ] D G T F 1] K w A A v v v P S 6
2959 GTG GAG ACC AGG CCT GCA GGG GAT GGA ACC TYC CAG AAG TGG GCA GCT GTG GTG GTG CCT TCT GGG

253 E € o K Y T c H v Y H [} L P E L T R w
3025 GAA GAG CAG AAA TAC ACA TGT CAT GTG TAC CAT GAG GGG CTG CCT GAG CCT CTC ACC CTG AGA TGGB

275
30814 G GTAAGGAGGGTGTGGGTGCAGAGCTGGGGTCAGGGAAAGCTGGAGCCTTCTGAAGACCCYCAGCTGGTCAGATTTGAGAGTTGCGATC

275 EXON S E P P ] s s L] P N R T
3180 ATGTTGCTCACTTTCCCATCATGTCCTTACCCTTCCCTTCCCAG AG CCT CCT CAG TCC AGT ATG CCC AAC AGG ACC

288 T v R A L L 6 A I I L 6 F ] 6 S v ] M w
3256 ACT GTT CBT BCT CTC CTYT GGA GCT ATG ATC ATC TTA GGT TTT ATG AGC GGA ABT GTT ATG ATG TGG

308 ] R K N N

3322 ATG AGA AAG AAC AAT G GTATGGAAGAGTCTGTGGCTEGGAGCCTTATGATTGTAAACCAATACACATGCACTCTATGCAAAAGA
3406 TTGCCTATCTCTGGGTCTGTTTGCAGACACTCACCTTACAATAAAAGACAGATTCATAATGGTAATGEGEGTTCTGCACAGGATTCTAAA
3486 TAACCTCTCAGAGGTAAAGGGCAAGGCTCATGCTAAACACTACAGCTCTCCAGACTGGCCTTGTTTCATCCCCTGCATATAATGTCCATG

313 EXON 6 N G D o] N T A A Y
3586 GCACAGAACTTCCTTGGTCTCTCATATCTTTTTTTTTTTTTAAACAG BT GGA AAC GGA GAC GAT AAC ACT GCT GCA TAT

324 @ N E R E H L S5 L T G X [}

3665 CAG AAT GAG AGG GAA CAC TTG TCC TTG ACC TCG GGC TGA ATCTGAGGCACTCAGGGTGGAAGCTGGGATGAAGGATC
(EXON 7)

3742 TTCCTCCAGCCCCACCACTGGTCTCCTGACAATGYCTTGTTACYTCTACTGCAGE;AAQEA;AE;YYQTETQTYETQTQYQEAGAQTTQA

3832 AAAGGTGACACCTGGGATTGGGGCTGAGGCAAACTBGAAAGGACTCGGTCACTTGGCCTTTCATAATTAAACCTTTGAATGAGAGGAAAG
3922 CCTTTGAGATGTTTTCACATTGACTGCtCTGACYCTTTTTCTTCCTCTTGgg?g:%CYGCCACATGGGACTGAGYCACAAGYTCTGACTY
4012 CTGAACAGTGAAATCACTTTGGGCAGCAGTGTCTGTGTTTTATGCTTTTGACTGTGCATACATGGETAAATCTGGAGAGCACAGCCTGEC
4102 CCTGCACACCAAGACTCAGACCCTACATTAGCCATCATCCCTTGCACABCCAACCTTCCTGGTCCTCGGLATTGEGGGACATCTYTCATCC
4192 TGTCAGCTCCACGCTGTCCTGGACCTGTGTCTCCTCACACGCCACAGTGTATCTCCTCATTTCCACACTGAACATGAGAATCTGAATGTG
4282 GATGTAGGAGTGGTGGTGAGGCCATTAATCCTAGCACTTGGBAGGCAGAGGCAGGCAGATTTCTGAGTTCGAGGCCAGCCTGGTCTACAA
4372 AGTGAGTTCCAGGACAGCCAGGGCTACACAGAGAAATTCTATTCTTGGAAAAAAAACAACAAGGGAAAAAAGAAAAAAAAALAAAGAATC
4462 TGAATGTGGAGGCTGGAGPGAYGGCTCAGTGGTTGTAACGCTACTGCTCTTCCTGAGGACCTGATTTCAATCCCCAGCAACACATGEGTEG
4552 CTCACAACCATATGCAATAGCATCCAATGCCTTCCTCGGGTGTGTTGGAAGACACCTACAGTGTATTCACCTACATGAAATAAATAAATC
4642 TTRAGAAAAGTATGAGTGTGAACTCCTTGACCTGAGCAGBTTCACTTGTGGGTAAATTTAAGGATTGGGAATATCTTAATATTGTGGAGGA
4732 [AATAANTGTAGGACCTTCCAGAATCTGTGTTTICTTGTGCTGAGTATGTCAGGTGEGGCAGEAGTCCTCTGGCATCTGCTTETGAATGGEC
4822 TGTGCCAGGTGGAGCTCAGTCCATGTGCACGTCCTTIGCTGETCTGGTCGATTCCTCAGCTATACCTCTEGTEGTACTTIGTCACTTAATAGA
4912 GTCACTGGATGACAGACTCTGATGATGGTAACACGAAATGCCTTABCCTTCTCTTATGACCGSACTATGAGCCCCGTAPACTGTACTAGG
5002 CCTGTTGTGCAGCTGAAAAACTGACATTACCATTAAAAAAATTTCTGGAGAGTAGTGTBAACACCTTTAATCCCAACATTCAGGAGACAG
5092 GCAGGAAAACCACTGATTTCTAGGCATCCTGGACACTCAGGGTGACACAGAGAAACCCTBTCTCCAAATTGGGTACCTGGGAGCABGETA
5182 TCCCTGTGTCCAGCCTGACCATGCAGATTGTAGGCAGAAAGTAGATTTTGEGTTTTGGATTAGAAGAACGTTGCATGCAGGAAGCAAGGT

5272 TTAAAGAGCCAAGCTAGTGGAGGCCTGGGAGGCAGAGCTGAGGGCAGBTTGACCTTTGTGGGCCCAGGTAATGAAGETT
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FIGURE 3. Sequence of gene 17.3A. Coding regions are shown as triplets with the translated
amino acids (single-letter code) above the DNA sequence. In the promoter region, the putative
TATA box is highlighted by a box and several potential CCAAT box sequences are underlined.
Near the 3’ end of the gene, arrows indicate possible splice junctions terminating exon 6,
bordering exon 7, and beginning exon 8. However, it is not known if these downstream splices
are used at all. In the Tla® ¢cDNA clone, none of the splice junctions indicated by arrows are
used (see text). The untranslated portion of exon 6, as well as exon 7 are underlined, and the
poly(A) addition signal is indicated by a box. Two poly(A) addition signals occur before this
point in the 3’ untranslated region, but these sequences are located in an Alu repeat, and
probably do not initiate poly(A) addition. At least two class I genes lacking the Alu repeat (K¢,
Q10) use a poly(A) signal very close to the one indicated by a box in 17.3A. Ambiguous base

code: N=A,C,G,orT; P=AorG;Y=CorT;S=GorC;R=AorT.

in the cytoplasmic region may be a clue to the different behavior of TL molecules
and transplantation antigens in the cell membrane. In a process known as
antigenic modulation, TL antigens are rapidly lost from the cell surface after
incubation with anti-TL antibody (even monovalent antibody), while transplan-
tation antigens are not (35-37). The presence of a very different cytoplasmic
domain suggests that TL antigens may interact with the cytoskeleton or other
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cytoplasmic components differently than H-2 antigens, but further studies, such
as exon-shuffling experiments, will be needed to localize the structural compo-
nent responsible for the antigenic modulation effect.

Comparison of the Nucleotide and Amino Acid Sequence of 17.3A with K%, D?, L*,
and a Qa-2,3 Gene. The DNA sequence of gene 17.3A was compared with
sequences from the following class I genes: K (17), L* (16), D (20), the Qa2,3
gene Q6 (27.1) (12), K" (18), and the Q10 gene, encoding a secreted class 1
molecule from the Qa-2,3 region (19, 38). None of these genes is significantly
more closely related to gene 17.3A than to the other, and all are more closely
related to each other than any one is to gene 17.3A. With an overall homology
to the K gene of only 74% at the DNA level, gene 17.3A is the most divergent
murine class I gene sequenced to date. Table I shows the DNA and amino acid
homologies of gene 17.3A with four BALB/c class I genes: K* from the K end
of the H-2 locus, L! and D from the D end of H-2, and gene Q6, from the Qa-
2,3 region.

All four genes are approximately equally homologous to gene 17.3A, but each
exon is not equally conserved (Table I). The fourth exon is the most highly
conserved exon, probably due to selective pressure on the sequence of the a3
region encoded by exon 4, since the a3 region binds noncovalently with g,-
microglobulin (39). Exons 1 and 5, encoding the hydrophobic leader and trans-
membrane peptides, are only moderately conserved, since the sequence con-
traints on these two regions probably require only hydrophobic properties. The
cytoplasmic exon is the least conserved and, as mentioned above, this may reflect
different interactions with cytoskeletal elements. The degree of homology of
exons 2 and 3 with the genes in Table 1 is intermediate between that seen for
exon 4 and exon 5. In H-2 molecules, the al and a2 regions are the site of
recognition by cytotoxic T lymphocytes (40), but since the function of the al
and o2 regions in TL antigens is unknown, it is difficult to estimate the nature
of the selective pressure operating on these regions.

The homologies noted above are consistent with earlier peptide mapping
analyses. Peptide mapping studies showed that out of 13-19 tryptic peptides
resolved on a high-pressure liquid chromatography (HPLC) cation exchange
column, three peptides coeluted between the H-2D® molecule and a Tla* gene

TABLE 1
DNA and Amino Acid Homologies: 17.3A vs. four BALB/c Class I Molecules
K¢ L4 D¢ 27.1 (Qa-2,3)
Region of 17.3A - -
DNA Protein DNA Protein DNA Protein DNA Protein
%
Exon 1 (leader) 64 52 53 43 64 54 56 29
Exon 2 (al) 71 56 70 56 729 58 70 56
Exon 3 («2) 74 62 75 65 74 65 75 63
Exon 4 (a3) 91 83 92 85 92 89 91 86
Exon 5 (TM) 64 35 64 38 65 41 62 35
Cytoplasmic 42 35 42 30 43 30 45 31

Total 74 61 74 61 75 64 74 60
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product, for an estimated peptide homology of 20%. In identical experiments,
different H-2 antigens were found to have ~40% peptide map homology, and
allelic forms of TL were found to share 70~80% of their peptides (41, 42). The
translated amino acid sequences of the D? and 17.3A genes share three predicted
tryptic peptides. Two of the peptides come from the a3 region and one is the N-
terminal peptide. The actual percent peptide homology between the D and TL
antigens is somewhat lower than the previous estimates because the HPLC system
used to separate the tryptic peptides could only resolve 16-19 peptides, while
30-43 peptides are predicted from the translated amino acid sequence.

The three H-2 genes are more closely related to each other at the DNA level
(>90% homology) than the H-2 genes are to 17.3A (74%). In addition, the Qa-
2,3 region genes are much more homologous to the H-2 genes (89%) than to
17.3A (74%). These data probably mean that Tla and H-2 genes diverged from
a common ancestor earlier than H-2 genes diverged from one another. The
greater sequence homology of the Qa-2,3 and H-2 genes suggests that H-2 and
Qa2,3 genes diverged more recently than the H-2 and Tla genes.

The Third Intron of Gene 17.3A Contains Large DNA Deletions and/or Inser-
tions. The third intron is related in an interesting manner to the third intron
of the K* gene (Fig. 4A4). At a point 95 bp from the 5’ end of this intron, gene
17.3A contains 1,093 bp of sequence not found in the K® gene. Whether this is
an insertion in gene 17.3A or a deletion in the K® gene is unknown, but the
1,093-bp segment contains a 65-bp thymidine-rich (76%) sequence at its 5’ end,
and an Alu-like repeat element near its 3’ end. The segment is flanked by inexact
10-bp inverted repeats, which are also present in the K gene (Fig. 4B). The
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FIGURE 4. Noncoding sequences of gene 17.3A. (4) Diagram showing the relationship
between the third intron of the K gene and the 17.3A gene. Open boxes indicate exons,
hatched boxes indicate Alu repetitive elements, and the solid regions in the introns (near 1,803
in the K¢ gene and 1,265 in 17.3A) indicate simple sequences. (B) DNA sequence in the K¢
and 17.3A genes at the borders of the 1,093-bp sequence found in 17.3A. (C) DNA sequences
bordering the 1,130 bp sequence in the K* gene.
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third intron of the K® gene is about the same length as the 17.3A third intron,
because the K¢ intron contains 1,130-bp segment of DNA not found in 17.3A
(Fig. 4A). This DNA segment is bordered by inexact 16-bp direct repeats (Fig.
4 (), has a simple sequence (the repeated dinucleotide TC) at its 5" end, and has
an Alu repeat near its 5 end. The location of this insertion/deletion is 30 bp 5
of the fourth exon. Because of the presence of inverted and direct repeats
bordering the 1,093 bp and 1,130 bp regions, it is tempting to speculate that
these regions were derived from transposon-like insertions.

Part of Gene 17.3A Appears to be the Product of a Gene Conversion Event. The
17.3A introns are only ~60% homologous to those of other class 1 genes, while
the introns of the three BALB/c transplantation antigen genes are ~90%
homologous to each other (20). The one exception to the lower sequence
homology between the noncoding sequences of gene 17.3A and the H-2 genes
is the first 71 bp of the fourth intron (Fig. 5A), located immediately adjacent to
the highly conserved fourth exon. It is not surprising that the fourth exon is
highly conserved, because this exon encodes the a3 region that binds with G-
microglobulin, but it is very surprising to find the adjacent intron so highly
conserved (97% with the L% gene), since the other introns are only ~60%
homologous.

To test whether the fourth exon of gene 17.3A is more highly conserved than
would be expected from natural selection on the protein sequence, we counted
the number of silent site mutations (base substitutions that do not alter the
protein sequence) between the L* and 17.3A genes. Silent site mutations accu-
mulate with time at a constant rate, and are believed to be independent of
selection at the protein level, so by using their frequency, one can estimate the
time elapsed since two related genes shared a common ancestor (43). There are
mutations in 43% of the silent sites in exons 2 and 3 of gene 17.3A but only in
11% of the silent sites of exon 4 when compared with the L gene (Fig. 5B).
This disparity (43% vs. 11%) is very large, and corresponds to a statistically
significant (>3 SD) difference in divergence times estimated for these different
regions by the calculation of Kimura (43). This means that the fourth exon of
gene 17.3A shared a common ancestor with the L? gene much more recently
than the second and third exons. This last finding, coupled with the observation

A ~60% 927 97% 647 ~60%
L L T
= ]
S — |

Region of apparent
gene conversion

17.3A O —m———— e ———
| IS | —

43% mismatch 11% mismatch
at silent sites at silent sites

14 c-:—j—::,;{:::——_—:
FIGURE 5. Region of apparent gene conversion in 17.3A. (A) Exons 4 and 5 are shown as
solid boxes, and introns are shown as open boxes. Numbers at the top indicate the percent

nucleotide homology with the L? gene in the bracketed areas. (B) Diagram showing the silent-
site comparisons made between 17.3A and the L? gene.
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that the first 71 bp of the fourth intron are highly conserved, leads us to the
hypothesis that a region including all of exon 4 and part of the fourth intron
was transferred to the 17.3A gene as a gene conversion event from one of the
H-2 genes. A gene conversion of this size (~350 bp) would serve to decrease the
sequence polymorphism of the fourth exon, in contrast to the role envisioned
for very small (<50 bp) gene conversions in exons 2 and 3 of mutant H-2 genes
which, it has been suggested (18, 44, 45), would increase the polymorphism of
these regions.

Fourth exon gene conversions or gene corrections may have occurred in other
class I genes. All the murine class I genes examined have a low percentage of
silent site mutations in exon 4 (6% average) compared with the percentage in
exons 2 and 3 (14% average). When the K¢, L% and Q6 genes are compared
with two functional human transplantation antigen genes (46, 47), no significant
disparity is seen in the number of silent site mutations in exons 2 and 3 (29.4%
average) and exon 4 (27.8% average). This observation is also consistent with a
gene correction or conversion model because the human and mouse genes have
been separated by speciation, and could not have engaged in gene conversion.

Gene conversions of variable size occur between class I genes, but it is unclear
how many of these events are biologically significant. The small gene conversions
mentioned above may contribute to the polymorphism of transplantation anti-
gens. However, it is difficult to imagine why natural selection would not be
sufficient to maintain the protein sequence of the @3 domain. Gene conversion
may be a result rather than a cause of the high DNA sequence homology of exon
4. Since gene conversions presumably require an initial base pairing between
homologous sequences, conversions may occur more frequently in exon 4 because
of the high sequence homology of this exon with other class I genes.

Hybridization With Tla-specific Probes Detects a Small Subset of Class I Genes That
Are Polymorphic Between Tla Alleles. To study the number and diversity of genes
related to 17.3A, as well as to create DNA probes suitable for examining RNA
species expressed in TL™ cells, two subclones, pTLA.4 and pTLA.5, were
constructed from the coding regions of gene 17.3A that exhibited minimal
homology with other class I genes (Fig. 2). The 5’ probe, pTLA.4 (bases 577-
892), contains parts of the second and third exons, as well as the entire second
intron. This probe is ~70% homologous with the K or L? genes in the coding
sequences. The 3’ probe, pTLA.5 (bases 3,155-3,795), contains the transmem-
brane exon and is only ~50% homologous to the coresponding regions in the K¢
and L? genes. Both probes hybridize to BALB/c thymus poly(A)* RNA, but not
to BALB/c liver or spleen RNA. The probes also do not hybridize to thymus,
liver, or spleen RNA from C57BL/6, a TL strain (data not shown).

Subclones pTLA.4 and pTLA.5 were hybridized to genomic DNA from four
strains of mice representing the Tla alleles Tla®, Tla®, Tla%, and Tla®. As can be
seen in Fig. 6, there is size polymorphism in the hybridizing restriction fragments.
This is surprising since others have had relative difficulty finding polymorphic
restriction fragments in the Tla region compared with the H-2 region (14). Four
Tla-specific bands are found in the Southern analysis of Tla“ mouse DNA. These
data are summarized in Table II. One band corresponds to gene 17.3A, the



538 Tla GENE SEQUENCE AND ORGANIZATION

A Hind I -5'Tla B8 Hind II - 3'Tla
T T® TIC TI] T  TI® TS Tid
marker  (A)  (BIO} (Baib) (A.CA) marker marker (A)  (BI0) (Bolb) (A.CA) marker
ST a— = — e 1T e - M {1 7
— L ] et
— — 7 e
o : 8.0

— 4.5 — m—

4.5
N Ep—— L S— 2.8
2.35 -—2.35
I8 1.8
-k
0.8 — 04
c Bam HI-5'Tla D Bam HI-3'Tla
Flos T rlos Tl T T TE T
marker  (A) By (Bolb) (A.CA) morker marker (4} (BiI0) (Boib) (A.CA) morker
et f——2]
—— B———— ]
—— 7 — — S -7
LT *
w——— 5O
B0 —
—— 5 — a— -— s
1.5 | —
2.8 — an— - s
~2.3
2.35

- 1.8

FIGURE 6. Genomic southern blots with Tla-specific probes on DNA from four mouse strains.
10 ug (5 X 107'® moles) of genomic DNA from the indicated strains was digested to completion
with Hind III or Bam HI, electrophoresed through a 0.8% agarose gel in 1X TAE (0.04 M
Tris acetate pH 7.5, 0.002 M EDTA) blotted onto nitrocellulose and hybridized 12-18 h with
5 X 10° cpm/ml of the indicated nick-translated (1-4 X 10® cpm/ug) probes. The final wash
was in 1X §SC (0.15 M NaCl, 0.015 M sodium citrate, pH 7.0) at 68°C. Hybridization markers
are restriction enzyme-digestion M13 subclones diluted to 107! moles per fragment. (A)
Hind ITI-digested DNA hybridized with pTLA.4. (B) Hind III-digested DNA hybridized
with pTLA.5. (C) Bam HI-digested DNA hybridized with pTLA.4. (D) Bam HI digests
hybridized with pTLA.5. The bands in the Tla® lane in C and D appear less intense than the
other lanes because only 3-5 ug of DNA was loaded in those lanes. This inaccuracy was
corrected in A and B. All bands in the Tla lane do not hybridize with equal intensity. Those
bands corresponding to gene 24.8 and the 24.8-like gene (genes T1 and T11 in Fig. 7; see
also Table II) are less intense in B and D. The hybridizing region of 24.8 is only 85%
homologous to pTLA.5, and would be expected to hybridize more weakly than the 100%
homologous 17.3A gene (D. Fisher, unpublished results).

gene from which the probes were subcloned, and another corresponds to gene
24.8, the other Tla gene identified by transformation into L cells (15). However,
gene 24.8 by itself could not encode a TL antigen because DNA sequence
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TaBLe 11
BALB/c Class 1 Genes Hybridizing to pTLA.4 and pTLA.5

; Size of hybridizing fragment
Gene name GFe_ne ;n pTLA 4 pTLA.5 Y § 18
18- Hind II1 Bam HI Kpn 1
kb
17.3A-like T3 + + 13 15.5 7.8
17.3A T13 + + 8 15.5 7.8
24.8 T1 - + 8.3 ~20 3.7
24.8-like T11 - + 8.3 12 3.7

analysis indicates that this gene is, in fact, a pseudogene, due to the presence of
numerous in-frame stop codons (D. Fisher, unpublished results). Gene 17.3A
hybridizes with both the 5’ and 3’ Tla probes, while gene 24.8 hybridizes only
to the 3’ probe. The other two hybridizing genes are of two types: one is like
17.3A because it hybridizes to both pTLA.4 and pTLA.5, while the other is
24.8-like and hybridizes only to pTLA.5.

New Linkage of Tla Clusters. When the two Tla probes were hybridized to a
panel of cosmid clones containing all 36 class I genes of the gene clusters
described by Steinmetz et al. (13), seven genes, rather than the expected four,
were detected. This observation prompted us to examine these cluster linkages,
and led to the discovery of three cloning artifacts, on cosmids 1.1, 8.3, and 20.1.
Each of these cosmids contains a large piece of DNA with a restriction map
identical to that of cosmids in other gene clusters, and a shorter piece of DNA
with a unique restriction map. These cosmids probably result from the cloning
of two noncontiguous pieces of eukaryotic DNA ligated together during the
construction of the cosmid library. We isolated low—copy number probes from
near the border between the putative noncontiguous DNA fragments, and by
Southern blotting analysis, we showed that restriction fragments of the size
predicted by cosmids, 1.1, 8.3, and 20.1 were not present in the genome, while
fragments from overlapping cosmids (in agreement with the cluster map in Fig.
7) were present in the genome (data not shown). The three cosmids in question
have been previously noted as possible cloning artifacts (14, 48).

Elimination of the artifactual constructs allows several new overlaps between
the gene clusters described by Steinmetz et al. (13) (Fig. 7). Clusters 3, 7, 8 and
4 can now be joined into a single cluster 160 kb in length, which we denote
cluster A. Cluster A contains the three artifactual constructs. A second cluster
of 77 kb, denoted cluster B, is formed from clusters 12 and 5. This linkage was
previously overlooked because the 10-kb overlapping region contains only three
mapped restriction sites. A third Tla cluster, cluster 10, a single cosmid clone
containing an incomplete class I gene, is unchanged from the earlier study. This
new linkage is consistent with genome blots using both Tla-specific probes,
because four genes (T'1, T3, T11, and T13) hybridize to pTLA.5, and two genes
(T3 and T13) hybridize to pTLA.4 (Table II; Figs. 6 and 7). The sizes of the
restriction fragments hybridizing to these probes, as determined in genomic blots
(Table H), are consistent with the sizes predicted from the restriction maps of
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FIGURE 7. Class I Tla genes of the BALB/c mouse. (4) Restriction map and organization of
gene cluster A. Regions by hybridizing with class I cDNA probes (11) are indicated as thin
open boxes. 5" (pH-2III)- or 3’ (pH-2IIa)- hybridizing regions are indicated above the boxes,
and the transcriptional orientation (determined by hybridization with the above probes) is
indicated with an arrow if it is known. The location of the sequences hybridizing with pTLA.5
are indicated by an asterisk, while those hybridizing with pTL.A.4 are indicated by an X. The
genes are numbered above the 5’ and 3’ designations. Open, solid, and hatched bars at the
top indicate regions that, by their restriction maps, appear to be related, and probably represent
large duplicated regions. The regions covered by a representative group of cosmid clones,
including the three artifactual constructs, are shown below the restriction map. Numbers in
parentheses refer to the cluster designation in Steinmetz et al. (13). (B) Restriction map and
organization of gene cluster B. (C) Restriction map for cluster 10.
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the corresponding cosmid clones. Similar cluster linkage results have recently
been independently obtained by others (49). The new gene linkage reduces the
number of class I genes found in the BALB/c mouse to 33: 18 in the Tla region,
10 in the Qa-2,3 region, and five in the H-2 region.

Examination of the restriction map of the gene clusters reveals large (20-40
kb) stretches of DNA that appear to be related. These regions are indicated as
bars above the genes in Fig. 7. The relatedness of some of these duplicated
regions has been established not only by restriction map similarity, but also by
hybridization with low-copy DNA probes. For example, the four genes hybrid-
izing with the 3’ Tla probe, pTLA.5, are contained in two 40-kb segments
(hatched bars in Fig. 7, A and B) that appear to have duplicated at some time in
the past. Although it is not possible to prove the mechanism by which these
regions arose, duplication by homologous but unequal crossover seems to be a
likely explanation.

Tla® Mice Contain Fewer Tla Genes Than Tla® Mice, and Gene 17.3A Is One of
Those Absent in Tla". Recently, Weiss et al. (48) have isolated cosmid clones
containing class I genes from the C57BL mouse (Tla), and have linked the Tla-
region class I genes into one gene cluster. 26 class I genes were found in C57BL
as compared to 33 in BALB/c. Most of the additional BALB/c genes were found
in the Tla region. The Tla" gene cluster can be aligned with cluster A, and all
the genes in cluster A are found in the Tla cluster (Fig. 8). However, no genes
corresponding to cluster B or cluster 10 are found among the C57BL cosmid
clones. Genomic Southern blots (Fig. 6) using the Tla-specific probes confirm
that at least two genes (genes T11 and T13 in Fig. 7) in BALB/c are not found
in Tla® and both of these genes are located in cluster B. Although these two
genes are the only ones confirmed to be absent in Tla it seems probable that
none of the genes in cluster B or cluster 10 are present in C57BL mice.

Interestingly, gene 17.3A (gene T13 in Fig. 7) is absent in Tla". Could this be
the explanation for the TL™ phenotype of Tla® thymocytes? Clearly, since Tla"
leukemias can express TL antigen, Tla” mice must have a structural gene
encoding a TL antigen. Since allelic forms of TL antigen share 70-80% of their
tryptic peptides (41) and are therefore very closely related, we expect that both
the Tla-specific coding region probes would hybridize to the gene encoding the
leukemic Tla” gene product. If this is the case, then the T3 gene of the Tla gene
cluster described by Weiss et al. (48) (homologous to gene T3 in Fig. 7) encodes
the Tla" leukemic TL molecule, since this is the only C57Bl gene to hybridize
with pTLA.4. It will be interesting to determine whether the same gene that is
active in Tla® thymocytes is induced in Tl/a° TL* leukemias. Perhaps the Tla"
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FiIGURE 8. Comparison of Tla® (BALB/c) and Tla® (C57BL) Tla-region class I genes. Tla
genes are shown as open boxes, and Tla® genes as solid boxes. Cleavage sites for the enzymes
Kpn I (K) and Cla I (C) are indicated.
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gene and its homolog in Tla® are expressed in leukemic cells, while 17.3A (absent
in Tla") is expressed in thymocytes.

Summary

We have determined the DNA sequence of a gene encoding a thymus leukemia
(TL) antigen in the BALB/c mouse, and have more definitively mapped the
cloned BALB/c Tla-region class 1 gene clusters. Analysis of the sequence shows
that the Tla gene is less closely related to the H-2 genes than H-2 genes are to
one another or to a Qa-2,3-region genes. The Tla gene, 17.3A, contains an
apparent gene conversion. Comparison of the BALB/c Tla genes with those
from C57BL shows that BALB/c has more Tla-region class I genes, and that one
of the genes absent in C57BL is gene 17.3A.
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preparation of the manuscript. The authors are grateful to J. Siu and Drs. E. Rothenberg,
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Note Added in Proof: A detailed restriction map of a cDNA clone isolated from a BALB/c thymocyte
¢DNA library using pTLA.5 as a probe (F.-W. Shen, Memoriai Sloan-Kettering Cancer Center,
personal communication) confirms the 3’-splicing pattern proposed in this paper. As in the Tla®
cDNA clone (see text), none of the potential splice sequences (indicated by arrows in Fig. 3)
downstream of exon 6 are used.
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