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The T1/Leu-1/CDS molecule, a human T-cell surface glycoprotein
of relative molecular mass (M,) 67,000'~, has been implicated in
the proliferative response of activated T cells* and in T-cell helper
function®. A similar involvement in T-cell proliferation has been
reported for Ly-1 (refs 6-8), the murine homologue of T1 (ref. 9).
Here we report the complete amino-acid sequence of the T1 precur-
sor molecule deduced from complementary DNA clones. The pro-
tein contains a classical signal peptide; a 347-amino-acid extra-
cellular segment; a transmembrane region; and a 93-amino-acid
intracellular segment. The extracellular segment contains many
cysteine residues and is composed of two related structural domains
separated by a proline/threonine-rich region. The T1 molecule has
structural features characteristic of other receptor moleculies.

We purified the T1 molecule from the lymphoblastoid tumour
cell line HPB-ALL using lectin and immunoaffinity chro-
matographies (Fig. 1a). The purified protein had a lower M,
(~56,000, Fig. 1a) than that previously described for the Ti
molecule (67,000, refs 1, 2). But when the same immunoaffinity
column was used to purify the T1 molecules in smail scale from
surface radioiodinated cells, we obtained a band of M, 67,000
(Fig. 1b, lane 1). When both molecules were treated with endo-
glycosidase F (Endo F), removing all N-linked oligosac-
charides'?, there are identical shifts in mobility on SDS-polya-
crylamide gels (Fig. 1b, lanes 2, 4). When the M, 67,000 material
was compared with the M, 56,000 material by peptide mapping
(Fig. 1c), we found extensive homology, indicating that the
M, 56,000 form is derived from the M, 67,000 molecule.

It is likely that the M, 56,000 T1 resuits from proteolysis
during the isolation procedure because protease inhibitors were
not added until after membranes were made from frozen cells.
In contrast, radioiodinated viable ceils from which the M, 67,000
T1 was isolated were lysed and solubilized in the presence of
protease inhibitors. When these cells are lysed in the absence
of protease inhibitors some of the M, 67,000 material is cleaved
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Fig. 1 Purification and analysis of T1. a, Silver.stained SDS-polyacry-
lamide gel of purified T1 (0.1 ug). l:, SDS-polyacrylamide gel electrophoresis
of Endo F cleavage products of '**I-iabelled T1. Lane 1, control M, 67,000
T1; 2, endo F-digested M, 67,000 T1; 3, control M, 56,000 T1; 4, endo
F-digested M, 56,000 T1. ¢, One-dimensional peptide mapping of '2°|-
labelled Tl using 10 ug of papain (lanes 3, 4), chymotrypsin (lanes $, 6) or
V8 protease (lanes 7, 8). Lanes 3, 5 and 7, M, 67,000 T1; lanes 4, 6 and 8,
M, 56,000 T1. Undigested M, 67,000 T1 and 56,000 T1 are in lanes | and
2, respectively.

Methods. a, Frozen HPB-ALL cells (5x10'° cells) were thawed, hand
homogenized in a Potter Elvehjem homogenizer and crude membranes
prepared by hypotonic lysis and differential centrifugation as described*”.
The membranes were solubilized overnight at 4 °C in 500 mi extraction bufler
(10mM Tris, pH 7.5, 150mM NaCl, 1% Nonidet P-40 (NP-40), 1 mM
MnCl;, 1 mM phenyimethylsulphonyl fluoride, 1 mM CaCl,, 1 Umi™
aprotinin and 1 mM iodoacetamide) and centrifuged for 60 min at 100,000g.
The supernatant was applied sequentially to lentil, ricin and wheat-germ
lectin affinity columns (EY laboratories) which were eluted with lysis buffer
containing 3% (w/v) a-methylmannoside, 10% (w/v) galactose or 5% (w/v)
N-acetylglucosamine, respectively. Sodium deoxycholate (DOC) was added
to the pooled lectin column eluates (0.5% final concentration) and applied
to a column of anti-T1 monocional antibody 10.2 coupled to cyanogen
bromide-activated Sepharose CL-4B (Pharmacia). The column was washed
with two column volumes of the following buffers: (1) extraction buffer; (2)
0.5 M LiCl, 10 mM Tris, pH 7.5, 0.5% NP-40; (3) 10 mM Tris, 0.1% DOC;
and eluted with 50 mM diethylamine, pH 11.5, 0.1% DOC. The eluted pro-
tein was precipitated with 5 volumes of cold acetone, resuspended in 500 ul
water and | ul analysed on SDS-polyacrylamide gels that were silver stained
to access yield and purity®*. Yield = 50 jug. b, Purified T1 protein (56,000 M.)
(3 ug) was '#1-labelled with lodobeads ( Pierce) according to manufacturers
instructions. HPB-ALL cells (5x10") were surface-iodinated with lac-
toperoxidase as described?’, solubilized with 1 mi extraction bufler and T1
protein ( M, 67,000) was purified on an anti-T1 antibody column as described
above. An aliquot of each ‘**I-labelied T1 preparation (with 10 ug soybean
trypsin inhibitor as carrier) was acetone-precipitated and the peliet resuspen-
ded in 50 ul 50 mM EDTA, 0.5% NP-40, 0.1 M Na phosphate, pH 6.1, 1%
2-mercaptoethanol. Endo F (NEN) (1 U) was added to half of each sampie
and all samples were incubated 4 h at 37 °C. Samples were then nmlysed
by SDS-polyacrylamide gel electrophoresis. ¢, An aliquot of each L
labelled T! preparation was acetone-precipitated as above and one-
dimensional peptide mapping was performed on the soluble samples and

analysed on a 7-19% gradient SDS-polyacrylamide gel as described®®.

to a band of a M,~ 56,000 (data not shown). This proteolytic
cleavage is highly specific as only a single band of M, 56,000 is
seen and because other molecules purified from the same mem-
brane preparations including HLA-A, -B, -C antigens; T-cell
receptor a- and B- chains; T6 molecules; and T8 molecules are
not degraded. '

The 34 N-terminal amino acids of the M, 56,000 T1 molecule
were determined by sequencing the purified molecules on a
gas-phase sequenator'’. The sequence H,N-Arg-Leu-Ser-Trp-
Tyr-Asp-Pro-Asp-Phe-Gin-Ala-Arg-Leu-Thr-Arg-Ser-Asn-Ser-
Lys-X-Gin-Gly-Gin-Leu-Glu-Val-Tyr-Leu-Lys-Asp-Gly-Trp-X-
Met was obtained twice. We synthesized two sets of non-overlap-
ping oligonucleotide probes consisting of a 23mer of 128-fold
degeneracy corresponding to amino acids 4-11 and a 17mer of
256-fold degeneracy corresponding to amino acids 21-26.

A cDNA library was constructed in the phage Agt10 using
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poly(A)"RNA from the human tumour T-cell line HPB-MLT
as previously described'?, and we obtained one clone that
hybridized with both probes. This clone, pT1-1, has an insert
of ~1.0kilobase (kb). A second clone of 2.1kb, pT1-2, was
obtained from the same cDNA library using the insert of pT1-1
as a hybridization probe. It overlaps the 3' end of the pTi-1
c¢DNA insert by 637 nucleotides, but does not contain the §'
sequence to which either of the oligonucleotide probes would
hybridize.

The partial restriction maps for each insert (Fig. 2a) and the
2,320-base pair (bp) combined nucleotide sequences of both
(Fig. 2b) are shown. The combined nucleotide sequence has a
long open reading frame that contains a stretch of nucleotides
starting at base 145 that corresponds to the N-terminal amino-
acid sequence obtained from the purified T1 protein. There are
three potential transiation initiation ATG triplets at amino acid
positions —8, ~22 and —-24 (bases 121-123, 79-81 and 73-75,
respectively). The initiatior site was tentatively placed at nucleo-
tides 73-75 because this is the first ATG triplet that appears
downstream from an in-frame termination codon TGA (nucieo-
tides 49-51), and as it is flanked by nucleotides that fulfill criteria
for a translation initiation site'’. The open reading frame ends
with the termination codon TAA at nucleotides 1,558-1,560.
The 3’ untranslated region is not complete as neither a poly(A)
tail nor a polyadenylation signal (AATAAA) is present.

To determine the size of the messenger RNA encoding the
T1 molecule, poly(A)*"RNA from the HPB-ALL cell line was
analysed on Northern blots using the nick-translated insert from
pT1-1 (Fig. 3q, lane 1). Two mRNAs were detected at 3.6 and
2.7kb. Thus, the 2,320-bp nucleotide sequence presented here
lacks at least 400 bp. An identical hybridization pattern is seen
when the insert from pT1-2 is used as a probe (data not shown).
No hybridization is seen with mRNA from the T1-negative B
lymphoblastoid cell line JY (Fig. 34, lane 2).

The predicted amino-acid sequence (Fig.2b) demonstrates
several features of the T1 glycoprotein. The mature protein
consists of 471 amino-acid residues with M, 52,167. The
23 amino-acid residues between the initiation codon at residue
—24 and the Arg residue at position 1 are characteristic of a
classic signal sequence: they are hydrophobic, of the appropriate
length and the sequence terminates at position —1 with a residue
containing a small side chain (glycine). The presence of this
signal sequence next to the experimentally determined N-
terminal amino-acid sequence indicates the M, 56,000 T1 prob-
ably resulted from a proteolytic cleavage from the C-terminus
of the intact T1 molecule, possibly near a cluster of Arg and
Lys residues at residues 379-391. A second hydrophobic region
at amino acid residues 348-378 represents a putative 31-amino
acid transmembrane region. To the C-terminal side of residue
378 there is a stretch of basic residues that is typical of sequences
found on the cytoplasmic side of a transmembrane region.

There are 5 possible sites for N-linked glycosylation, 2 N-
terminal to the transmembrane region and 3 C-terminal. Only
the 2 N-terminal sites are used, as the purified M, 56,000 T1
moliecule, which contains the same number of glycans as the
M, 67,000 molecule (Fig. 1b), probably lacks most of the region
C-terminal to the transmembrane region. As there is no pre-
cedent for glycosylation occurring on cytoplasmic residués, it
is likely that residues 1-347 are extraceliular and residues 379-
471 are intracellular. The extraceilular region is relatively cys-
teine-rich (22 cysteines) and contains a 20-residue stretch with
17 threonines and prolines (amino acids 114-133). The Thr/Pro-
rich region forms an extended peptide that separates two
homologous domains. Alignment of amino-acid residues 1-113
from the first domain with residues 242-347 from the second
domain reveals a significant 30% amino-acid homology when
alignment is optimized by proposing a single 6 amino-acid
deletion between residues 290 and 291 (Fig. 4a). This strongly
suggests that the domains arose by a gene duplication event. A
model of T1 structure is shown in Fig. 4b. The nucleotide and
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AACCATG CCC ATG GGG TCT CTC CAA CCG CTG GCC ACC TTG
Met Pro Mat Gly Ser Leu Gln Pro Lau Als Thr Leu

+1
ucmmmncmmcctrccmcc'rcocAccccrcmmrncucumrmmmmmmcm?ccmm
Tyr Lau Leu Gly Met Leu Val Als Ser Cys Leu Gly hrg Lou Ser Trp Tyr Asp Pro Asp Phe Gin Ala Arg Lau Thr Arg Ser Asn Ser

MG TGC CAG GGC CAG

v,

c'rccwcrcucctcucmcmmmAmcnmcmcmmmwccwmmmcmmm

Lys Cys Gin Gly Cla Leu G
TCA

lu Val Tve Leu Lys Asp Gly Trp Kis Met Val Cys Ser Gln Ser Tep Gly Aeg Ser Ser Lys Gln Trp Glu

CAC CCC ACT CAA GCG AAA GTC TCC CAG CGG CTC AAC TGT GGG GTG CCC TTA AGC CTT GGC CCC TTC CTT GTC ACC TAC ACA CCT CAG
Asp Pro Sar Gin Ala Ser Lys val Cys Gln Arg Leu Asn Cvs Gly Val Pro Leu Ser Leu Gly Pro Phe Leu Val Thr Tyr Thr Pro Gln

ACCYCAATCATCMTACWCMCTGCCCTCC'H’CTCCA’CTGCAGCCACAGCM;AMTGACATGMCACmmmmmm
Ser Ser lle lie Cys Tve Gly Gin Leu Giy Ser Phe Ser Asn Cys Ser His Ser Arg Asn Asp Met Cys His Ser Leu Gly Leu Thr Cys
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ACCCAGGACCTCCACAACTTCCTCTGCMCMCCTCCAGTGTGGCTCCTKTTCMQTCNCCAMACTGAG'&&CEA
The Gln Asp Leu Glu Asn Pha Leu Cys Asn Asn Leu Gln Cys Gly Ser ™e Lou Lys His Leu Pro Glu Thr Glu Alas Gly Arg Ala G
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Fig. 2 Nucleotide and predicted amino-acid
sequences of T1. a, Partial restriction map and
sequencing strategy of cDNA inserts pT1-1 and
pT1-2. Arrows, direction and extent of sequenc-
ing. Dashed line at the §' end of the pT1-2 insert,
185-bp aberrant sequence that probably rep-
resents the ligation of two cDNAs during clon-
ing. This sequence fails to detect T1-specific
RNA. b, Nucleotide- and amino-acid sequences
of T1. Nucleotides and amino acids are num-
bered at the right. The start of the mature pro-
tein sequence is denoted +1. An in-frame
upstream stop codon and the threonine/pro-
line-rich region are underlined. Black bar,
transmembrane region; black circles; sites of
possible asparagine-linked glycosylation.

Methods. A cDNA library was prepared in
Agtl0'? and screened with phosphorylated

w:ncmcnGncAccmmmmwmmwmwmmmmmmmmmmmmmm 1008
Ser lle Cys Glu Gly Thr Val Glu Val Arg Glin Gly Ala Gln Trp Ala Als Leu Cys Asp Sar Ser Ser Ala Arg

mwmmmmmwmmmmMcrccntcummmacrmmcum
Glu Glu Val Cys Arg Glu Gla Gla Cys Gly Ser Val Asn Ser Tyr Arg Val Leu Asp Ala Gly Asp Pro The

cuurwmmncmmmwmmmmurmfmmm‘mmmmm
Pro Kis Gln Lys Lew Ser Gln Cys His Glu Lau Tep Glu Arg Asn Ser Tyr Cys Lys Lys Val Phe Val Thr

Als Als Gl Val A Val Yol Vi Val Val

m:mcnmmmmmmmmmmwthAﬂmcummAmucm
Lys Lys Lau Val Lys Lys Phe Arg Gln Lys Lys Gln Arg Gla Trp Ile Gly Pro Thr Gly Met Asn Gln Asn

Ser Ser Lau Arg Trp 288

CGCG GGG CTC TIC 16T 1098
Acg Gly Leu Phe Cys 310

CAG GAT CCA AAC CCC 1188
cy-cun,mmm 348

wmmwwmmmmmAmnmmwmmmmmmmmmmmmmmunc 1278
Al b s Gly Pro Leu Ala Tyr 378

38 oligonucleotide probes as described®. Each
cDNA insert was sequenced from the restriction
sites shown using the dideoxy-chain termina-
tion technique of Sanger et al®. Sequencing
was done on both strands. The sequences were
analysed using Microgenie Software (Beck-
man) according to the program of Queen and
Korn'4,

ATG TCT TIC CAT CGC 1368
Mot Ser Phe His Arg Asa 408

ucmuammmrccurmmmcccmcccrccucmutucmrmmwccrcccmucmw:m 1458
His Thr Als Thr Val Arg Ser His Als Glu Asn Pro Thr Ala Ser His Val Asp Asn Glu Tyr Ser Gla Pro Pro Acg Asn Ser Arg Leu 438

mmrAfmmmmwnmmutcmunncAmmmmA’crccrccmmmnturmutmm 1548
Ser Ala Tyr Pro Ala Leu Glu Gly Val Leu Nis Arg Ser Ser Met Gin Pro Asp Asn Ser Ser Asp Sar Asp Tyr Asp Lau His Gly Ala 468

CAG AGG CTG TA T

TCACT T 1866
GIn Acg Ley 4o

CTG [k}
T TTCTCC TCTCT 1902
GGG TITIC TITT TTTCCTCCT TIGGCCTCTTC 2021
A GC TTCACCGCAG 2140
C TCCOCA TCATCTAA CTTCCTTTCCACTCGCTE 2239

TCAAGCH . TCCAC TAGTAAACCTT

protein sequences of T1 were compared with the sequences in
the Genbank and National Biomedical Research Foundation
databases'“'*, There are no significant similarities with other
known sequences.

To determine the number of T1 genes present in the human
genome, we performed Southern blot analyses'S on HPB-ALL
DNA using the insert of pT1-2 as a probe (Fig. 3b). Digestion
of HPB-ALL DNA with EcoRI yields a single fragment of
~12-15kb. Digestion with BglII yields two fragments of ~6
and 2.5kb and digestion with Pstl, which has three cleavage
sites in the cDNA sequence, produces four fragments of 0.7,
1.4, 1.6 and 3.5 kb. These data suggest that the T1 molecule is
encoded by a single-copy gene.

To provide further evidence that the cDNA clones presented
here encode the T1 protein, DNA from secondary L-cell trans-
fectants selected for Tt expression by fluorescence activated cell
sorting (FACS) was screened using the insert from pTil-1
(Fig. 3¢). HindI1I digestion of DNA from the three transfectants
(Fig. 3¢, lanes 3-5) and from JM, a T1* human T-cell line
(Fig. 3¢, lane 2), yields a major band of 4.7 kb in all cases which
is amplified 20-50-fold in the T1-selected transfectants. A weaker
band of 2.8 kb seen with the transfectants occurs in the JM cell
line after longer exposure times (data not shown). The faint
bands above the 4.7-kb band could not be detected from JM
and may represent a small portion of T1 DNA that was either

e

integrated into the chromosome at a different location from
most T1 DNA or is present in double minute chromosomes'’.

The T1 molecule is expressed on most peripheral T cells'-?
and on a subset of B cells (2-5%) in lymph nodes'®. The T1
molecule is thought to be the human equivalent of the murine
Ly-1 molecule’. The insert of pT1-1 has been used to clone
¢DNAs encoding Ly-1 (H.-J.S.H. et al, in preparation). These
cDNAs have been expressed in L ceils which then bind aLy-1
antibodies, thus confirming that the two molecules are
homologous. Studies by other workers have suggested that Ly-1
and T1 are directly involved in sustaining the proliferation of
activated T celis*®. Indeed, Ly-1 may be the receptor for some
as yet undetermined ligand. -

The high cysteine content, long cytoplasmic domain suitable
for signal transduction and phosphorylation seen following
incubation of HPB-ALL cells with >2P-orthophosphate (data
not shown) are structural features of other transmembrane
receptor molecules, including the low-density lipoprotein re-
ceptor'®, the epidermal growth factor receptor, the insulin
receptor’’, the interleukin-2 receptor*>®® and the transferrin
receptor”*, The availability of a cDNA clone encoding T1 should
help to elucidate the function and regulation of this molecule
that is apparently involved in the growth of T lymphocytes.
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1 Fig. 4 a, Amino-acid sequence alignment of two homologous
£ regions of T1. Region 1 spans residues 1-113 and region 2 residues
. 242-347. Dashes, 6-amino-acid deletion in region 2. b, Model of
T1 structure. L, Leader or signal peptide; TM, transmembrane .
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