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ABSTRACT  Thymopoietin (TP) was originally isolated
a 5-kDa 49-aa protein from bovine thymus in studies of the
effects of thymic extracts on neuromuscular transmission and
was subsequently observed to affect T-cell differentiation and
function. We now report the isolation of cDNA clones for three
alternatively spliced mRNAs that encode three distinct human
T-cell TPs. Proteins encoded by these mRNAs, which we have
named TP« (75 kDa), TPB (51 kDa), and TPy (39 kDa),
contain identical N-terminal regions, including sequences
nearly identical to that of the originally isolated 49-aa protein,
but divergent C-terminal regions. TP mRNAs are expressed in
many tissues, most abundantly in adult thymus and fetal liver
of the tissues so far examined. Distinct structural domains and
functional motifs in TPs «, B, and Y suggest that the proteins
have unique functions and may be directed to distinct subcel-
lular compartments.

Thymopoietin (TP) was originally isolated as a 5-kDa poly-
peptide from bovine thymus on the basis of its ability to affect
neuromuscular transmission when mjected into mice (1).
Subsequently, purified 5-kDa TP was found to affect certain
immunological functions, inducing differentiation of prothy-
mocytes to thymocytes, as measured by changes in expres-
sion of Thy-1 and other cell surface phenotypic markers (2),
and enhancing allogeneic responses of peripheral T cells (3).
The 5-kDa TP and a synthetic peptide corresponding to aa
32-36 of TP, Arg-Lys-Asp-Val-Tyr (thymopentin) gave sim-
ilar results in both neurophysiological and immunological
assays, suggesting that thymopentin may act as a TP mimetic
(4, 5). Furthermore, in clinical studies with thymopentin
being used as a putative immunoregulatory drug, promising
findings have been obtained in double-blind, placebo-
controlled studies of subjects with rheumatoid arthritis (6),
recurrent herpes simplex (7), atopic dermatitis (8), and
asymptomatic human immunodeficiency virus infection (9).
To better define the cellular function(s) of TP and to
provide a molecular basis for the mechanism of action of
thymopentin, we isolated and characterized cDNAs encod-
ing this protein. Zevin-Sonkin et al. (10) previously isolated
a bovine cDNA that encodes the originally determined 49-aa
bovine TP sequence (11, 12) at the 5’ end of a larger open
reading frame. Here we report the isolation, using a probe
derived from the bovine sequence of Zevin-Sonkin et al. (10),
of human TP cDNA clones that encode three distinct human
TP proteins, derived from three alternatively spliced
mRNAs, each of which contains a sequence at the N terminus
that is homologous to the originally determined bovine 49-aa
TP sequence. TPa (75 kDa), TPB (51 kDa), and TPy (39 kDa),
contain some domains in common and some unique domains,
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suggesting that these proteins may serve distinct functions
and may be directed to distinct subcellular locations.t

MATERIALS AND METHODS

Isolation of Human TP cDNA and Genomic Clones. Overlap-
ping partial cDNA clones were isolated from a library prepared
from thymus mRNA (Clontech) and a library prepared from the
T-cell line Jurkat (Stratagene) in multiple rounds of screening.
The initial probe used was an oligonucleotide containing se-
quences encoding bovine TP aa 1-42 from the published partial
bovine cDNA of Zevin-Sonkin et al. (10). In subsequent rounds
of screening, probes derived from the initial human clones were
used. The genomic clone ASHG-1 was isolated from a AFIX IT
library (Stratagene). Library screening methods were essen-
tially as described (13).

Sequence Determination and Analysis. All sequences re-
ported, with the exception of the 3’ untranslated sequences
of TPs B and vy, were determined in at least two independent
clones and on both strands of at least one clone. Some
sequencing was done by LARK Sequencing Technologies
(Houston). Sequences were compared to release 7.0 of the
Entrez:Sequences collection of data bases from the National
Center for Biotechnology Information, using the modified
FASTA (14) program in MACVECTOR 4.1 (Kodak). Protein
sequences were searched for motifs in release 9 of the Prosite
data base (15) by using MACPATTERN (16). Hydropathy anal-
ysis was by the method of Engelman et al. (17) as imple-
mented in MACVECTOR.

Northern Blot Analysis. Poly(A)* RNA from the human
T-cell line CEM (American Type Culture Collection) was
prepared by acid guamdmmm thiocyanate/phenol/chloro-
form (18) extraction using RNAzol (Cinna/Biotecx Labora-
tories, Friendswood, TX), followed by selection on oligo(dT)
columns (13). Poly(A)* RNA from human tissues and blots of
human tissue mRNAs were purchased from Clontech. Gly-
oxylated poly(A)* RNAs were separated in 1.2% agarose
gels, blotted to nylon membranes, and hybridized and
washed as described (13). Sizes of mRNAs were determined
by comparison to RNA size markers (GIBCO/BRL).

Probes for detection of TP mRNAs were overlapping
oligodeoxynucleotides that were radiolabeled by extension of
3’ ends to generate the complete double-stranded sequence.
Oligonucleotide sequences were as follows: a/B/vy, nt 1-87
(Fig. 1) (sense) and 156-64 (antisense); a-specific, nt 1488—
1587 (sense) and 1587-1571 (antisense); B-specific, nt 849—
898 (antisense) and 929-879 (antisense); B/y-specific, nt
12861330 (sense) and 1365-1316 (antisense). The glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) probe was
obtained from Clontech.

Abbreviation: TP, thymopoietin.

*Present address: Terumo Corp., Somerset, NJ 08873.

TThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. U09086-U09088).
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Thymopoietins B and y

GTTCGTAGTTCGGCTCTGGGGTCTTTT —-181 GGTTGGTGCGAGCTTCCAGCTTGGCCGCAGTTGGTTCGTAGTTCGGCTCTGGGGTCTTTT
GTGTCCGGGTCTGGCTTGGCTTTGTGTCCGCGAGTTTTTGTTCCGCTCCGCAGCGCTCTT ~121 GTGTCCGGGTCTGGCTTGGCTTTGTGTCCGCGAGTTTTTGTTCCGCTCCGCAGCGCTCTT
CCCGGGCAGGAGCCGTGAGGCTCGGAGGCGGCAGCGCGGTCCCCGGCCAGGAGCAAGCGC  -61 CCCGGGCAGGAGCCGTGAGGCTCGGAGGCGGCAGCGCGGTCCCCGGCCAGGAGCARGCGT
GCCGGCGTGAGCGGCGGCGGCAAAGGCTGTGGGGAGGGGGCTTCGCAGATCCCCGAGATG -1 GCCGGCGTGAGCGGCGGCGGCARAGGCTGTGGGGAGGGGGCTTCGCAGATCCCCGAGATG
Met -1 Met
CCGGAGTTCCTGGAAGACCCCTCGGTCCTGACAAAAGACAAGTTGAAGAGTGAGTTGGTC 60 CCGGAGTTCCTGGAAGACCCCTCGGTCCTGACAAAAGACAAGTTGAAGAGTGAGTTGGTC
ProGluPheLeuGluAspProSerValLeuThrLysAspLysLeulLysSerGluLeuvVal 20 ProGluPheLeuGluAspProSerValLeuThrLysAspLysLeulysSerGluLeuval
GCCAACAATGTGACGCTGCCGGCCGGGGAGCAGCGCARAGACGTGTACGTCCAGCTCTAC 120 GCCAACAATGTGACGCTGCCGGCCGGGGAGCAGCGCAAAGACGTGTACGTCCAGCTCTAC
AlaAsnAsnValThrLeuProAlaGlyGluGlnArgLysAspValTyrValGlnLeuTyr 40 AlaAsnAsnValThrLeuProAlaGlyGluGlnArgLysAspValTyrValGlnLeuTyr
CTGCAGCACCTCACGGCTCGCAACCGGCCGCCGCTCCCCGCCGGCACCAACAGCAAGGGG 180 CTGCAGCACCTCACGGCTCGCAACCGGCCGCCGCTCCCCGCCGGCACCAACAGCAAGGGG
LeuGlnHisLeuThrAlaArgAsnArgProProLeuProAlaGlyThrAsnSerLysGly 60 LeuGlnHisLeuThrAlaArgAsnArgProProLeuProAlaGlyThrAsnSerLysGly
CCCCCGGACTTCTCCAGTGACGAAGAGCGCGAGCCCACCCCGGTCCTCGGCTCTGGGGCC 240 CCCCCGGACTTCTCCAGTGACGAAGAGCGCGAGCCCACCCCGGTCCTCGGCTCTGGGGCC
ProProAspPheSerSerAspGluGluArgGluProThrProvalleuGlySerGlyAla 80 ProProAspPheSerSerAspGluGluArgGluProThrProvalleuGlySerGlyAla
GCCGCCGCGGGCCGGAGCCGAGCAGCCGTCGGCAGGAAAGCCACAAAAAAAACTGATAAA 300 GCCGCCGCGGGCCGGAGCCGAGCAGCCGTCGGCAGGARAGCCACAARARARACTGATARR
AlaAlaAlaGlyArgSerArgAlaAlaValGlyArgLysAlaThrLysLysThrAspLys 100 AlaAlaAlaGlyArgSerArgAlaAlaValGlyArgLysAlaThrLysLysThrAsplys
CCCAGACAAGAAGATAAAGATGATCTAGATGTAACAGAGCTCACTAATGAAGATCTTTTG 360 CCCAGACAAGAAGATAAAGATGATCTAGATGTAACAGAGCTCACTAATGAAGATCTTTTG
ProArgGlnGluAspLysAspAspLeuAspValThrGluLeuThrAsnGluAspLeuLeu 120 ProArgGlnGluAspLysAspAspLeuAspValThrGluLeuThrAsnGluAspLeuLeu
GATCAGCTTGTGAAATACGGAGTGAATCCTGGTCCTATTGTGGGAACAACCAGGAAGCTA 420 GATCAGCTTGTGAAATACGGAGTGAATCCTGGTCCTATTGTGGGAACAACCAGGAAGCTA
AspGlnLeuValLysTyrGlyValAsnProGlyProIleValGlyThrThrArgLysLeu 140 AspGlnLeuVallysTyrGlyValAsnProGlyProlleValGlyThrThrArgLysLeu
TATGAGAAAAAGCTTTTGAAACTGAGGGAACAAGGAACAGAATCAAGATCTTCTACTCCT 480 TATGAGAAAAAGCTTTTGAAACTGAGGGAACAAGGAACAGAATCAAGATCTTCTACTCCT
TyrGluLysLysLeuLeuLysLeuArgGluGlnGlyThrGluSerArgSerSerThrPro 160 TyrGluLysLysLeuLeulysLeuArgGluGlnGlyThrGluSerArgSerSerThrPro
CTGCCAACAATTTCTTCTTCAGCAGAAAATACAAGGCAGAATGGAAGTAATGATTCTGAC 540  CTGCCAACAATTTCTTCTTCAGCAGAAAATACAAGGCAGAATGGAAGTAATGATTCTGAC
LeuProThrIleSerSerSerAlaGluAsnThrArgGlnAsnGlySerAsnAspSerAsp 180 LeuonThr1leSerSerSerAlaGluAsnThrArgGlgAsnGlySerAsnAspSerAsp
AGATACAGTGACAATGAAGAAGGAAAGAAGAAAGAACACAAGAAAGTGAAGTCCACTAGG 600 AGATACAGTGACAATGAAGAAGACTCTAAAATAGAGCTCAAGCTTGAGAAGAGAGAACCA
ArgTyrSerAspAsnGluGluGlyLysLysLysGluHisLysLysValLysSerThrArg 200 ArgTyrSerAspAsnGluG%uAspSerLysIlecluLeuLysLeuGluLysArgGluPro
*
GATATTGTTCCTTTTTCTGAACTTGGAACTACTCCCTCTGGTGGTGGATTTTTTCAGGGT 660 CTAAAGGGCAGAGCAAAGACTCCAGTAACACTCAAGCAAAGAAGAGTTGAGCACAATCAG
AspIleValProPheSerGluLeuGlyThrThrProSerGlyGlyGlyPhePheGlnGly 220 LeuLysGlyArgAlaLysThrProValThrLeuLysGlnArgArgValGluHisAsnGln
ATTTCTTTTCCTGAAATCTCCACCCGTCCTCCTTTGGGCAGTACCGAACTACAGGCAGCT 720
IleSerPheProGluIleSerThrArgProProLeuGlySerThrGluLeuGlnAlaAla 240
AAGAAAGTACATACTTCTAAGGGAGACCTACCTAGGGAGCCTCTTGTTGCCACAAACTTG 780
LysLysValHisThrSerLysGlyAspLeuProArgGluProLeuvalAlaThrAsnLeu 260
CCTGGCAGGGGACAGTTGCAGAAGTTAGCCTCTGAAAGGAATTTGTTTATTTCATGCAAG 840
ProGlyArgGlyGlnLeuGlnLysLeuAlaSerGluArgAsnLeuPheIleSerCysLys 280
TCTAGCCATGATAGGTGTTT GAGAAAAGTTCTTCGTCATCTTCTCAGCCTGAACACAGT 900
SerSerHisAspArgCysLeuGluLysSerSerSerSerSerSerGlnProGluHisSer 300
GCCATGTTGGTCTCTACTGCAGCTTCTCCTTCACTGATTAAAGAAACCACCACTGGTTAC 960
AlaMetLeuValSerThrAlaAlaSerProSerLeulleLysGluThrThrThrGlyTyr 320 3
TATAAAGACATAGTAGAAAATATTTGCGGTAGAGAGAAAAGTGGAATTCAACCATTATGT 1020 GTGGGAGAAAAAAgAGAGGAAAGAAGAGTAGAA
TyrLysAsplleValGluAsnIleCysGlyArgGluLysSerGlyIleGlnProLeuCys 340 % % 1884yValGlyGluLysT rGluGluArgArgValGlu
CCTGAGAGGTCCCATATTTCAGATCAATCGCCTCTCTCCAGTAAAAGGAAAGCACTAGAA 1080 AGGGATATTCTTAAGGAAATGTTCCCCTATGAAGCATCTACACCAACAGGAATTAGTGCT
ProGluArgSerHisIleSerAspGlnSerProLeuSerSerLysArgLysAlaLeuGlu 360 ArgAsplleLeulLysGluMetPheProTyrGluAlaSerThrProThrGlyIleSerAla
GAGTCTGAGAGCTCACAACTAATTTCTCCGCCACTTGCCCAGGCAATCAGAGATTATGTC 1140  AGTTGCCGCAGACCAATCARAGGGGCTGCAGGCCGGCCATTAGRACTCAGTGATTTCAGG
GluSerGluSerSerGlnLeulleSerProProLeuAlaGlnAlalleArgAspTyrVal 380 SerCysArgArgProlleLysGlyAlaAlaGlyArgProLeuGluLeuSerAspPheArg
AATTCTCTGTTGGTCCAGGGTGGGGTAGGTAGTTTGCCTGGAACTTCTAACTCTATGCCC 1200 ATGGAGGAGTCTTTTTCATCTAAATATGTTCCTAAGTATGTTCCCTTGGCAGATGTCAAG
AsnSerLeuLeuValGlnGlyGlyValGlySerLeuProGlyThrSerAsnSerMetPro 400 MetGluGluSerPheSerSerLysTyrValProLysTyrValProLeuAlaAspVallys
CCACTGGATGTAGAAAACATACAGAAGAGAATTGATCAGTCTAAGTTTCAAGAAACTGAA 1260 TCAGAAAAGACAAAAAAGGGACGCTCCATTCCCGTATGGATAAAAATTTTGCTGTTTGTT
ProLeuAspValGluAsnIleGlnLysArgIleAspGlnSerLysPheGlnGluThrGlu 420 SerGluLysThrLysLysGlyArgSerlleProvValTrpllelyslleLeuLeuPheVal
TTCCTGTCTCCTCCAAGAAAAGTCCCTAGACTGAGTGAGAAGTCAGTGGAGGAAAGGGAT 1320 GTTGTGGCAGTTTTTTTGTTTTTGGTCTATCAAGCTATGGAAACCAACCAAGTAAATCCC
PheLeuSerProProArgLysValProArgLeuSerGluLysSerValGluGluArgAsp 440 valValAlaValPheLeuPheLeuValTyrGlnAlaMetGluThrAsnGlnValAsnPro
TCAGGTTCCTTTGTGGCATTTCAGAACATACCTGGATCCGAACTGATGTCTTCTTTTGCC 1380 TTCTCTAATTTTCTTCATGTTGACCCTAGAAAATCCAACTGAATGGTATCTCTTTGGCAC
SerGlySerPheValAlaPheGlnAsnIleProGlySerGluLeuMetSerSerPheAla 460 PheSerAsnPheLeuHisValAspProArgLysSerAsnStop
AAAACTGTTGTCTCTCATTCACTCACTACCTTAGGTCTAGAAGTGGCTAAGCAATCACAG 1440 GTTCAACTTGGTCTCCTATTTTCAATAACTGTTGAAAAACATTTGTGTACACTTGTTGAC
LysThrValValSerHisSerLeuThrThrLeuGlyLeuGluValAlaLysGlnSerGln 480 TCCAAGAACTAAAAATAATGTGATTTCGCCTCAATAAATGTAGTATTTCATTGAAAAGCA
CATGATAAAATAGATGCCTCAGAACTATCTTTTCCCTTCCATGAATCTATTTTAAAAGTA 1500  AACAAAATATATATAAATGGACTTCATTAAAATGTTTTTGAACTTTGGACTAGTAGGAGA
HisAspLysIleAspAlaSerGluLeuSerPheProPheHisGluSerIleLeuLysVal 500 TCACTTTGTGCCATATGAATAATCTTTTTTAGCTCTGGAACTTTTTGTAGGCTTTATTTT
ATTGAAGAAGAATGGCAGCAAGTTGACAGGCAGCTGCCTTCACTGGCATGCARATATCCA 1560 e b e sy e b
IleGluGluGluTrpGlnGlnValAspArgGlnLeuProSerLeuAlaCysLysTyrPro 520 AAACGAAGGGTGARACATGGTAGTATAATGTGAAGCTACACATTTAAATACTTAGAATTC
TTACAGAAAAGATTTTAAGAATTATTCTCTGCTGAATAAAAACTGCAAATATGTGAAACA
GTTTCTTCCAGGGAGGCAACACAGATATTATCAGTTCCAAAAGTAGATGATGARATCCTA 1620 TAATGAAATTCAGTAAGAGGAAAAGTAACTTGGTTGTACTTTTTGTAACTGCAACAAAGT
ValSerSerArgGluAlaThrGlnIleLeuSerValProLysValAspAspGlulleLeu 540 TTGATGGTGTTTATGAGGAAAAGTACAGCAATAATCTCTTCTGTAACCTTTATTAATAGT
GGGTTTATTTCTGAAGCCACTCCACTAGGAGGTATTCAAGCAGCCTCCACTGAGTCTTGC 1680 AATGTTGTTGTAGCCCTATCATACTCACTTTTTAAGACACAGTATCATGAAAGTCCTATT
GlyPheIleSerGluAlaThrProLeuGlyGlyIleGlnAlaAlaSerThrGluSerCys 560 TCAGTAAGACCCATTTACATACAGTAGATTTTTAGCAGAGATCTTTTAGTGTAACATACA
AATCAGCAGTTGGACTTAGCACTCTGTAGAGCATATGAAGCTGCAGCATCAGCATTGCAG 1740 TATTTEAGAGRATIGT IO AG O A Scisl Ao
AsnGlnGlnLeuAspLeuAlaLeuCysArquaTy:GluAlaAlaAlaSerAlaLeuGln 580 GGCTATAATTGGAAATTTGTATTTTTTATTTACAGCAAAACATTTATTCAGTCATCCAGT
TTGCTACCAAAATATGTTTTAGATAAGTGTGTGTATGTTTGTTTAGAAGTTAGAAATTGT
ATTGCAACTCACACTGCCTTTGTAGCTAAGGCTATGCAGGCAGACATTAGTCAAGCTGCA 1800 AAACACTGGTCTTATGTTTCATTTGGATTCATTATTGCATTGTCTTGTTACCAGAAACAA
I1eAlaThrH1sThrAlaPheValAlaLysAlaMetGlnAlaAsleeSerGlnAlaAla 600 ATTTTGCCGAGCTTTTTTTGCCCTATATTTCCCAGCATAATTTGATTAGAAAGTACAAAA
CAGATTCTTAGCTCAGATCCTAGTCGTACCCACCAAGCGCTTGGGATTCTGAGCAAAACA 1860 AGGGCCGGGCGCGGTGGCTTACGCCTGTAATCCCAGCACTTTGGGAGGCCAGGGCGGGTG
GlnIleLeuSerSerAspProSerArgThrHisGlnAlaLeuGlyIleLeuSer. 620 GATCACGAGGTCAGGAGATCGGGACCATCCTGGCCAACATGGTGAAACCCCGTCTCTACT
AAAAAAAAAAAAAAAA
TATGATGCAGCCTCATATATTTGTGAAGCTGCATTTGATGAAGTGAAGATGGCTGCCCAT 1920
TyrAspAlaAlaSerTyrIleCysGluAlaAlaPheAspGluVallysMetAlaAlaHis 640
ACCATGGGAAATGCCACTGTAGGTCGTCGATACCTCTGGCTGAAGGATTGCAAAATTAAT 1980
ThrMetGlyAsnAlaThrValGlyArgArgTyrLeuTrpLeulysAspCysLysIleAsn 660 s i
-Specitic
TTAGCTTCTAAGAATAAGCTGGCTTCCACTCCCTTTAAAGGTGGAACATTATTTGGAGGA 2040 BD mai
LeuAlaSerLysAsnLysLeuAlaSerThrProPheLysGlyGlyThrLeuPheGlyGly 680 omain
GAAGTATGCAAAGTAATTAAAAAGCGTGGAAATAAACACTAGTAAAATTAAGGACAAAAA 2100 *
GluValCysLysValIleLysLysArgGlyAsnLysHisStop 693 1 187 220 329 453
GACATCTATCTTATCTTTCAGGTACTTTATGCCAACATTTTCTTTTCTGTTAAGGTTGTT 2160 PP
TTAGTTTCCAGATAGGGCTAATTACAAAATGTTAAGCTTCTACCCATCAAATTACAGTAT 2220 51 kDa o By By B B.y
AAAAGTAATTGCCTGTGTAGAACTACTTGTCTTTTCTAAAGATTTGCGTAGATAGGAAGC 2280
CcTG 2283
Hydrophobic
Potential Transmembrane
Domain
1 187 693 1 187 220
75T|:: [ TPy
a o B,y o 39 kDa o By B.y B.Y
o-Specific
Domain
FiG. 1. (Legend appears at the bottom of the opposite page.)
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Expression of Recombinant Human TPs in Escherichia coli.
Recombinant TPs were expressed in E. coli BL21(DE3) using
inducible T7 RNA polymerase-dependent pET vectors (ref.
19; Novagen). Plasmid pET17b-hTPa was constructed by
PCR amplification of the open reading frame from AT.32 and
an overlapping fragment from AT.153 and insertion into
pET-17b. This construct encodes TPa as a fusion protein
with three additional amino acids, Met-Ala-Ser, at the N
terminus. The vectors pET3a-hTPB and pET3a-hTPy were
constructed by PCR amplification of the open reading frames
from AT.17 and AT.206, respectively, and insertion into
pET-3a.

Protein Immunoblotting. Mammalian cell extracts were
prepared by lysis of cells in 1% (vol/vol) Nonidet P-40/20
mM Tris'HCI, pH 7.5/150 mM NaCl/1 mM EDTA/0.1 mM
EGTA/0.5 mM dithiothreitol, plus the following protease
inhibitors (Boehringer Mannheim): aprotinin, 10 ug/ml; pep-
statin, 0.3 mM; Pefabloc, 0.1 mM; and E-64, 1 ug/ml. After
passage through a 27%:-gauge needle to reduce viscosity and
centrifugation to remove insoluble material, sample buffer
(20) was added. E. coli extracts were prepared by direct lysis
in sample buffer. Proteins were separated by SDS/PAGE and
transferred to nitrocellulose, and TPs were detected with
affinity-purified rabbit antiserum 81912 raised against a syn-
thetic peptide containing TP aa 1-19; this antiserum also
recognizes a synthetic TP containing aa 1-52, which corre-
sponds to the originally described 5-kDa TP species (unpub-
lished work). Blots were developed with peroxidase-linked
goat anti-rabbit immunoglobulin (Pierce) and an enhanced
chemiluminescence system (Amersham).

RESULTS

Analysis of TP a, B, and y Sequences. Sequencing of
overlapping partial cDNA clones revealed the existence of
three distinct alternatively spliced human TP mRNAs encod-
ing three distinct TP proteins that contain both unique and
common domains (Fig. 1). The three proteins, which we have
named TPs a, B, and v, have predicted molecular masses of
75 kDa, 51 kDa, and 39 kDa, respectively. TPs a, 8, and y
have identical N-terminal domains through Glu!*’, and aa
1-49 are homologous to the originally determined 49-aa
sequence of purified bovine thymopoietin (11, 12). After
Glu'®?, TP« diverges from TPs g and y. TPy differs from TPB
only in lacking the B-specific domain containing aa 221-329
of TPB. In regions where the amino acid sequences of TPs a,
B, and yare identical, their nucleotide sequences are identical
as well, consistent with their originating by alternative splic-
ing of transcripts from a single gene. This was confirmed by
sequencing of genomic clones (unpublished work).

Hydropathy analysis (17) revealed that TPs a, B8, and ylack
an N-terminal hydrophobic signal sequence typical of secreted
polypeptides. However, the analysis revealed that TPs g and

ycontain a possible hydrophobic transmembrane domain near

their C termini (Fig. 1), suggesting possible association of
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these proteins with cellular membranes. Analysis of TP se-
quences for motifs in the Prosite data base (15) revealed
several potential phosphorylation sites for protein kinases,
including KTYDAASY, aa 619-626 of TPa, a sequence that
matches a consensus sequence for phosphorylation by some
tyrosine kinases [(K or R)X; or 3(D or E)X; o 3Y] (21).

Comparison of the sequences of TPs a, B, and ¥y to the
Entrez:Sequences collection of data bases did not reveal any
compelling similarities to previously known protein or nu-
cleic acid sequences other than TP.

TPs a, B, and y Are the Major TP Species Expressed in a
Human T-Cell Line. Recombinant TPs «, B8, and vy expressed
in E. coli comigrated with the three major TPs detected in
extracts of the T-cell line CEM with an antiserum against
TPa/B/y aa 1-19 (Fig. 2A). An additional, less abundant
=~43-kDa immunoreactive protein has not been further char-
acterized. In some experiments another less abundant im-
munoreactive protein, slightly larger than TPa, was also
detected (data not shown).

TP mRNAs in T-Cell Lines. Three major TP mRNAs,
estimated to be 4.4 kb, 4.1 kb, and 4.0 kb, were detected in
CEM cells with an oligonucleotide probe containing se-
quences encoding aa 1-52 of the TPa/B/y common region
(Fig. 2B, left and right lanes). Only the 4.0-kb mRNA was
detected with an a-specific probe, only the 4.4-kb mRNA was
detected with a B-specific probe, and the 4.1-kb mRNA was
detected with a B/y-specific probe but not with a-specific or
B-specific probes (Fig. 2B). This suggests that the 4.0-kb
mRNA encodes TPa, the 4.4-kb mRNA encodes TPB, and
the 4.1-kb mRNA encodes TPy. The smaller size of TP«
mRNA relative to TPB and TPy mRNAs despite its encoding
the largest protein indicates that it contains shorter 3’ and/or
5’ untranslated regions; the complete 3’ and 5’ untranslated
regions have not been cloned.

Expression of TP mRNAs in Adult and Fetal Tissues. TP
mRNAs were detected in all tissues examined, with highest
expression in adult thymus and in fetal liver (Fig. 3). In some
tissues, TP mRNAs of slightly different sizes than the thymus
mRNAs were resolved when electrophoresis times were
extended (Fig. 3A). Whether such differences result from
different 5’ or 3' untranslated regions or additional distinct
patterns of alternative splicing of coding exons is not known.
Expression of TPs a, B, and vy in many tissues, with partic-
ularly high expression in thymus, was also observed in
rodents, and initial analysis of rat TP cDNAs suggests a high
level of sequence conservation between rat and human TPa
(unpublished observations).

DISCUSSION

Three major TPs, a (75 kDa), B(51kDa), and y(39 kDa), were
demonstrable in extracts of the T-cell line CEM by immu-
noblotting with antibodies to a synthetic peptide correspond-
ing to aa 1-19 predicted from the cDNAs reported here. The
TP a, B, and y mRNAS that we described minimally encode

Fi1G. 1. (on opposite page). Nucleotide and predicted amino acid sequences and schematic diagram of human TPa (A) and of human TPs
Band y(B). Sequences were determined from overlapping partial cDNA and genomic clones. The TPa sequence was determined from the cDNA
clones AT.32 and AT.153, and confirmed in the genomic clone ASHG-1. The TPB sequence was determined from the cDNA clones AT.6, AT.17,
and AT.209. The TPy sequence was determined from the cDNA clone AT.206. As the 5’ and 3’ end sequences have not been determined, the
sequences have been numbered so that amino acid +1 is the N-terminal proline of mature TP and nucleotide +1 is the first nucleotide of the
proline codon. Stars below Glul®? indicate the end of the N-terminal region that is common to TPs a, 8, and y. TPy differs from TPS only in
that it lacks an alternatively spliced 109-aa central domain (shaded). Nucleotide and amino acid numbers in parentheses are for TPy, after
subtraction of the B-specific region. A sequence in TPa resembling a consensus sequence for tyrosine phosphorylation preceeding Tyr%26 is
underlined. A hydrophobic, potentially membrane-spanning, domain in TPs g and yis doubly underlined. Nucleotide 1792 in TPais C in AT.153,
but G in ASHG-1, which changes aa 598 from Gin to Glu. Nucleotide 579 is C in AT.6 and in ASHG-1, but T in AT.206, in both cases encoding
Leu. The first =60 nt of AT.206 sequence (TPy) do not match other cDNA or genomic sequences (data not shown). We assume that this sequence
is the result of a cloning artifact and that the TPS and TPy mRNA sequences have identical 5’ untranslated regions. The poly(A) tract at the
end of the B/y sequence is part of an Alu repeat in the 3’ untranslated region and is not the 3’ end of the mRNA.
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FiG. 2. Expression of TP proteins and RNAs in CEM cells. (A) TP «, B, and y cDNAs expressed in E. coli produce 75-kDa, 51-kDa, and
39-kDa proteins that comigrate with the major TP proteins expressed in CEM cells. Lysate proteins of the human T-cell line CEM or of E. coli
strains expressing recombinant TPs were separated by SDS/PAGE and immunoblotted with an antiserum raised against aa 1-19 of the common
N-terminal region of TPs a, B, and y. The molecular masses of TPs a, B, and y predicted from the cDNAs were confirmed by comparison with
marker proteins in separate experiments (data not shown). (B) Thymopoietin mRNAs in CEM cells. TP mRNAs in CEM cells were identified
on Northern blots by probes containing sequences from the N-terminal common region that is present in TPs a, B, and v or probes specific for
TPa, for TP, or for TPs B and v, as described in Materials and Methods. The ~4.1-kb TPy mRNA and the =4.0-kb TPa mRNA are not well

resolved in the left and right lanes.

these three proteins. This was shown by comigration of
recombinant TPs a, B, and y expressed in E. coli with the
CEM proteins. No immunoreactive proteins corresponding
in size to the originally purified 5-kDa 49-aa bovine TP (1, 11,
12) were detected by immunoblotting of extracts of CEM,
other cell lines, or tissues (data not shown). These extracts
were prepared rapidly in lysis solutions containing SDS
and/or protease inhibitors, reagents that were not used in the
original isolations (1, 11, 12). This suggests that the originally
purified 5-kDa protein may have been a proteolytic fragment
of the presently described larger TPs, the fragment being
active in the bioassays used for its isolation.

The first 49 aa predicted by the human TP «, B, and y
cDNA s are closely similar to the sequence determined for the
originally purified bovine 5-kDa TP, differing at only 5 amino
acids (11, 12). Comparison of the human cDNA derived
sequence with the bovine cDNA of Zevin-Sonkin et al. (10)
reveals only 1 amino acid difference (at position 13) between
human and bovine in the first 49 aa. In contrast, a previously
reported 48-aa sequence for the human 5-kDa TP differs at 12
amino acids (22), and this sequence now appears to be
incorrect.

The sequences predicted from the human TP «, B, and y
cDNAs are similar to the sequence predicted from the bovine
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cDNA reported by Zevin-Sonkin et al. (10) from aa 1 through
aa 81, differing only at positions 13 (Asp in human, Glu in
bovine) and 53-56 (Pro-Ala-Gly-Thr in human, Ala-Thr-Ser-
Alain bovine); but beyond aa 81 there is no further homology,
either in nucleotide or in amino acid sequence. Sequencing of
the human TP«/ B/ y gene in a genomic clone revealed that the
DNA sequence encoding aa 81 lies in the middle of an exon
with no nearby potential splice donor sites (unpublished
work), indicating that a TP containing C-terminal sequence
similar to the bovine sequence reported by Zevin-Sonkin et
al. is unlikely to be produced from the human TPa/B/y gene.

The existence of shared and unique domains in TPs a, S,
and vy resulting from alternative splicing suggests that these
proteins may have both shared and unique activities and may
be localized to different subcellular compartments. TPs a, B,
and vylack classical N-terminal hydrophobic signal sequences
for secretion; this suggests that they may be largely localized
intracellularly and may have important intracellular func-
tions. However, early observations of the effects of TP on
neuromuscular transmission (1) along with an analysis of
neuromuscular transmission in thymectomized and thymus-
grafted rats (23) provided evidence for TP secretion. Prelim-
inary analysis of conditioned media from human and mouse
T-cell lines by TP immunoassay is consistent with the pres-
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Fic. 3. Expression of TP mRNAs in human adult and fetal tissues. TP mRNAs were detected with the a/8/y probe described in Materials
and Methods. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe was used to control for any differences in sample loading and
transfer. (A) Glyoxylated poly(A)* RN As were separated in agarose gels and blotted to nylon. (B) Multiple tissue RNA blots were obtained from

Clontech.
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ence of extracellular TP, which remains to be characterized
(unpublished observations). Extracellular TP could possibly
be secreted by an alternative secretion pathway such as that
used by interleukin 1 or the fibroblast growth factors, which
also have no classical signal sequences (24). TPs g and ydo
contain a hydrophobic domain near their C termini, which
may function as a transmembrane signal-anchor domain.
Western blot analysis of crude plasma membrane prepara-
tions derived from T-cell lines failed to indicate the presence
of TP (unpublished observations); however, preliminary
analysis of TP subcellular localization by immunofluores-
cence microscopy (M. A. Talle, personal communication)
suggests that TPs B and y are localized to the nuclear
membrane. The net positive charge on the N-terminal side of
the putative transmembrane domain along with a net negative
charge on the C-terminal side suggests an orientation where
the N-terminal domain of the protein, and therefore the bulk
of the protein, is intranuclear (25). Interestingly, in these
same experiments, TPa (which lacks an obvious transmem-
brane domain) appears to be localized within the nucleus. In
addition, examination of the TPa amino acid sequence re-
veals a short region of basic amino acids (aa 189-195)
suggestive of a nuclear localization domain (26).

Examination of TP «, B, and vy sequences for additional
motifs revealed potential phosphorylation sites for several
protein kinases. Of particular interest is a consensus se-
quence for tyrosine phosphorylation in TP« at Tyr%26, This is
intriguing in that phosphorylation on tyrosine often serves to
regulate proteins involved in controlling cell growth, activa-
tion, or differentiation.

TP mRNA expression was detected in all tissues examined,
suggesting that some TP function(s) may be important in
many or all cell types. However, TP mRNA expression was
highest in adult thymus and in fetal liver, a major fetal site for
production of T-cell precursors. This suggests that TPs may
play especially important roles in T-cell development and
function, as also suggested by earlier reports that TP pro-
motes prothymocyte differentiation (2) and enhances the
allogeneic response of peripheral T cells (3).

In summary, TPs appear to be proteins without strong
sequence similarity to other proteins in current data bases.
The combinatorial arrangement of structural domains and
functional motifs arising from alternative splicing suggests
that TPs may have multiple functions extending beyond those
previously proposed. The high level of expression of TPs in
adult thymus and fetal liver is consistent with TPs playing
especially important roles in T-cell development and func-
tion, yet their expression at lower levels in many other tissues
suggests that one or more of their functions is important in
most cell types.
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