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ABSTRACT Two forms of human thyroid peroxidase
cDNAs were isolated from a Xgtll cDNA library, prepared
from Graves disease thyroid tissue mRNA, by use of oligonu-
cleotides. The longest complete cDNA, designated phTPO-1,
has 3048 nucleotides and an open reading frame consisting of
933 amino acids, which would encode a protein with a
molecular weight of 103,026. Five potential asparagine-linked
glycosylation sites are found in the deduced amino acid
sequence. The second peroxidase cDNA, designated phTPO-2,
is almost identical to phTPO-1 beginning 605 base pairs
downstream except that it contains 1-base-pair difference and
lacks 171 base pairs in the middle of the sequence. This results
in a loss of 57 amino acids corresponding to a molecular weight
of 6282. Interestingly, this 171-nucleotide sequence has GT and
AG at its 5' and 3' boundaries, respectively, that are in good
agreement with donor and acceptor splice site consensus
sequences. Using specific oligonucleotide probes for the
mRNAs derived from the cDNA sequences hTPO-1 and hTPO-
2, we show that both are expressed in all thyroid tissues
examined and the relative level of two mRNAs is different in
each sample. These results suggest that two thyroid peroxidase
proteins might be generated through alternate splicing of the
same gene. By using somatic cell hybrid lines, the thyroid
peroxidase gene was mapped to the short arm of human
chromosome 2.

Thyroid peroxidase (TPO; donor:hydrogen-peroxide oxido-
reductase, EC 1.11.1.7) is involved in two important reac-
tions in the biosynthesis of thyroid hormone; the iodination
of tyrosine residues on thyroglobulin and the intramolecular
coupling reaction of iodinated tyrosines, leading to the
formation of thyroxine (T4) and 3-3'-5-triiodothyronine (T3)
(1, 2). It is believed that these two reactions are carried out
by the same peroxidase enzyme. Changes in the level of
peroxidase have been reported in some thyroid diseases (1,
3, 4).
Most patients with autoimmune thyroid disease have

circulating autoantibodies capable of reacting in vitro with
thyroglobulin, microsomal antigen, and thyrotropin receptor
(3, 5). Microsomal antigen is especially important since it is
present on the surface of follicular thyroid cells and is
involved in the complement-mediated cytotoxicity (6). Al-
though the nature of this antigen has been elusive, several
reports have shown (7-9) that TPO is a major component of
the thyroid microsomal antigen. The significance of TPO
relative to autoimmune thyroid disease, however, is not fully
understood.

Although studies related to the physicochemical properties
and the reaction mechanism of porcine TPO have accumu-
lated (10-12), little information is available on the human
enzyme (7, 13, 14). This is due to the difficulty in obtaining
the large amounts of human thyroid tissues needed for
enzyme purification. Molecular biological approaches serve
as an excellent tool to circumvent this difficulty and to
determine the role ofTPO in autoimmune thyroid disease. To
this end, we cloned and sequenced human (h) TPO cDNA and
determined the chromosome location of its gene.

MATERIALS AND METHODS
Materials. Thyroid glands of patients with Graves disease

were obtained from Kuma Hospital (Kobe, Japan) and
normal thyroid tissue was a gift of Daniela Foti (National
Institute of Diabetes and Digestive and Kidney Diseases,
National Institutes of Health). hTPO was purified as de-
scribed (14). The enzyme had a guaiacol oxidation activity of
290 units/mg of protein and an A413/A280 ratio of 0.60.
Oligonucleotides were synthesized using an Applied Biosys-
tems model 380B DNA synthesizer (Foster City, CA).

Partial Amino Acid Sequence Analysis. Peroxidase was
treated with either cyanogen bromide (15) followed by trypsin
or trypsin only (16). Fragments were separated by a Hi-Pore
reverse-phase column, C4 (4.6 x 250 mm, Bio-Rad) and
sequenced on an Applied Biosystems gas-phase sequencer
(model 470A).

Isolation and Sequencing of hTPO cDNAs. Poly(A) RNA
was isolated from thyroid tissues by the guanidine thiocyan-
ate/cesium chloride method (17) followed by oligo(dT)-cel-
lulose chromatography. A cDNA library was constructed in
Xgtll (18) by using mRNA isolated from the thyroid of a
single Graves disease patient (see patient 3, Fig. 3). Plaque
hybridization for screening with oligonucleotides was per-
formed as described (19). Sequencing was carried out by the
M13 shotgun cloning (20) and dideoxy (21) methods. DNA
sequence alignments and other manipulations were per-
formed with the Beckman "Microgenie" software.
Chromosomal Mapping Using Somatic Cell Hybrids. A

human fibroblast line (GM 2658) with the karyotype
46,XX,t(2;6)(qll;ql5) was used to prepare one series of
human-Chinese hamster hybrids. The human and rodent
parental cells, the cell fusion procedure, the isolation and

Abbreviations: nt, nucleotide(s); TPO, thyroid peroxidase; h,
human.
lThe sequences reported in this paper are being deposited in the
EMBL/GenBank data base (Bolt, Beranek, and Newman Labora-
tories, Cambridge, MA, and Eur. Mol. Biol. Lab., Heidelberg)
(accession nos. J02969 and J02970).
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FIG. 1. Portions of the partial amino
acid sequences and the deduced oligonu-
cleotide sequences used for screening.
Peptide fragments A and B were obtained
from cyanogen bromide cleavage fol-
lowed by trypsin digestion of hTPO,
whereas fragments C and D (see Fig. 2)
were from tryptic digestion only. The
complete amino acid sequences of the
fragments are shown in Fig. 2. The black
bar indicates the amino acid sequence
used for obtaining the oligonucleotide
sequence. The predicted mRNA se-
quence and its complementary oligonu-
cleotide sequence are shown below the
bar.

characterization of hybrids, the hybrid cell lines, and the
DNA analyses have been described (22-25).

RESULTS

Partial Amino Acid Sequences. Four peptides derived from
hTPO were isolated and sequenced, and portions of amino
acid sequences were used to synthesize three different
oligonucleotides (Fig. 1). Each oligonucleotide is composed
of a mixture of either 20-mers (designated oligo-1) or 14-mers
(designated oligos-2 and -3) representing all potential com-
plementary sequences predicted from the hepta- or penta-
peptides, respectively, excluding the third base of the last
codon. These oligonucleotides were used as probes to screen
a human Graves disease thyroid cDNA library.

Isolation of phTPO cDNAs. We originally screened 3 x 105
individual plaques with three different synthetic oligonucle-
otides (Fig. 1) and isolated 28, 5, and 21 positive clones with
oligo-1, -2, and -3, respectively. Fourteen plaques that
hybridized to all three probes and had reasonably long inserts
[>1.5 kilobase pairs (kb)] were purified, and the clones with
two longest inserts (2.8 kb and 2.4 kb) were sequenced
(designated phTPO-2.8 and phTPO-2.4, respectively).
To determine whether the 2.8-kb clone is close to full-

length or not, a primer extension experiment was carried out.
The 22-mer oligonucleotide (designated oligo-5') whose se-
quence is complementary to that located near the 5' end ofthe
2.8-kb insert (Fig. 2) was synthesized and used as a primer.
The primer was extended about 240 base pairs (bp), suggest-
ing that the 2.8-kb cDNA lacked 240 bp of the 5' end ofTPO
mRNA (data not included). The library was, therefore,
rescreened first with this 22-mer oligonucleotide and later
with a 5'-most Taq I fragment prepared from the 2.4-kb insert
[nucleotides (nt) 605-782; 177 bp, Fig. 2]. One clone (desig-
nated phTPO-5') contained an insert that extended the
hTPO-2.8 sequence by 230 bp on the 5' side.

Nucleotide Sequence of phTPO cDNAs. The cumulative
complete cDNA sequence of hTPO-2.8 and hTPO-5' is 3048
bp long and contains a putative poly(A) addition signal 18 nt
upstream of the terminating poly(A) tract (Fig. 2). We believe
that this cDNA sequence, designated hTPO-1, is nearly
full-length based on the results obtained by the primer
extension and the RNA gel blot analysis described below
(Fig. 3).
Between the 2.8-kb and 2.4-kb cDNAs, the following two

differences are observed. One-base change is found at nt 1570
of the complete cDNA where cytidine in the 2.8-kb clone is
substituted with thymidine in the 2.4-kb clone. Furthermore,
the 2.4-kb clone contains a deletion of 171 nt that corresponds

to positions 1670-1840 of hTPO-1. Interestingly, this 171-nt
sequence starts with GT, ends with AG, and maintains a
complete protein open reading frame.
Magnusson et al. (28) have reported the partial nucleotide

and deduced amino acid sequences of porcine TPO. Their
sequence matches with our sequence after 1861 bp. Within
this limited region, hTPO nucleotide sequence showed 66%
similarity to that of porcine TPO. Search of the GenBank
(Beckman Microgenie software, March 1987 update) found
no other known sequences with significant similarity to the
hTPO sequence.
Deduced Amino Acid Sequence of hTPO cDNA. The first

methionine codon (Met-1) in hTPO-1 is encountered at nt 73,
followed by a long open reading frame 933 amino acids long
(Fig. 2). The second and third in-frame methionine codons
are found at 36 nt (Met-13) and 159 nt (Met-54) downstream,
respectively. Both Met-1 and Met-54 are followed by a
peptide similar in structure to a signal sequence (29), which
is necessary for insertion of this protein into the endoplasmic
reticulum. Although Met-54 also has the preceding sequence
that exactly matches the consensus initiation sequence
CCRCCATG (where R is a purine) derived by Kozak (30), we
feel that Met-1 is more likely to be the initiation codon
because of the following three reasons (30): (i) there is the
invariant adenosine at the -3 position of the ATG, (ii) >90%
of eukaryotic mRNAs have the initiation site at the 5'-
proximal methionine triplet, and (iii) 70% of the mRNA
leader sequences are clustered in the 20- to 80-nt range. We
could not, however, determine the N-terminal amino acid
sequences of the hTPO protein. The reason for this is not
clear, although it could be due to the difficulty of obtaining
N-terminal residues from a large glycoprotein such as TPO
(10). Indeed, analysis of the amino acid sequence revealed
five potential asparagine-linked glycosylation sites (Asn-
Xaa-Ser or Thr) (Fig. 2). The molecular weight of the
unmodified protein, based on the deduced amino acid se-
quence, is calculated to be 103,026. One-base difference
found at position 1570 in phTPO-2.4 does not change the
amino acid. An interesting finding is that the 171-bp sequence
that has been lost in the 2.4-kb cDNA leads to a loss of 57
amino acids (corresponding to a molecular weight of 6282)
and maintenance of a complete open reading frame. Search
for known amino acid sequences, including bovine thyro-
globulin (31), cytochrome c peroxidase (32), and chloroper-
oxidase (33), did not reveal any significant similarity to that
of hTPO except for porcine TPO (28), which has 62% amino
acid similarity.
RNA Gel Blot Analysis of hTPO mRNA: Demonstration of

Expression of hTPO-l and hTPO-2 mRNAs. RNA gel blot
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C ATTTC AGAAGAGTTAC ACCCCTCGA AA ATTA( 'T( AGCAGTGC AGTTGGCTGAGAAGAGGAA AA AAGCTCAGAATGAGAGCGCTCGCTGTGCTGTCTGTCACGCTGGTTATGGCCTGCACA 120
MetArgAlaLeuAlaValLeuSerValThrlbeuValMetAlaCysThr 16

phTP0-2.8---i oligo-5' W
G.AAGCCTTCTTCCCC TTC ATCTCCGACGACG(;A AA(;AAC TCC Tl'TGGGCGAA ACCCTCGAGGACGTCTCGTGTCTC TAGCGTCTTGGAGGAAAGC AAGCCCCTCGTCCGACACCGCC ATGTACGCC 240
G1 uAlaPhePheProPhel leSerArgGIy l,ysC IuI.eul~euTrpG1yl.ysProG1uC 1uSerArgVaISerSerVal Leu~l uGI uSerLysArgLeuVal AspThrAlaMetTyrAla 56

ACG ATGC AGAG A A A(CTC AAGAA AACGAGG AATCCTTTC TCC AGC TC ASC TTCTG TCTTTTTCC AAACTTCCTCAGCC AACA ACCGG AGTGATTGCCCCAGC AGC AGAGAT AATGGAAAC A 360
ThrMetG I nArgAsnI.eu1.ysl,ysArgG Iy 1 1eL~euSerl'roA aGCl ItiieuL( uS( r'hfeS( r l~ys l~cul'roGIuProThrSerGIyVa1III eAlIaArgA1I aA1IaG I u IIeMetGlIuThr 96

TC AATAC AAGCC ATG A AAACAAA AGTC AACCTGAAAACTC AAC AATC AC AGCATCC AACGG ATGCTTTATC AGAAG ATCTGCTGAGCATCATTGCAAACATGTCTGGATGTCTCCCTTAC 480
Ser I eG1nAIaMl(--tLysArgLysVal AsnLeuLysThrG InC 1nSferG1nH is'roThrAspA1al~euSe~rG IuAspI,eu LeuSerl1el 1 AeA AsnMetSerG lyCysLeuProTyr 136

ATGCTGCCCCC AAA ATGCCC AA ACACTTGCCTGGCGSAAC AAAT AC AGGCCC ATC AC AGCAGCCTTCC AACAAC ACACACC ACCCC ACATGGGGCGCCTCCAACACGGCCCTGGCACGATGG 600
Met l.euProProLysCysProAsnl'h rCys l,(-uAlIaAsn I.ysTy rA rgF'r-o I IeTh rCGIyAlIaCysAsn Asn ArgAspH isProArgTrpGl1yAlIaSerAsnThrAl1aLeuAl1aArgTrp 176

r- phTP0-2.4
CTCCCTCC AG TCTATGAGG ACCGC TTC ACGT(ACCCCCCGACGCCTG(;AACCCCGGCCTTC TTC TAC AACCCCGTTCCCACTGCCCCCGG TCCGGG AGGTG AC AAG ACATGTCATTCAAGTTTCA 720
I.eul'roi'roVal1Ty rGIuAspG1yPheSt rCG1nl'roAr-gG IyTrpAsii[IroC 1yI'hf L(-uTyrAsnC 1yllhel'rol~euProProVa1ArgGlIuVal ThrArgHisVa1I 1leG1nValSer 216

Taq 1
AATG AGCGTTG TC AC AGATG ATG ACCGCT ATTC TG ACCTCCTG ATGGC ATCGGGACA A TAC ATCG ACC ACG AC ATCGCGTTC AC ACCACAG AGC ACCAGCAAAGCTGCCTTCGGGGG AGGG 840
AsnG luVa 1ValThrAspAspAspArgTy rSerAspI~z~u l~euM(! .lA 1Trp l yGlnTy rI1 AspH isAsp I 1eAl1aPheThrProGlnSerThrSerLysAl aAlaPheG lyG lyGl1y 256

GCCTG ACTGCC AG ATGAC TTG TG ACGAACC AA AACCC ATG TTTTCCC A TAC AAC TCCCGG ACGAGCCCCGGCCGCCCGCGGGC ACCGCCTGTCTGCCCTTC TACCGCTCTTCGGCCGCCTGC 960
Al1aAspCysG 1nMe tThrCysiG1uAsnG InAsnProCysl'he>Pr< 1G I n Leul'roC 1uC 1uA1aArgl'roA1aA 1aG IyThrAl1aCys LeuProPheTyrArgSerSerAl1aAlIaCys 296

GGC ACCCGCGGACC AAGGCCCGC TC TTTGGG AACC TGTCC ACGGCC AACCCGCGGC AGC AG ATG AACGGG TTGACC TCGTTCCTGG ACGCGTCCACCGTGTATGGC AGCTCCCCGGCCC TA 1080
G1lyThr-G IyAspG 1nGlIyA 1;1lleulht!G l yAsn l.euSt rThrA 1a~snl'r oAr gCG1nG 1nM(Xt AsnC 1y L(uThrSerPhe LeuAspAl aSerThrVa1TyrGlySerSerProAl1aLeu 336

C AGAGCCCAGC TGCCG AAC TGCACCACTGCCCA ACGCCTGCCTC(,GCCCTCC ACCGCCCCCTCCCCCGAC TCCCGCCGCCCCCTACC TGCCCTTCGTGCCGCC ACGGCGGCC TGCGGCCTGTGCG 1200
C 1uArgCGI n LtuA rgAsnTrpThrS(srAl1aC 1uC 1y l, -u1 zuArgVa 1 His5A laArgl~euArgAspS( r G 1yArgA 1aTyrI,euProPheVal ProProArgArgProAl aAli3CysAl a 376

A

CCCG AGCCCGCCCATCCCCC(;AG AGACCCGCC(GGCC( TCC TTCC TCGCCCGGAG ACGGCCCGCGCC ACCCACGGTCCCC TCCC TG ACGGC AC TGCACACGCTGTGGCTGCGCG AGCACAACCGC 13 20
Pro(;l uProG ly lleProC 1yG luThrArgGl ytlroCysl'he lt-fuA l iClIyAspG lyArgAl1aS(!rG Iu Va1ProSerLeuThrAlIaLeu~isThrLeuTrpLeuArgGl1uH isAsnArg 416

CTGCCCCCGGCGC TC AAGGCCC TC AATGCGC AC TCGAGCGCGG ACCCCG TCGTACC AGG AO;GCGCGC AAGG TCG TGGGCGC TC TGC ACC AGATC ATCACCCTGAGGGATTACATCCCCAGG 144 0
L(euAlitAl GzAI l~ileul.ysAlitl,euAsnA I HH isl'rpS(srA IIAspAliiVHlTyrGlnGl uAlnArgLysVal ValGlyAlsLeuHisG~nI lelleThrLeuArgAspTyrIleProArg 456

ATCCTGGCCACCCC AGCCCTT(',CACCACGTACCGTCCC I'CCCTATCAACCCTATCGACTCC ACCCCCA ACCCC ACTG TGTCCAACGTGTTCTCCACAGCCCGCCTTCCGCTTCGGCCATGCCACG 1560
l(IesIeuGlIyl'roC luA l HPtele 1nG 1nTyr~nI1Gl1yllroTyrC 1uC 1yTyrAspSt!rThrA 1 AsnProThrVm1SerAsnVa 1PheSerThrAlaAlaPheArgPheGl1y~isAl aThr 496

T A oligo-JUNC
ATCCACCCtCCTTCGACCACCCTGCCAC;CC AGCTTCC ACGACC ACCCCC ACCTCCCCCCCCCTGTCCCTGCCACCAGCCCTTTC TTCACCCCATCCACATTACTCCGTGG AGCGTTTGGAC 1680
l leHi91'roLeuVn1ArgArgLeuAspAlaSerPheC InCluHisl'ro)Aspl.(!uI'roCGyl.Z!uTrpLceuHisG InAlaPhePheSerProTrpThrl.euLeuArgGlyG lyGlyLeuAsp 536

Pqptide C _ * Ii~go-INT
CC AC TAATACC AGCCCCTTC TTGCCAAG ACCAGC¢C AAAC TCACAGCTGC AGCGATC AGC TG ATCA ACCGACCAGCCTGACGCGAA ACCCTC TTTCGTCCTGTCC AATTCC AGC ACCTTGG ATCTGGCG 1800
ProLeu ll e~rgG lyLebulI.euA 1 ArgProAl1 HLys LeuC 1nVnl1GlInAsp(;I ntlzuMet AsrilGIuG Iu L(!ul'hrC IuArgLeuPheVa lLeuSerAsnSerSerThrLeuAspLeuA1 s 576

_ _* ' g~~oligo-JUNC A
TrCCATC AACC TCC AGAGGCCCCCGCG ACC ACGGCTGCTCC@ I~'AC ^AATC AGTGGACGGGACGTTC TGCCGCCCTGCCCTCGCCTGCAGACCCCCGCTGACCTG AGC ACAGCCATCGCC AGC AGG 192 0
Ser lIehan l.euCGInArgGl1yArgtAs)H i s(;ly Leul'I~ yTy rAsnG IuTrl)ArgC Iui'h(!Cya Iy LeuI'ro)ArgLeuC IuThrProAl A~spLeuSerThrAl all1eA1laSerArg 616

AGCCTGCCCCAC AACATCCTC(;ACTTCTAC A AGCATCC TCGA(:AACATCC AT;T(,'TGCCCTCGCGA(CTTAGCTGAÂAAC TTCC TCCCCAGGGCTCCGACAGGCCCCCTGTTTGCCTGTCTC 2040
SrrVa 1A1laAspLy l l el.(-uAspL(-uTy r ~yaH i s'ro~mpAsn Il t^Asl1xVil Tr pt.( uG lyCly l~euA I C 1uAsnT'hel~euProArgAl aArgThrGlyProLeuPheA1laCysLeu 666

ATTGGG AAGCAGATGAAGGCTCTGCGCGCATGGTG ACTGCTT1 TGC1 CCCGACAAC ACCCACC TCCTTCACCCGATGCACAGAGGCGTG ACCTCGACAACCACTCCCTGTCTCCGCTCATCTGT 2160
Il feG 1yLysG InMet LyoAI aLeuAryAspC 1yAspTrpPheTrpTrpC IuAn~tirH i sVnIPheThrAspA aCI nArgArgG 1uLeuGl1uLysHi sSerLeuSerArgVa 1l leCys 696

Peptide A
GAC AAC ACTGGCCTC ACC ACCCTCCCC ATCCGATCCCTTCC AAGCG(GCCAAA TTCCCTC AAGACTTTG AGTCTTCTCGAC ACC ATCCCTGGCATGAACCTGGAGGCCTGGAGGGAAACCTTT 2280
AspAiqnThrG 1y l.(!uThrArgVii 1ProMe tAspA 1at'heC InV IGCI y LysPheProC 1uAspi'h(!G IuSerCysAmpSerlI1e1'roG lyMetAsnLeu(; IuA laTrpArgGluThrPhe 736

Sac 1
CCTC AAC ACCAC AACTCT(;CCTTCCC^G AC A(;CC TCCGAGA A1(CC(:AC TTTGTGCACTCGTACCGAGTCTGG AGCGCCCCTCCTCCTCTATTCCTGCCGGC ACGGGTATGAGCTCCAAGGC 2400
ProGlnAspAspl,ysCysC Iyt~heilroG IuSerVa 1G 1uAsnC IyAspi'heVAl HisO~ys~lu~l uSerC IyArgArgVal LeuVal TyrSerCysArg~i sG' yTyrGluLeuGlnGly 776

CGCOCA(;CACTC ACTTGCCACCCA^CGAAICGATCC(:ATTTCC ACCCTCCCC:TC:TCC ^AAACATCTG AACCGACGTCTCC ACACGG TGCCC ACCCCCCCTGCCCACCCCTC TGCCGAGGTGC AGAAAC 25 20
ArgC IuC In l~euThrCy.-,Thr I nC luC IyTrpAspi'h( C IriI'rol~lro l.euCys l~ysAspVa I AsnGlIuCysA I AspG lyA laH isProProCysH isAl aSerA laArgCysArgAsn 816

ACCAÂ AGCGCC TTCC ACTGTC TCT(;CCCC(;ACCCC T As CA(;1"1' A(;CGAGACCGATGCCGACAACC TGCGT AGAC TCCGGG AGGC TCCC TCGGGCGACTTGG ATC TCC ATGTCGCTGGC TGCT 2640
Thr l~ysC 1yC 1yl'h(!G 1nCys l. uCysA 1 .Aspl~r'rl)y rClIu l. -u~ IyAsl)As~l( IyA r gTh rCys V.ilIAspSer l yArgl~euProArgA 1HThrTrp tI eSerMeetSerLeuAl sAl a 856

Taq 1

CTCC TCATCCCAGCCCTTCCC ACCTCTC AC(: TC(;AC(;CTCGATTTCC AC(; TCCA(: ACGCCACT(;GCCACTA AATCCAC A(: TGCCC ATCTCCCGAG ACAGGCGGAGGAACTCCCGAGCTGAGAkTGC 2760
I.eu l.( u Il ( (;ly(;Iyl'he AlIaGl1yLeuThrSerThrVal1l 1eCys~rgTrpThirArgThrC 1yThrl.ysSerThr I.euPr I Ie2Ser l uThrG lyG lyG1lyThrProGl1uLeuArgCys 896

CCA AAGCCAC C AGCCCCCT ACCCACC TC AC CGC AGCC(;G;C(::(;C:A(GC TC:AGAC TCCCAGC ACCGACACTGCCTGGCCA TGCGA AGCC(.GGGAT ACTC ACAGGCCTGCCGAGAGCCCTCTGAGGGCAA 2880
C I yLysil sC I nsA Ia;V.I 1 I yThrSerl'r<G I nA r-gA I itA Ia.A IaGI I nAspS( r-C I u(G I W"( uS(!rA .GlI yMetG I uC I yArgAsp)ThrHisArgLeuProArgA I aLeu 933

ACTGCCCAC(:AC ACTCC AC AACAGCCTTC:A T(;T'(:CCCA AA A :I'CAC(;,T ^:;AC(AT(:TTTTCC:A A AAC ACAGGCAA AT(CGGAAATC:A(;CAGACG ACTGTTTTCCCAACACGGGTAAATCTAGTA 3000

CCATGTCG;TAGTTACTCTCAG(:CATC(GATCAATAAATGTTATAGI'G('lsAn 3048

FIG. 2. Nucleotide and deduced amino acid sequence of the hTPO cDNA. The complete hTPO cDNA and protein sequences are presented.
The putative poly(A) addition signal and the regions identifying partial amino acid sequences are underlined. The start positions of phTPO-2.8
and phTPO-2.4 are indicated by arrows. Asparagine residues that are potential sites for glycosylation are marked (L). The nucleotide sequence
difference found between phTPO-2.8 and phTPO-2.4 is boxed, and the difference is shown above the sequence. Restriction enzyme sites Sac
I and Taq I that were used to generate probe fragments and the regions whose complementary sequences were used to synthesize oligonucleotides
are overlined. Oligo-JUNC has a continuous sequence joined at * mark. Circled residues indicate the consensus splice junction sequences. The
putative intron sequence is enclosed by lines.

analysis was carried out using a 5' Sac I fragment of the
phTPO-2.4 (nt 605-2393; 1788 bp, Fig. 2) as a probe (Fig. 3A).
Human thyroid revealed an mRNA of 3 kb, although its level
in three Graves-disease patient tissues was quite variable.
Because of the difficulty in obtaining fresh normal human
thyroid tissues, a slight background hybridization was ob-
served that is probably due to partial degradation of the
mRNA. Several distinct minor mRNA bands are also detect-
ed below the main 3-kb mRNA in normal thyroid as well as
other thyroid tissues after longer exposure. A similar finding
was reported for the porcine TPO mRNA (28). The nature of
these RNA species, however, is unclear. Human cDNA did
not show any cross-hybridization to bovine thyroid or human
liver mRNAs (Fig. 3A).
To demonstrate whether hTPO-1 or hTPO-2 is actually

expressed or not, we synthesized an 18-mer and a 22-mer
oligonucleotide specific to the 171-bp intron-like sequence
(designated oligo-INT) and the junction sequence (designated
oligo-JUNC), respectively (Fig. 2). The specificity of the
oligonucleotides was verified by hybridizing a filter that
contained 14 original phage DNAs to either oligo-INT or
oligo-JUNC. Eleven clones out of the 14, including phTPO-
2.8, hybridized to only oligo-INT probe; whereas three
clones, including phTPO-2.4, hybridized to only the oligo-
JUNC probe (data not shown).
RNA gel blot analysis was further carried out on a longer

and, therefore, higher resolution gel using cDNA as well as
the oligo-INT and oligo-JUNC as probes (Fig. 3B). When the
1.8-kb Sac I fragment was used as probe, two bands were
detected around 3 kb in all RNA samples after longer
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exposure, whereas oligo-INT and oligo-JUNC detected only
the longer and shorter mRNA band, respectively, and the
level of each approximated that detected with the cDNA
probe. The relative level of these two mRNAs varied in each
sample. Due to a shortage of normal human thyroid tissue, we
could not obtain results with oligonucleotides.
Chromosomal Mapping of hTPO Gene. Mapping was per-

formed by Southern analysis of EcoRI-digested DNAs iso-
lated from a series of human-rodent hybrids segregating
human chromosomes. When a 3' Sac I fragment of the hTPO
cDNA (nt 2394 at the 3' terminus; 654 bp, Fig. 2) was used
as probe, four hybridizing EcoRI bands (0.8, 4, 5.5, and 14 kb)
were detected in parental human DNA and seveial hybrid cell
lines (Fig. 4). Neither Chinese hamster nor mouse homolo-
gous sequences were detected under the stringent conditions
of hybridization. The Southern analysis permitted unambig-
uous assignment of all detectable hybridizing TPO sequences
to human chromosome 2 (Table 1). Analysis of hybrids
containing breaks or translocations involving chromosome 2
allowed a regional assignment of the TPO gene to the short
arm of this chromosome (2p). Two hybrids isolated after
fusing hamster cells with human fibroblasts that contained a
balanced t(2;6)(qll;ql5) translocation retained one of the
translocation chromosomes but lost the normal chromosome
2. One of these hybrids with the translocation chromosome
containing the short arm of chromosome 2 had the TPO gene,
whereas the other hybrid that retained the reciprocal trans-
location chromosome containing only the long arm of chro-
mosome 2 did not have the TPO gene. This indicates that the
TPO sequences are located above the translocation break
point at 2q11. Other hybrids containing spontaneous breaks
of chromosome 2 confirmed this interpretation.
When the blots were stripped and rehybridized with a

277-bp Sac I-Taq I fragment representing the 5' end of the
original 654-bp probe (nt 2394-2671, Fig. 2), only two of the
EcoRI bands (5.5 and 14 kb) were detected. This result
strongly suggests that some of the hybridizing bands result
from EcoRI sites within introns of a single large TPO gene,
although it does not exclude the possibility of two closely
linked TPO genes at this locus.

DISCUSSION
Two human TPO cDNAs were isolated from a Xgtll cDNA
library constructed from the thyroid tissue of a patient with
Graves disease and were sequenced. The identity of hTPO-1
was established by the following three lines of evidence: (i)
sequences of four peptides isolated from a highly purified

FIG. 3. RNA gel blot analysis of hTPO mRNA.
Total RNA (10 jig) isolated from thyroid tissue of
normal individuals (N), patients with Graves disease
(P1, P2, and P3), bovine thyroid (bThy), and human
liver (hLi) were electrophoresed in 1% agarose gels
containing 2.2 M formaldehyde and blotted to a nylon
filter (Nytran, 0.45-,um pore size, Schleicher &
Schuell). The lengths of the gels were 15 cm (A) and 30
cm (B). The electrophoresis origin of the gel in B is
marked with an arrowhead. The filters were hybridized
to either the 5' Sac I fragment of phTPO-2.4 (A, Upper
and B, lanes cDNA), oligo-INT (B, lanes hTPO-1), or
oligo-JUNC (B, lanes hTPO-2) and then subjected to
autoradiography for 1 day for the cDNA fragment
probe or 3 days for the oligonucleotide probes. Hy-
bridization and washing conditions for the fragment
probe were described by Church and Gilbert (26) and
those for oligonucleotide by Omiecinski et al. (27). The
filter in A was reexposed for 6 hr (A, Lower). Molecular
weight standard (MWS) is a Bethesda Research Lab-
oratories RNA ladder.

preparation of human TPO are found in the corresponding
cDNA sequence, (ii) the mass of the protein, deduced from
the open reading frame of hTPO-1, is similar to the mass
estimated by NaDodSO4/polyacrylamide gel electrophore-
sis, (iii) significant amino acid similarity of 62% exists
between hTPO and the partial amino acid sequence deduced
from a porcine TPO cDNA (28).
The most interesting aspect in this study is that the second

clone we sequenced, hTPO-2, when compared to hTPO-1,
has a deletion of 171 nt in the middle of its sequence without

human - mouse hybrids1 i
V (~~~~~~ kb)
+ -23.1

* -9.4

* -6.6
0

0O -4.4

-2.3
-2.0

FIG. 4. Southern analysis of hybrid cell DNAs. Human-mouse
hybrid cell DNA samples (10 ug) were digested with EcoRl,
size-fractionated by electrophoresis in 0.7% agarose gels, transferred
to nylon membranes, hybridized with the 3' Sac I probe, and washed
under high stringency (i.e., <10% divergence allowed) as described
(25). A representative group of hybrid subclones is shown, and the
hTPO gene is present (+) or absent (-) in lanes containing different
hybrids. Parental mouse and human placental DNAs are also shown.
Size standards are 35S-end-labeled, HindIll-digested, X DNA frag-
ments.
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Table 1. Segregation of TPO gene with individual
human chromosomes

Human chromosome number/
% discordancy

1/15 9/24 17/37
2/0 10/30 18/51
3/27 11/20 19/24
4/32 12/32 20/27
5/31 13/34 21/59
6/38 14/45 22/31
7/43 15/48 X/51
8/28 16/41

Detection of four human EcoRl fragments hybridizing with the
hTPO probe is correlated with the presence or absence of each
human chromosome in 93 hybrid cell lines. Discordancy indicates
presence of the gene in the absence of a specific chromosome or
absence of the gene despite the presence of the chromosome, and the
sum of these two numbers divided by the total number of hybrids
examined x 100 represents % discordancy. The human-hamster
hybrids consisted of 24 primary clones and 15 subclones (10
positives/39 total clones), and the human-mouse hybrids consisted
of 14 primary clones and 40 subclones (18 positives/54 total clones).

any shift of the amino acid reading frame. Confirmation that
the two mRNAs exist in Graves disease tissues was provided
by RNA gel blot analysis with cDNA, and hTPO-1 and
hTPO-2 mRNA-specific oligonucleotide probes. Unfortu-
nately we have not been able to analyze the prevalence of
these two mRNAs in normal tissues due to the difficulty in
obtaining fresh normal thyroid tissue. Of interest is the
finding that the 171-nt sequence starts with GT and ends with
AG at its 5' and 3' boundaries, which are in good agreement
with the donor and acceptor splice-site consensus sequences,
respectively (34). These consensus sequences are believed to
play an important role, yet not to be an absolute requirement
in the splicing mechanism (35). Because of the absolute
similarity of hTPO-1 and hTPO-2 cDNA sequences, except
for a single-base difference, which could be due to a copying
error by reverse transcriptase, it appears most likely that two
mRNAs are generated from differential splicing of a single
gene. Alternatively, although less likely, two duplicated
genes may exist that generate TPO-1 and TPO-2 or two alleles
of one gene are alternately transcribed; one providing TPO-1
and the other TPO-2.

Protein and enzyme analyses suggest that two forms may
indeed coexist. For instance, hTPO-1 encodes a protein of
103 kDa whereas hTPO-2 would code for a protein of 97 kDa
(assuming that the 5' portion of phTPO-2.4 is identical to that
of phTPO-1). In an earlier study, we showed that purified
human TPO has two polypeptides of ='100 and 107 kDa as
estimated on an NaDodSO4/polyacrylamide gel (14). A
similar result has been obtained by Czarnocka et al. (7).
Rawitch et al. (10) reported that "=10% of the total weight of
porcine TPO is carbohydrate. Actually, five potential aspar-
agine-linked glycosylation sites are found in the amino acid
sequence in Fig. 2. Either the 107 or 100 kDa proteins
represent glycosylated and unglycosylated forms of a single
protein or two different glycosylated proteins exist corre-
sponding to hTPO-1 and hTPO-2. The difference in the
molecular weight on NaDodSO4/polyacrylamide gel between
the 107- and 100-kDa proteins is consistent with that calcu-
lated based on the deleted 57 amino acids of hTPO-2. These
two proteins might be responsible for the two different
iodination and conjugation functions of TPO (1, 2).
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