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Molecular Cloning of the Thyrotropin Receptor respective target cells through the G protein 
G, (3) .  In man. the T S H  recewor (TSHR) 
can be the target of autoimmune reactions MARC PARMENTIER, FREDERICK LIREKT, CARINE MAENHAUT, that lead to hyper- o r  hypostimulation of the ANNE LEFOKT, CATHERINE GBRARD, JASON ~'ERRET, thyroid gla~ld by autoalltibodies in Grave's 

JACQUELINE VAN SANDE, JACQUES E. DUMONT, GILBERT VASSART disease and in idio~athic  mvxoedema. re- 
spectively (4). 

The pituitary hormone thyrotropin, or thyroid-stimulating hormone (TSH), is the With the use of  the polymerase chain 
main physiological agent that regulates the thyroid gland. The thyrotropin receptor reaction (PCR) (5) ,  we have taken advan- 
(TSHR) was cloned by selective amplification with the polymerase chain reaction of tage of the sequence similarity displayed by 
DNA segments presenting sequence similarity with genes for G proteinxoupled all known G protei~l-coupled receptors to  
receptors. Out of 11 new putative receptor clones obtained from genomic DNA, one amplifji and clone new members of this gene 
had sequence characteristics Merent from all the others. Although this clone did not family (6 ) .  The method involves the use of 
hybridize to thyroid transcripts, screening of a dog thyroid complementary DNA degenerate oligonucleotide primers corre- 
(cDNA) library at moderate stringency identified a cDNA encoding a 4.9-kilobase sponding t o  consenfed regions in transmem- 
thyroid-specific transcript. The polypeptide encoded by this thyroid-specific transcript brane segments of  the known receptors. 
consisted of a 398-amino acid residue amino-terminal segment, constituting a Previously, when applied to  cDNA from 
putative extracellular domain, connected to a 346-residue carboxyl-terminal domain that thyroid tissue with primers corresponding 
contained seven putative transmembrane segments. Expression of the cDNA conferred to  transmembrane segments I11 and VI, the 
TSH responsiveness to Xenupus ooc)rtes and Y l  cells and a TSH binding phenotype to method did not result in the cloning of 
COS cells. The TSHR and the receptor for luteinizing hormone-choriogonadotropin TSHR. However, it led to  the cloning of  
constitute a subfamily of G proteinxou~pled receptors with distinct sequence characteris- four new members of the G protei~l-cou- 
tics. pled receptor family (6). 

As most G protein+-oupled receptor 

T HYROTROPIN (TSH) STIMULATES ilarity, are specific for each of the hormo~les genes do not co~ltai~l  introns in their coding 
the f ~ ~ n c t i o ~ l  and the proliferation of (2). The activated TSH, FSH, and LH-CG sequence, we have used a similar strategy 
tllyrocytes and induces the expres- receptors stimulate adenylyl cyclase in their with new sets of degenerate primers and 

sion of difirentiation (1).  Most of its effects 
are mediated by adenosi~le 3',Sf-monophos- 
phate (CAMP) ( 1 ) .  1,ike the other pituitary a 20. I .  511. 

MRPPPS.LIIS.AT,T,l,AT,PRS - - T,G(~KGCI'SPI'CIICHQEIJUE'l7V'CCKDl1~KIP'PI.PPS'PQTT,KFI~TQLK'IIPSRABSNIII'NISl7lYl,SID~PLQ 
and placental glycoprotein hormollcs [folli- b MGRHV~I.lfQl,l,Vl.AV1.L~,Kl~SQl,QSRIi~.SGSt~CPE IclJCAl'llGA1. - RC~l~Gi'liA~I.Alll.SI.TYI.l~VKVlf'SQAYIfGI.NEVVIIIBISOSIlSJ.li 

C MHHHSIALR- -LLLAI.LI,S,?PPLPWI. 1.I.GAPCPII PCSCRFDGAI. - RCl'G?HAGI.SRI.SLTYI.PIKVIPSQAFRGI~N~VVKIliISQSDSl~li 
cle-stim~~lating hormone (FSH), lutei~lizi~lg * **I** * * *  ** * * *  I I * * * . .* *** ** * I , *  , *  *I 

, 100. . L50. 
hormone (LH), alld ~ho~iogonadotropin a l~I~lISllSFYNI.SKMTIITR1~lNTBSI.TSIlJI'l)AI.Kt~l.l1I.LKl~llGII~~NT(;l.~:VFI'DV1.KVYS1.1lVFFTI,HI~I.IlNI'YMASIPANAVO~:l,C~TT.'I.I.KLYNNGI~~I. 

b HIEANAF~Nl,l,~I(I.LlQNTKNI,LYIBI~i;ATNl,PRl,KYl,SlNTIl'l,lUV'KSSSlNE.lL,I(~CUNI.HI'~~IP(:NAFQCMN~~~VTLKJ.YGNGFE 
(CG)], T S H  is a heterodimcr. All these C KrF~ANA~llNl.I,N,SII.IQN7KNLVYIIII'CAVTNI.PI~I.I(YI.SlCNTGIIfKT.I1IlV~I.KIF.SSIIl~NVI1,ElCIlNLIII~P.PVPANAl~QGMNNESI'!~I.KI.YGNGFX 

, I *  I * ** , , * **I * *I * *I ** **I* * ***I I *****I * I ***** ** , I *  *****I ** I***** *** 
h o r ~ ~ ~ o ~ l e s  have identical a subunits; the P . zoo. . 750. 

a SIQGHAFN~KLUAVYLNKNKYI.SAIDKlJAFi~GVYSG~II,LUVSY'PSYTAI.PSK(~I.P11I.KEI.IARN1'WTLKKL~I.S1.SFT.HT.TRA~l.SYr'SHCCAE'KNUK 
subunits, although p0sSeSSing SqUenCe sin>- b EVQSllAl.N~~rl.lSI.El.Kl:NlY1.l?llMlIS4AI:~1l;ATGI'STI.IIlS~I.KI,QAl.l'SII(:l.lISlU.I.L!AI.SSYSI.ISlnI,l'SKIIKY'~SL11VAT11TYTTSHi:CAV~Nl~P 

c EIQSHAE'~G~PLISLET,KENAIILRKMHN~AFn(:AI7 (~1'SII.DISSTKLQALI'SYGLIISIBTL1ATSSYSI.KKI.t'SfiEKFTNS~l,DATIITYPSHI~(~AVliNl~l' 
I *  ****** * , * * * I ** * ** I**,* * , **** *** I *** ** ** * * * * ********I* 

:100 . :j511. 
Fig. 1. prinlarp oft[lc dog TSH a K11~11.E~MCN~~lISI.HQHKSVN TI.NGI'FDQ1IYEIIYI.GIJSHAGYKIJNSOFC~IlT1lSN!;~IYYV1~I~IIIIl>I~D1!II.OI~GOI~~I.KNI'QEfil'l.OAFDSHYI1YT 

b KKEQNF~l;SlFEN~SKUi~I1STVHKADNEEPLYSAIFFNEI,SW- - - - -  ~- - YDY(: 
(a), as cicciuccd from the nuclcic acid sccl~lence of c TKI~Q~SF!;IPKN~SKQCF.STAHI~I~N~;TLYSAIPA~~SI~LSDWD - -  - -  - - - ~ - - -  - YDYG * * I * *  * I * * *  * *  * *** the clone d T S H K  (18). The sequence was aligned . I  . I I p42!~L.. 
(19) with fLlll.lcngth rat (b) alld pig ic) I.&-(:(; a VF~:GN~~MVCT~KSDEFNPCE~TMGYK~.~~VVWF-VSI~,A~~~~~NVFV~IV~.~,TSHYKLTV~'~FI,MCN~.~E.~UF~MGMYII.I~~ASVI~~.Y~~~SI:YYN~~A~UA 

b FCSPICT I.Ql:APRPIIAFNI'CIII)IMCYAFLI1VS.IWl.IN1I,ASFCNIIIPV11I~V111iTS1lYKL'CVI~IiFl,M~;NLSIiAIJI~~~lYll.l,lASV1lSIK>YYNllAIIlW 
rCCcptOr SCqUCnCeS (16, 17) and with the C FCSPKTI.QCAPEFl~AFNPCE~IMGY~FI.RVI.TWLINIi.AIMGNVTVI.FVT.I.TSFIYKI~PVFRFIMCNLSl~AU~CMGI.Y!.l.LlASVIJAO.I.KUQYYNHAJDW 

H G M P O 9  partial sequcncc (d). Nurnhering is d 1i~IYl.l.l.lASVIJIIITXSQYIiNYAIIIW * I * * * ********** ***,,,*,, , * * I  **I ** *****I************* *******I********* * I******** 
given from the predicted first residue of the 

500. . 550. 11lature polypeptide (12). Every tenth is a Q ~ ~ ~ . ~ ~ W ~ A ~ : ~ ~ ~ V F A ~ ~ ~ S ~ ~ T T . T V T T ~ , E R W Y A I T F A M R T . D R K I ~ L R ~ ~ A Y A I M V ~ ; ~ : W ~ ~ C B ~ ~ I . I [ L L P T ; V G ~ S S Y A K V S I C T B M D ~ ~ I I T ~ ~ I ~ A ~ ~ A Y I ~ ~ ~ . V ~ I .  

rndrkcd with a dot. Identical resieiLles and collserv b WGSGC(:AA~:~YTVEAS~:IISvYT11TVI?'I.b:IiWHTJTYAVQT,1l~KTTHTTTilIA1~~~M~I~:~;~L1~1~ST11i~~ik~11v~;~~~~~KvS1~11I~~~~VIISSrIisvY1 I s  I I. I 
C UTGNUCSVAGFETVEASELSVYTI~PVl'II,~:HWHT1TYA~C>l,DQKLRT,RHAlPlM1,G~Wl.FST1.lAMT.t~S.VGVSSYMKVSI(~l.F'MllVFTTT,S~~VY~T,TI1,l 

ative rcpkaccmcnts ill T S H R  and the I,H-CG d QTGAGCUAAG~1~~~Vl~~ASBL!;VYYI'1jlrAIrI'LI~1iWlIT1~~HA~~~~:KVQl,l?llAASVMVM~~WlFAEAAAl,F~lFl~ISSWKVSICI.I'MIllIlSI'l.SQl~YVM!;LLV 

receptors arc indicated by an asterisk and a vertical *** ** ........................ ** , * I  ** *I***** **,***I * I*  ,****I* * ********* * * **, ,*, 
bar, respcctivcly. I'otcntial sites for N-linked gly . lioo. . V T  . . b G O . V I 1 ~  . - ~  

a ~,~~~~E.~T~L.S~~~~K~UITVRNPQYNPGIJKI~~I.K~AKRMAV~~F'IDFMCMAP~SFV~T,SAIM~KPI,ITVTNSK~~,I.VI,FY>~~,NSCAN~~~,YA~I..~KAPQIID 
arc transmem- b LNVVAFVVICAl~YII~LYF.AVUNI'tILTAI'NKUTKlAKKMAI1,IYTDFTCMAPISI~FASSAAVI~Vl~I.ITV1'NSI~1I.I.VI.I'YPVNSCANT'I;TYATII.PKAI'QlfIl 

branc SegIlletltS arc overlincd and numbered 1 C LNVVAl~lIICACYIKIYFAVQN~B~A.I.NKII.IKIAKKMAVl,1E.TDFTCMAPISE.E.AISAAT,KVPI,ITVTNSKVT,I,Vl.FYF'VNSCANI~belIYATFTKAI;RR~ 

through V11. Lambda phages containing d T S H R  l'NV"A" **,***,, I* ** I , **  * **, a*******,**,****** *******,*I** . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ** 
inserts were subcloned in M I 3  and sequcnccd on 

700. 
both strands (Applied Riosystems, Model 370A a V~II.I.SKFGICKI~CIAQAYH~:QI~VSI~ KNSAGIOIQKVTHIJMI~OSI.PNMC~IIKYHI.I.BNSHS.TI~NK~~~TSKRYNC~I.VI. 
sec,LluKcr) by a cornbination of fbrced c[olling b ~','.l.l.SWF"CCKRRAET,YRHKEFSA~I'SNCKN(~l~P~~ASKPSQKI.l.KS.VPVllCQC~t'lr'1~lIAl~TH 

C VFI,T,I,SKSGCCK1IQAliI,YIi17KI1FSAY CKNGl~Ti~SNXf'SIISTLKI.TTLQCQYSTVMIlKTCYK1IC 
and exonuclcasc 111 deletions (20). , , * **a * * * I  * I  ** * ** I ,  * 
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with human genomic DNA as starting mate- 
rial. Eleven clones displaying sequence simi- - .  - 

larity with G protein-coupled receptor 
genes were obtained (7). One of these 
clones, HGMP09, which was amplified with 
primers corresponding to transmembrane 
segments I1 and VII, had sequence charac- 
teristics that suggested that it belonged to 
a distinct subfamily of receptors (Fig. 1); 
in particular, it does not contain the ca- 
nonical AspArgTyr (DRY) tripeptide close 
to transmembrane segment I11 (8) and 
lacks the Asp residue implicated in the 
bindin of charged mines in adrenergic 

1 l F  (Asp ), muscarinic, dopaminergic, and 
serotonergic receptors (9). 

The clone HGMP09 was used as a probe 
both in Northern (RNA) blotting experi- 
ments with thyroid and nonthyroid tissues, 
and in screening of a dog thyroid cDNA 
library. HGMP09 did not hybridize to thy- 
roid mRNA but identified a prominent 2.6- 
kb transcript present in the ovary and, to a 
lesser extent, in the testis (Fig. 2A). Howev- 
er, under moderate conditions of stringency 
it hybridized to one out of 50,000 thyroid 
cDNA clones, suggesting cross-hybridiza- 
tion with a relatively abundant putative re- 
ceptor of the thyroid. We thus hypothesized 
that HGMP09 encoded a fragment of a 
receptor, distinct from TSHR, but with 
seaience characteristics that would be ex- 
pected from a closely related receptor, such 
as the LH or FSH receptors. A full-length 
cross-hybridizing clone (dTSHR) was iso- 
lated and used as a probe in Northern blots 
of ten different dog tissues. It hybridized to 
a 4.9-kb transcript present only in the thy- 
roid gland and in ciltured thirocytes (F;~. 
2B). The signal was stronger in cultured 
thyrocytes that had been exposed for several 
days to forskolin (which sthulates adenylyl 
cyclase) than in thyroid tissue. This is a 
characteristic that would be expected for 
TSHR, the expression of which is stimulat- 
ed by CAMP agonists in cultured cells (10). 
A 4417-bp cDNA clone was sequenced 
completely (1 1). It contains an open reading 
frame of 764 amino acids beginning with a 
20-residue signal peptide, as predicted by 
von Heijne's algorithm (12) (Fig. 1). Com- 
parison to other G protein-coupled recep- 
tors and hydropathy profile analysis (7) sug- 
gested that the protein consisted of a 398- 
residue ~ ~ ~ - t e & a l  structure constituting 
a large putative extracellular domain, fol- 

M. Parmentier, F. Libcrt, C. Macnhaut, A. Lcfort, C. 
Grard, J. Perret, J. Van Sande, 7. E. Dumont, Institut de 
Recherche Interdisciplinaire, Facult6 de MCdecine, Uni- 
versitk Libre de Bruxelles, Campus Erasme, 1070 Bm- 
xelles, Belgium. 
G. Vassart, Institut de Recherche Interdixiplinaire and 
Dc amnent of Genetics, FacultC de MCdec~ne, Univer- 
sitfLibre de BruxeUes, Campus Erasme, 1070 BrweUes, 
Belgium. 

lowed by 3% amino acids, comprising sev- 
en putative transmembrane segments. 

The encoded polypeptide was identified 
as TSHR by expression of the cDNA in a 
variety of systems. Microinjection of recom- 
binant mRNA in adrenocortical Y1 cells and 
in Xenopus oocytes conferred a TSH-respon- 
sive phenotype to both systems. Y1 cells 
responded to TSH by a characteristic mor- 
phological change that is triggered in these 
cells by an increase in the cytoplasmic con- 
centration of CAMP (Fig. 3) (13, 14). Xeno- 
pus oocytes showed a dose-dependent in- 
crease in CAMP (Fig. 4A) that was specific 
for stimulation by TSH and corresponded 
to the expected sensitivity of the dog recep- 
tor to bovine TSH (half-maximal effect 
around 0.3 nM) (15). Transient expression 
of the receptor cDNA was obtained in 
COS7 cells (Fig. 4B). Specific binding of 
125~-labeled TSH to membranes was ob- 
served only in transfected cells. The displace- 
ment curves of the label by TSH presented 
characteristics very similar to that obtained 

Fig. 2. Tissue distribution of transcripts corre- 
sponding to clone HGMP09 (A) and the TSH 
receptor clone (B). (A) A Northern blot of 
poly(A)+ RNA (10 pg per lane) pre ared from 
dog tissues was hybridized with gFhbeled 
HGMP09 (21). The position of a 2.6-kb tran- 
script [size estimated from DNA size markers 
(BRL)] is marked with an arrow. Tissues exam- 
ined were testis, ovary, brain, lung, liver, kidney, 
spleen, stomach, and thyroid (lanes 1 to 9, respec- 
tively). (B) A Northern blot of poly(A)+ RNA 
(10 pg per lane) prepared from dog tissues was 
hybridized with "P-labeled dTSHR (21). Tissues 
examined were testis, ovary, brain, lung, heart, 
liver, kidney, spleen, stomach, thyroid, and dog 
thyrocytes that had been cultured for 3 days in the 
presence of ~ O - ' M  forskolin (22) (lanes 1 to 11, 
respectively). The position of a 4.9-kb transcript 
is marked with an arrow. 

with membranes from dog thyrocytes (half- 
maximal displacement at 0.4 nM and 0.16 
nM for COS cells and thyrocytes, respective- 
ly) (Fig. 4B). 

Comparison of TSHR with the LH-CG 
receptor (1 6, 17) reveals common character- 
istics that make them members of a subfami- 
ly of G protein-coupled receptors. They 
both display a long NH2-terminal extension 
containing multiple sites for N-linked glyco- 
sylation (five sites in TSHR). TSHR has an 
extra 52-residue insert close to the junction 
between the putative extracellular domain 
and the first transmembrane segment (Fig. 
1). The overall sequence similarity between 
the extracellular domains of the TSH and 
LH-CG receptors is 45% (Fig. 1). The 
similarity between a segment of soybean 
lectin and the rat LH-CG receptor (16) is 
not conserved in TSHR. The COOH-termi- 
nal half of TSHR, containing the trans- 
membrane segments, is 70% similar to both 
the pig and rat LH-CG receptors (Fig. 1). 
The homology is particularly strong in the 
transmembrane segments themselves, where 
stretches of up to 24 consecutive identical 
residues are observed (transmembrane re- 
gion 111). Also, the COOH-terminal region 
of the third putative intracellular loop, 

Fig. 3. TSH-induced morphological changes in 
Y 1 cells that had been microinjected with TSHR 
receptor mRNA. Y 1 cells were microinjected with 
recombinant TSHR mRNA (0.1 pl at a concen- 
tration of 0.25 d p l )  (right of dotted line) or 
water (left of dotted line) as previously described 
(14) and incubated in control medium (A) or with 
TSH (0.1 nM) (B). The phosphodiesterase inhib- 
itors RO 201724 and isobutylmethylxanthine 
(10-6M each) were present in all incubations. 
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which is particularly short in TSH and LH-
CG receptors andwhich has bccn ~mplicatcd 
in the interaction with the a s~bun i tof GF 
(G,a) (8, 9) ,  is identical in both rcccptor 
typcs. T h ~ spattcrn of similarities gives sup-
port to thc vicw that thc cxtraccllular do-

Hormone concentration ( n M )  

m 
5 60 
a 

40 
I 

"0 
u 
c 04- -
\. =---.*-

i - - r - - - p - T p p , p  ~ 

0 0.01 0.10 1.0 10 100 

Competing ligand ( n M )  

Fig. 4. (A) TSH-induced CAMPaccumulatio~lin 
X ~ t ~ o p u soocytcs that hacl been microi~ljectcdwit11 
TSH receptor mRNA. Xctropus oocytes were han-
dled as described (2.j) aid injected with watcr 
(open symbols) or recombinant TSHR mRNA 
(14) (50 nl at a co~lccntrationof 0.1 kgipl) (filled 
symbols). After 3 days in co~ltrolmcciium, batch-
es of 35 oocytes were incubated for 90 min in 
medium supplc~ncntcdwith various conccntra-
tions of TSH (circles), I,H (squares), or FSH 
(triangles). CAMP was determined as described 
(15). RO 201724 and isobutylmcthylxantl~i~~e 
(10 'M each) werc present in all incubations. 
Results were concorclant in thrce i~ ldepe~ lde~~ t  
experimc~lts.I~lcubatio~lof control oocytcs with 
1 0 - 4 ~forskolin resulted in a doubling of the 
CAMP con cent ratio^^ (M. Parmentier rt d l . ,  un-
published data). (B) Displaccmc~ltof 1251-labelcd 
TSH from TSH rcccptors expressed in COS7 
cells. COS7 cclls were transfected with TSHR 
cDNA subcloned in pSVL (24). k r 72 hours, 
cells were harvested and a membrane fraction was 
preparecl (25). Membranes werc similarly pre-
pared from wild-type COS7 cclls and h m  clog 
thvrocytes in primary culture (22). Rillding of 
12-i~-labeledTSH (Trak, Henning Gmbh, Berlin, 
FRG) was performed at 0°C t i ~ r120 min in tllc 
presence of various conce~~trationsof competitors 
(TSH; Armour, Chicago, IL. FSH and LH; UCB 
Rioproducts, Krusscls, Relgium). Bound radioac-
tivity was separated by ccntrihgation and mca-
sured. l<esults arc expressed as a percentage of the 
12s1-labcledTSH bound by transfected cclls in the 
absence of competitor (3000 cpm) after corrcct-
ing for nonspecific binding (radioactivity bound 
in the presence of 100 nM unlabeled TSH, 800 
cpm) Open and filled circles, displacement by 
~~nlabeledTSH from COS7 cclls and thyrocyte 
membranes, respectively. Open aid filled squares, 
displacement for COS7 cclls by LH and FSH, 
respectively. Diamonds, displacen~ent by unla-
beled 'TSH from untransfectcd W S 7  cells. Simi-
lar displacement curves were obtained it1 thrce 
independent experiments. 

fuIlctioIls ill ligand rccogIlition ( 4 ) ,  14. C. Macnliaut and E'. Likt t ,  in preparation. Yl cclls 
were grown as tnonolaycrs as described (13). Arcasthe mcmbranc-insertcd domain is (1 nim2) werc marked on the bottom of the dishes. 

rcsvonsible for the activation of G,cr (16, and all cells in thcsc arcas wcrc microinicctcd with 

17j. The partial clonc HGMP09 also ap-
pears 70% identical to corresponding rc-
gions of TSHR and thc LH-CG receptors 
(Fig. 1).The fact that HGMP09 obviously 
bclongs to thc samc G protein-couplcd 
rcccptor subfamily, togethcr with thc tissue 
d~stribution of its transcript (Fig. 2A), 
makes HGMP09 a possiblc candidate for 
thc FSH rcccptor. 
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Regulation of Proenkephalin by Fos and Jun 

Fos and Jun form a heterodimeric complex that associates with the nucleotide 
sequence motif known as the AP-1 binding site. Although this complex has been 
proposed to function as a transcriptional regulator in neurons, no specific target gene 
has yet been identified. Proenkephalin mRNA increased in the hippocampus during 
seizure just after an increase in clfos and c-jun expression was detected. Fos-Jun 
complexes bound specifically to a regulatory sequence in the 5' control region of the 
proenkephalin gene. Furthermore, c-fos and c-jun stimulated transcription from this 
control region synergistically in transactivation assays. These data suggest that the 
proenkephalin gene may be a physiological target for Fos and Jun in the hippocampus 
and indicate that these proto-oncogene transcription factors may play a role in 
neuronal responses to stimulation. 
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