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ABSTRACT

Identical complementary DNAs (cDNAs) that encode a 593-amino
acid human PTH (PTH)/PTH-related peptide (PTHrP) receptor were
isolated by hybridization techniques from two ¢cDNA libraries which
had been constructed from human kidney and human osteoblast-like
osteosarcoma cells (Sa0S-2). Northern blot analysis of total RNA from
human bone- and kidney-derived tissue revealed one single major
messenger RNA species of about 2.5 kilobases in both tissues. The
human PTH/PTHrP receptor has 91% and 81% identity, respectively,
with the previously cloned rat and opossum receptors, indicating a high
degree of conservation among mammals. Despite this striking degree
of amino-acid conservation, the human PTH/PTHrP receptor has
several unique biological properties when transiently expressed in COS-
7 cells. The apparent dissociation constants for [Nle*'® Tyr*] bovine
PTH(1-34) amide [bPTH(1-34)] are similar for the human and the
rat receptor (~8 vs. ~15 nM) whereas [Tyr*|PTHrP(1-36) amide has
a slightly lower affinity for the human (15-40 nM) than for the rat

receptor (~15 nM). Both ligands stimulate efficiently and with similar
efficacy the accumulation of intracellular cAMP. The affinities for the
antagonists [Nle*' Tyr*] bPTH(3-34) amide [bPTH(3-34)] and in
particular for [Nle®® Tyr**] bPTH(7-34) amide [bPTH(7-34)] are
considerably higher for the human receptor, e.g. approximately 8 nM
vs. 30 nM for bPTH(3-34) and approximately 100 nM vs. 5000 nM for
bPTH(7-34), respectively. Similar biological findings were previously
attributed to differences in species- and/or organ-specific PTH/PTHrP
receptors. The expression of the recombinant, highly homologous rat
and human receptors in a uniform environment indicate that the
moderate differences in the primary receptor structure have profound
consequences for the receptor binding affinity of amino-terminally
truncated PTH analogs. Furthermore, the molecular cloning of iden-
tical cDNAs encoding a human PTH/PTHrP receptor from the two
major target organs for PTH, bone and kidney, provides strong evidence
for one single PTH/PTHrP receptor in both organs, although addi-
tional and/or alternatively spliced receptors cannot be excluded. (En-
docrinology 132: 2157-2165, 1993)

TH is the major regulator of calcium and phosphate

metabolism. The 84-amino acid polypeptide acts through
guanyl nucleotide-binding protein (G-protein)-coupled,
plasma membrane receptors in bone- and kidney-derived
tissue (1). The first 34 amino acids of PTH are sufficient to
mediate the hormone’s actions on mineral ion homeostasis,
whereas the carboxyl-terminal portion of the intact PTH(1-
84) may serve other, yet largely undefined functions (2-4).
The PTH-related peptide (PTHrP), which causes the syn-
drome of humoral hypercalcemia of malignancy, shares 8 of
13 amino-terminal residues with PTH, whereas its remaining
peptide sequence is distinct (5). Amino-terminally truncated
PTHrP analogs that lack sequence homology with PTH are
capable of binding to the PTH/PTHrP receptor, albeit with
low affinity, indicating that the secondary structure of these
unrelated peptides is sufficiently similar to that of corre-
spondingly truncated PTH analogs to allow specific interac-
tion with the same receptor (6, 7). As previously suggested,
the 14-34 region must therefore contribute considerably to
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the proper folding of PTH and PTHrP, and thus to the
overall receptor affinity of either ligand (8-10).

Considerable variation in the pharmacological properties
of PTH/PTHIP receptors for various PTH and PTHrP ligands
have suggested species- and/or organ-specific differences in
PTH/PTHTP receptors. For example, in comparison to clonal
rat osteoblast-like osteosarcoma cells (ROS 17/2.8), analogs
of PTH(7-34) bind with up to 10-fold higher affinity to
bovine renal membranes (11, 12). Preliminary data indicate
that these analogs have an even higher affinity when using
the clonal human osteosarcoma cell line B10, which is a
subclone of the Sa0S-2 cells used in the present study (13).
Furthermore, PTHrP-activated PTH/PTHrP receptors in ca-
nine renal membranes appear to be less efficiently coupled
to intracellular effector systems than renal membranes or
clonal cells from other species (14-17). These data could
imply that organ-specific PTH/PTHrP receptors are respon-
sible for the observed differences in ligand binding to the
PTH receptor and/or the subsequent activation of signal
transduction systems. However, recent observations suggest
that PTH/PTHrP receptors in human bone and kidney may
not be different (18).

Highly homologous complementary DNAs (cDNAs) en-
coding the rat and the opossum PTH/PTHrP receptor were
recently isolated independently by expression-cloning tech-
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Fic. 1. Schematic representation of the
rat PTH/PTHrP receptor ¢cDNA, the Xhol Sstl
human genomic DNA clone HG-1, the

cDNA clones (HK-1 and HK-2), and the

PCR products encoding the 5’ end of the

human PTH/PTHrP receptor. mm, cod-

ing region; —, noncoding region; —,

phage arm; - -, intervening sequence; &,

degenerate primer; N, human genomic

primer; [0, human cDNA primer.

niques (19, 20). Together with the receptors for secretin (21)
and calcitonin (CT) (22), these proteins represent the first
members of a new subfamily of G protein-linked receptors,
which signal both through adenylate cyclase and phospho-
lipase C [so far documented only for the cloned PTH/PTHrP
and CT receptors (20, 23) but observed with uncloned secre-
tin receptors (24) as well]. PTHrP is expressed in multiple
fetal and adult tissues (25-27), and the cloned PTH/PTHrP
receptor is expressed in the early mouse embryo (28). Since
the deletion of both PTHrP alleles in mice results in a unique
lethal phenotype (29), the common PTH/PTHrP receptor is
likely to play an important role in human development and
disease. Its tissue-specific abundance and ligand sensitivity
may be altered in diseases of calcium metabolism such as
renal failure and primary hyperparathyroidism, and a
subgroup of patients with selective resistance to PTH (pseu-
dohypoparathyroidism, type Ib) (30) may well express mu-
tant PTH receptors. To facilitate investigations addressing
these questions, and to establish that PTH/PTHrP receptors
in bone and kidney are either different or identical, we have
isolated human PTH/PTHrP receptor homologs from human
kidney and human osteoblast-like (5a0S-2) cells and found
them to be identical. Amino-terminally truncated PTH ana-
logs have distinctly different affinities for the cloned rat and
human receptors, despite a high degree of conservation
between both sequences. This finding could have significant
implications for the design and, in particular, for the evalu-
ation of potential in vivo PTH and PTHrP antagonists.

Materials and Methods

General

[Nie*'®, Tyr*] bovine PTH (1-34)amide [bPTH(1-34)], [Nle*'® Tyr*]
bPTH(3-34)amide [bPTH(3-34)], and [Nle®' Tyr*]bPTH(7-34)amide
[bPTH(7-34)] were from Bachem Fine Chemicals (Torrance, CA); [Tyr*}
hPTHrP(1-36)amide [PTHrP(1-36)] was synthesized as described (31)
by H. T. Keutmann (Endocrine Unit, Massachusetts General Hospital),
using an Applied Biosystems (Foster City, CA) synthesizer 420A. Peptide
concentrations were determined by amino acid analysis. Dulbecco’s
modified Eagle’s medium, EDTA/trypsin, and gentamycin were from
GIBCO (Grand Island, NY); fetal bovine serum was from Hyclone
Laboratory (Logan, UT). COS-7 cells were kindly provided by B. Seed
(Laboratory of Molecular Biology, Massachusetts General Hospital). The
human osteosarcoma cell line 5a0S-2 was kindly provided by A. H.
Tashjian, Jr. (Harvard School of Public Health, Boston, MA). Oligonu-
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cleotide primers were synthesized using an Applied Biosystems 380B
DNA synthesizer. Restriction enzymes, Klenow enzyme, T4 polynucle-
otide kinase, and T4 DNA ligase were from New England Biolabs
(Beverly, MA). Calf alkaline phosphatase was from Boehringer Mann-
heim (Mannheim, Germany). All other reagents were of highest purity
available.

Isolation of cDNA and genomic DNA clones encoding the
human PTH/PTHrP receptor

A human kidney oligo-dT-primed cDNA library (1.7 X 10° independ-
ent clones) in Agt10 and a genomic library from human placental DNA
(2.5 X 10° independent clones) in EMBL3 (Sp6/T7; Clontech, Palo Alto,
CA) were screened with the *2P-labeled 1.8-kilobase (kb) BamHI/NotI
fragment encoding most of the coding sequence of the rat PTH/PTHrP
receptor (20) (Fig. 1). Labeling was by random-priming using a kit from
Boehringer Mannheim. Hybridizations were performed at 42 C for 18-
24 h in 50% formamide, 4X saline sodium citrate (55C; 1X SSC = 300
mMm NaCl, 30 mm NaCitrate, pH 7.0), 2X Denhardt’s solution, 10%
Dextran sulfate, 100 ug/ml salmon sperm DNA (final concentration).
Filters were washed with 2X S5C/0.1% sodium dodecyl sulfate (SDS)
for 30 min at room temperature and then with 1X $SC/0.1% SDS for
30 min at 45 C. The films were exposed at —80 C for 18-24 h using
intensifying screens. About 1,000,000 clones were screened from each
library. Positive clones were plaque-purified, and A-phage DNA was
isolated (32). Cloned inserts were excised from phage DNA by digestion
with the restriction endonucleases, HindIIl and EcoRI (Agt10 library), or
Xhol or Sstl (EMBL3 library), and the inserts were then subcloned into
pcDNAI (Invitrogen, San Diego, CA) using the appropriate, dephos-
phorylated restriction sites.

An oligo-dT- and random-primed ¢cDNA library from 5a0S-2 cells
(2 X 10° independent clones) was constructed in A-Zapll (Stratagene, La
Jolla, CA) (32). This cDNA library was screened with the *?P-labeled
Pstl/Xhol fragment from the human kidney clone HK-1 (see Results),
which corresponded to nucleotides 670-1669 of the coding region of
the human kidney PTH/PTHrP receptor cDNA. Hybridizations were
performed as described above. After identification of a positive clone,
the pBluescript SK(—) phagemid cofitaining the cloned positive insert
was excised and recircularized (32). The 5" end of the cDNA encoding
the human bone PTH/PTHrP receptor was isolated by polymerase chain
reaction (PCR) as described below using primer RK-2, which is based
on a nucleotide sequence in the human genomic clone that corresponds
to the 5'-nontranslated region of the rat PTH/PTHrP receptor cDNA
(20).

Sequencing of the CsCl,-purified subclones was performed according
to Sanger et al. (33) by the dideoxy-termination method (Sequenase
version 2 sequencing kit, United States Biochemical Corporation, Cleve-
land, OH).

Reverse transcription and PCR

Poly (A)" RNA (3 pg) from human kidney (Clontech) in 73.5 ul H.O
was incubated at 100 C for 30 sec, quenched on ice, and then added to
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cggagggacgcggccctaggeggtggcg 28
atggggaccgcccggatcegecaccceggectggegetectgetetgetgeeccegtgetcagetecegegtacgegetggtggatgcagatgac 118
MetGlyThrAlaArgIleAlaProGlyLeuAlaLeuleuLeuCysCysProvVallLeuSerSerAlaTyrAlaLeuValAspAlaAspAsp 30

gtcatgactaaagaggaacagatcttcctgctgcacegtgetcaggeccagtgegaaaaacggetcaaggaggtectgcagaggecagec 208
ValMetThrLysCGluGluGlnIlePheLeuLeuHisArgAlaGlnAlaGlnCysGluLysArgLeuLysGluValLeuGlnArgProAla 60

agcataatggaatcagacaagggatggacatctgcgtccacatcagggaageccaggaaagataaggcatctgggaagctctaccctgag 298
SerIleMetGluSerAspLysGlyTrpThrSerAlaSerThrSerGlyLysProArgLysAspLysAlaSerGlyLysLeuTyrProGlu 90

tctgaggaggacaaggaggcacccactggeagcaggtaccgagggegeccctgtetgecggaatgggaccacatcecctgtgetggecgetg 388
SerGluGluAspLysGluAlaProThrGlySerArgTyrArgGlyArgProCysLeuProGluTrpAspHisIleLeuCysTrpProLeu 120

ggggcaccaggtgaggtggtggetgtgecctgtecggactacatttatgacttcaatcacaaaggccatgectaccgacgetgtgaccege 478
GlyAlaProGlyGluvalvalAlavValProCysProAspTyrlleTyrAspPheAsnHisLysGlyHisAlaTyrArgArgCysAspArg 150
$ $ $ $

aatggcagctgggagetggtgectgggcacaacaggacgtgggccaactacagegagtgtgtcaaatttctcaccaatgagactcgtgaa 568
AsnGlySerTrpGlulLeuValProGlyHisAsnArgThrTrpAlaAsnTyrSerGluCysValLysPheLeuThrAsnGluThrArgGlu 180

I
cgggaggtgtttgaccgeectgggeatgatttacacegtgggctactecgtgtecctggegtcecctcacegtagetgtgeteatectggec 658
ArgGluValPheAspArgleuGlvMetIleTvrThrvalGlvTvrSerValSerleuAlaSexLeuThrValAlavValleulleLeuAla 210
II

tactttaggecggctgcactgecacgegcaactacatccacatgecacctgttectgtecttcatgetgegegeegtgageatettegtcaag 748
TyrPheArgArgLeuHisCysThrArgAsnTyrlleHisMetHisLeuPhel.euSerbPheMetLeuArgAlavalSerIlePheVallvs 240

gacgctgtgctctactetggcgecacgettgatgaggctgagegectecaccgaggaggagetgegegecatecgeeccaggegeocccgeayg 838
AspAlaValLeuTvrSerGlvAlaThrLeuAspGluAlaGluArgLeuThrGluGluGluLeuArgAlalleAlaGlnAlaProProPro 270

cctgecaccgecgetgecggctacgegggetgecagggtggetgtgaccttettectttacttectggecaccaactactactggattctg 928
ProAlaThrAlaAlaAlaGlyTyrAlaGlyCysArgValAlaValThrPhePheLeuTyrPheLeuAlaThrAsnTyrTyrIrplleleu 300
111
gtggaggggctgtaccetgcacagecteatettcatggecttettctcagagaagaagtacctgtggggcttcacagtctteggetggggt 1018
valGluGlvLeuTvrLeuHisSerLeullePheMetAlaPhePheSexGlulysLysTyrLeuTrpGlyPheThr¥alPheGlvTrpGly 330
v
ctgcecegetgtetteogtggetgtgtgggtcagtgtcagagetacecctggecaacacegggtgetgggacttgagetecegggaacaaaaag 1108
LeuProAlaValPheValAlaValTrpValServValArgalaThrLeuAlaAsnThrGlyCysTrpAspLeuSerSerGlyAsnLlysLys 360
v
tggatcatccaggtgecccatcctggectecattgtgetcaacttcatcctcttecatcaatategtcegggtgectegecaccaagetgegg 1198
TrpllelleglnValProllelLeuAlasSerllevValleuAsnPhelleleuPhelleAsnlleValArgValLeuAlaThrlysLeuArg 390
VI
gagaccaacgccggccggtgtgacacacggcagcagtaccggaagctgctcaaatccacgetggtgectcatgeceetetttggegtecac 1288
GluThrAsnAlaGlyArgCysAspThrArgGlnGlnTyrArgLlysLeuleulvsSerThrLeuval LeuMetProlLeuPheGlvvalHis 420

tacattgtcttcatggccacaccatacaccgaggtcotcagggacgectctggcaagtccagatgecactatgagatgetecttcaactectte 1378

TvrllevValPheMetAlaThrProTyrThrGluvValSerGlyThrLeuTrpGlnvalGlnMetHisTyrGluMetLeuPheAsnSerPhe 450
VII

cagggattttttgtcgcaatcatatactgtttctgcaatggcgaggtacaagectgagatcaagaaatcttggagecgetggacactggea 1468
GloClvPhePhevValAlallelleTvrCysPheCyvsAsnGlyGluvalGlnAlaGlulleLysLysSerTrpSerArgTrpThrLeudla 480

ctggacttcaagcgaaaggcacgcagcgggagcagcagctatagectacggeccccatggtgteccacacaagtgtgaccaatgtecggceccce 1558
LeuAspPhelysArgLysAlaArgSerGlySerSerSerTyrSerTyrGlyProMetvValSerHisThrServalThrAsnvalGlyPro 510

cgtgtgggacteggectgeccctecageccecgectactgeccactgecaccaccaacggecacectcagetgectggecatgecaageca 1648
ArgValGlyLeuGlyLeuProLeuSerProArgLeuleuProThrAlaThrThrAsnGlyHisProGlnLeuProGlyHisAlaLysPro 540

gggaccccagecctggagaccctegagaccacaccacctgecatggetgeteccaaggacgatgggttectcaacggetecectgetecagge 1738
GlyThrProAlaLeuGluThrLeuGluThrThrProProAlaMetAlaAlaProLysAspAspGlyPheLeuAsnGlySerCysSerGly 570

ctggacgaggaggcctctgggectgageggecacctgecctgectacaggaagagtgggagacagtcatgtgaccaggegetgggggetgg 1828
LeuAspGluGluAlaSerGlyProGluArgProProAlaLeuLeuGlnGluGluTrpGluThrValMet 593

acctgctgacatagtggatggacagatggaccaaaagatgggtggttgaatgatttcccactcagggcctggggccaagagdgaaaaacayg 1918
ggaaaaaaagaaaaaaaaaagaaaaaggdaa 1966

F16. 2. Nucleotide sequence and deduced amino acid sequence of the human PTH/PTHrP receptor. Putative membrane-spanning domains I-VII
are underlined; $, potential extracellular N-linked glycosylation sites; numbering of the amino acid residues and the nucleotides is on the right.

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName} ] on 14 November 2015. at 03:00 For persona use only. No other uses without permission. . All rights reserved.



2160

IDENTICAL ¢DNAs ENCODE RENAL AND BONE

FiG. 3. Alignment of the amino acid se-
quences of the human (H), rat (R), and
opossum (O) PTH/PTHrP receptor. -,
Identical amino acid either between the
human and the rat receptor or between
the human and the opossum receptor,
respectively; *, conserved, extracellular
cysteines; $, conserved, extracellular N-
linked glycosylation sites; putative
transmembrane domains [-VII are
underlined; numbering of the amino acid
residues is on the right. Modifications of
the amino acid sequences of the rat (res-
idue 575) and the opossum (residues 86
and 132) PTH/PTHrP receptors were
introduced after revision of the two nu-
cleotide sequences.
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20 ul 5% RT buffer (1x RT buffer = 40 mm Tris-HCl, pH 8.2, 40 mm
KCl, 6.6 mm MgCl,, 10 mm dithiothreitol, and deoxynucleotide triphos-
phates at 0.5 mum each), 2 ul (4 U) RNasin (Promega Biotec, Madison,
WI), 1 ul (80 pmol/ul) human cDNA primer H12 (5'-AGAT-
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GAGGCTGTGCAGGT-3’), and 80 U avian myeloblastosis virus reverse
transcriptase (Life Sciences, St. Petersburg, FL). The reaction mixture
was incubated for 40 min at 42 C. One-tenth of the first strand synthesis
reaction was then amplified by PCR in a final vol of 100 gl containing
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A B
-28S

-18S

Fic. 4. Northern blot analysis of total RNA (~10 ug/lane) prepared
from human kidney (A) and Sa08S-2 cells (B). The blot was hybridized
with the full-length cDNA encoding the human PTH/PTHrP receptor
and exposed for 18 h at —80 C; positions of 285 and 18S ribosomal
RNA bands are indicated.

3 mm MgSO,, 200 pm deoxynucleotide triphosphates, 2 U Vent polym-
erase (New England Biolabs), and 2 um of the forward and reverse
primers (PCR conditions: denaturing for 1 min at 94 C, annealing for 1
min at 50 C, and extension at 72 C for 3 min; 40 cycles). Independent
PCRs were performed using two different forward primers: 1) degen-
erate primer RK-1 (5'-GGAATTCCATGGG®,GC“cCCCGGAT-3")
based on the 5'-coding end of the two previously cloned PTH/PTHrP
receptors (19, 20); and 2) primer RK-2 (5'-CGGGATCCCGCGGCCCT-
AGGCGGT-3") based on the 5’-untranslated region of the human
genomic clone HG-1. Both PCR reactions used the reverse primer H26
(5'-AGTATAGCGTCCTTGACGA-3'), which is complementary to nu-
cleotides 713-731 of the coding region of the human PTH/PTHrP
receptor (Fig. 1). The 5’ end of the cDNA encoding the PTH/PTHIP
receptor from Sa0S-2 cells was amplified by an analogous PCR ap-
proach using the forward primer RK-2. PCR products were blunt-ended
using Klenow enzyme and cloned into dephosphorylated pcDNAI di-
gested with EcoRV.

Northern blot analysis

Total RNA was extracted from 5a0S-2 cells and from human kidney
by the guanidine isothiocyanate/CsCl; method (34). For Northern blot
analysis, approximately 10 ug total RNA were electrophoresed on a
1.5%/37% agarose/formaldehyde gel, were then blotted onto nitrocel-
lulose filters (Schleicher and Schuell, Keene, NH), and probed with the
full-length human PTH/PTHrP receptor cDNA. The hybridization con-
ditions were the same as those for screening the phage libraries (see
above). The filters were washed at a final stringency of 0.5x SSC/0.1%
SDS for 30 min at 60 C and exposed for autoradiography (18 h at —80
Q).

Transient expression of PTH/PTHrP receptors in COS-7 cells,
RRA and stimulation of cAMP production

COS-7 cells were grown in 15-cm plates in Dulbecco’s modified
Eagle’s medium, 10% heat-inactivated fetal bovine serum, 10 mg/liter
gentamycin until 80-90% confluent. Twenty-four hours after transfec-
tion by the diethylaminoethyl/Dextran method (19, 20), with 1-2 ug
plasmid DNA encoding the full-length human (HKrk) or rat PTH/PTH1P
receptor (R15B) (20), respectively, the cells were trypsinized and replated
into 24-well plates at a density of about 50,000 cells per well. Radiore-
ceptor and cAMP accumulation bioassays were performed 48 h later, as
previously described (20).

Results
Molecular cloning of the human PTH/PTHrP receptor cDNA

To isolate the human PTH/PTHrP receptor, we screened
cDNA libraries from human bone and kidney. Since many
G protein-coupled receptors are encoded by intronless genes
(35-39), we also screened a human genomic library. Clone
HK-1 was isolated after screening of 500,000 plaques from
the human kidney cDNA library, with a probe (BarmHI/Notl)
representing most of the coding region of the rat PTH/PTHrP
receptor (20) (Fig. 1). Since one of the two EcoRI cloning sites
of A\gt10 had been eliminated during the library construction,
an HindIII/EcoRI fragment containing the cDNA insert and
approximately 250 base pairs (bp) of the 37-kb (left) A-arm
were subcloned into the corresponding restriction sites in
pcDNAIL Comparison of the DNA sequence with the rat
cDNA revealed that this cDNA contained the last approxi-
mately 1000 bp of the coding region and approximately 200
bp of the 3-noncoding region, which included an A-rich 3’
end. The coding region 5’ to the Xhol site of HK-1 subse-
quently was used to rescreen the library and led to the
isolation of another clone, HK-2, which, after subcloning
into pcDNAI, proved to contain approximately 1400 bp of
the coding region. A third screening of the library, using the
Poull/Pst] fragment of HK-2, led to the isolation of clone
HK-3, which was identical to HK-2.

Clone HB-1 was isolated after screening of approximately
300,000 plaques from the human SaOS-2 cell cDNA library
using the Pstl/Xhol fragment of HK-1; it contained the last
1550 nucleotides of the coding region and approximately
200 bp of the 3'-noncoding region.

Four independent clones were isolated from the genomic
library (~10° plaques); the library was screened with the
same BamHI/NotI fragment of the rat PTH/PTHrP receptor
that was used to screen the cDNA library. The approximately
13-kb genomic clone HG-1 contains an approximately 2.3-
kb S5stl fragment that hybridizes to the cDNA encoding the
human receptor upon Southern blot analysis. An SstI frag-
ment that is indistinguishable in size (2.3 kb) was also
detected by Southern hybridization of an SstI digest of hu-
man genomic DNA (data not shown). The 2.3-kb genomic
Sstl fragment was therefore subcloned into pcDNAI South-
ern blot and sequence analysis of the Sstl DNA fragment
showed that similar to the rat gene (40), this genomic frag-
ment contains two exons; one encodes the putative signal
peptide and part of the 5'-nontranslated region, whereas the
second exon contains an upstream portion of the 5’-untrans-
lated region (Fig. 1).

To isolate the remaining approximately 450 nucleotides of
the coding region located between the putative signal peptide
and the 5" end of HK-2, poly (A)* RNA from human kidney
was reverse transcribed after priming with H12 (Fig. 1), After
single-strand synthesis, two independent PCRs were per-
formed using two different forward primers: 1) a degenerate
primer, RK-1, based on the 5’-coding end of the two previ-
ously cloned PTH/PTHrP receptors, OK-O and R15B (19,
20); and 2) primer, RK-2, based on the 5’-noncoding region
of HG-1. H26 was used as the reverse primer for both
reactions. Since the resulting PCR products overlap with HK-
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2, Southern blot analysis, in combination with restriction
enzyme mapping, was used to verify that the missing portion
of human PTH/PTHrP receptor cDNA had been amplified.
The blunt-ended PCR products encoding the 5’ end of the
hPTH/PTHrP receptor cDNA were then cloned into pcDNAI
using dephosphorylated EcoRV sites. An analogous approach
using the forward primer RK-2 (Fig. 1) led to the isolation of
the 5’ end of the cDNA that encodes the human bone PTH/
PTHIP receptor. Sequence analysis of each PCR clone con-
firmed that both 5’ sequences were identical, except for the
expected discrepancies at the 5’ end that resulted from the
use of two different forward primers. The full-length human
PTH/PTHrP receptor cDNA, HKrk, was constructed from
PCR clone 2 and HK-2; this cDNA was then transiently
expressed in COS-7 cells.

Nucleotide and amino acid sequence of the human PTH/
PTHTrP receptor

Nucleotide sequencing of both strands of the hPTH/
PTHrP receptor cDNA revealed an open-reading frame en-
coding a 593-amino acid protein (Fig. 2) (Genbank accession

number 104308). The nucleotide sequence of the ¢cDNA
clones from human kidney and 5a0S-2 cells were identical
with the exception of nucleotide 1414, which was either C
or T in the two kidney-derived ¢cDNAs and C in the bone-
derived ¢cDNA; this change, which could be due either to a
polymorphism or to a cloning artifact, did not result in a
modification of the predicted amino acid. Comparison of the
predicted amino acid sequence of the human receptor with
those of the opossum (585 amino acids) (19) and rat (591
amino acids) (20) revealed 81% and 91% identity, respec-
tively (Fig. 3). All extracellular cysteines including the two
cysteine residues in the presumed signal peptide are con-
served, as are all potential extracellular N-linked glycosyla-
tion sites. It is interesting to note that most amino acid
differences between rat and human receptors are not ran-
domly distributed, but segregated to four areas corresponding
to amino acids 57-97, 262-276, 542-558, and 579-589 of
the human sequence. Comparison with the receptors for
secretin (21), CT (22), vasoactive intestinal polypeptide (40),
glucagon-like peptide 1 (41), and GH-releasing hormone (42)
showed at least 30% amino acid identity and at least 50%
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similarity, respectively. All other G protein-linked receptors
had less than 10% identity with the human PTH/PTHrP
receptor.

Northern blot analysis

Northern blot analysis of total RNA (~10 ug/lane) from
human kidney and from SaOS-2 cells revealed one major
hybridizing DNA species of approximately 2.5 kb, using the
full-length cDNA encoding the human PTH/PTHrP receptor
as probe (Fig. 4).

Comparative characterization of the transiently expressed
human and rat PTH/PTHrP receptors

Radiolabeled bPTH(1-34) and PTHrP(1-36) (~200,000
cpm) specifically bound to a similar extent to human and rat
receptors transiently expressed in COS-7 cells (specific bind-
ing: 10.1 + 3.7% and 7.6 % 6.0% for ['*’I]bPTH(1-34), 8.1 +
3.5% and 7.1 £ 4.1% for ['*IJPTHrP(1-36), respectively;
nonspecific binding was 1.2 + 0.7 and 1.1 % 0.5%, respec-
tively). The binding affinities of the rat and the human PTH/
PTHrP receptors for bPTH(1-34) were similar with apparent
dissociation constants of approximately 8 and 15 nM, inde-
pendent of the radioligand. PTHrP(1-36) had an approxi-
mately 2-fold lower affinity for the human than the rat PTH/
PTHrP receptor when using PTHrP(1-36) as the radioligand,
whereas an approximately 4-fold difference in affinity was
observed when using radiolabeled bPTH(1-34). Despite their
substantial amino acid homology, however, the receptors
showed striking differences in affinity for both bPTH(3-34)
and PTH(7-34) using either radioligand (Fig. 5). The appar-
ent binding affinities of these amino-terminally truncated
PTH analogs were 4- and 50-fold higher for the human
receptor than for the rat receptor [~8 nm vs. ~30 nm for
bPTH(3-34); ~100 nM vs. ~5000 nm for bPTH(7-34), re-
spectively]. Both ligands, bPTH(1-34) and PTHrP(1-36),
stimulated the production of intracellular cAMP with similar
efficacy and efficiency (Fig. 6).

Discussion

The human PTH/PTHIP receptor is highly homologous to
the PTH/PTHxP receptor from rat (20), a eutherian mammal,
whereas the sequence identity with the PTH/PTHrP receptor
from opossum, a marsupial mammal, is less striking (19).
Significant structural and sequence homology is also found
with the recently cloned receptors for secretin (21), CT (22),
vasoactive intestinal polypeptide (40), glucagon-like peptide
1 (41), and GH-releasing hormone (42), whereas less than
10% sequence identity is shared with other G protein-linked
receptors.

Recent comparative studies using human bone- and kid-
ney-derived tissue showed no significant differences be-
tween PTH/PTHrP receptors from both organs (18). The
molecular cloning of identical cDNAs (with the exception of
a possible polymorphism of nucleotide 1414) encoding the
human PTH/PTHrP receptor in human kidney and human
bone-derived, osteoblast-like cells, now provides unequivo-
cal molecular evidence for the presence of identical PTH/
PTHrP receptors in the two major target tissues for PTH. A
¢DNA clone (nucleotides 321-1928) that was recently iso-
lated through hybridization techniques from a rat kidney
cDNA library showed a nucleotide sequence that is identical
to the previously reported rat bone PTH/PTHrP receptor
sequence (Kong, X. F., unpublished observations). This in-
dicates that identical PTH/PTHIrP receptors are also present
in rat kidney and bone. The isolation of identical PTH/PTHrP
teceptors from both major target tissues for PTH action was
not unexpected, since the PTH/PTHrP receptors from opos-
sum kidney (19) and rat osteoblast-like (ROS 17/2.8) cells
(20), both independently isolated by expression cloning,
showed a high degree of amino acid sequence identity.
However, additional receptors for either PTH or PTHrP,
which have only limited or no nucleotide sequence homology
with the common PTH/PTHTrP receptor, cannot be excluded.
In fact, recent Northern blot analyses of various rat tissues
(43) suggest alternatively spliced receptor forms that are
derived from the intron-rich PTH/PTHrP receptor gene (44),
and thus could contribute to the pleiotropic biological activ-
ities of both PTH and PTHrP.

Despite the high degree of amino acid sequence homology
between human and rat PTH/PTHrP receptors, the receptors,
when transiently expressed in COS-7 cells, revealed striking
differences in their affinities for amino-terminally truncated
PTH analogs. These data confirm and extend previous bind-
ing and signaling studies using renal plasma membranes
and/or clonal cell lines from different species (11-18). Since
recombinant rat and human PTH/PTHrP receptors showed
distinct binding affinities for bPTH(7-34) in COS-7 cells, we
conclude that differences in the primary structures of the
receptors from two different species, rather than organ- or
species-specific differences in the cell environment, are re-
sponsible for these observations. This finding may have
significant implications for the future design and the evalu-
ation of PTH/PTHrP antagonists (11, 12) and could imply
that previously reported in vivo PTH antagonists (45) may
have significantly improved efficacy in species other than
rat. Since the bPTH(7-34) analog is capable of clearly distin-
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guishing between two highly homologous PTH/PTHrP re-
ceptors, this peptide may help to define those portions of the
human receptor that improve antagonist binding. Our data
that PTHrP(1-36) has a slightly lower affinity for human
than rat PTH/PTHrP receptors are at some variance with
previous reports by others (13, 18). This minor discrepancy
could be related to the high copy number of receptors per
COS-7 cell or the insufficient availability of G proteins in
these cells to allow high affinity ligand binding. However,
studies in mammalian cells stably expressing recombinant
PTH/PTHrP receptors (46, 47) largely confirmed the previ-
ously reported affinity relationship of PTH and PTHrP ana-
logs (19, 20), making such an explanation unlikely. Further-
more, recent in vivo studies in humans indicate that
PTHrP(1-34) is 3- to 10-fold less potent than PTH(1-34)
(48), and thus supports our findings.

The isolation and characterization of cDNA encoding the
human PTH/PTHrP receptor will facilitate the isolation and
characterization of the remaining portions of the human
PTH/PTHrP receptor gene and should eventually help to
define the molecular defect(s) in human disease.

References

1. Kronenberg HM, Bringhurst FR, Nussbaum SR, Juppner H,
Abou-Samra AB, Segre GV, Potts Jr JT 1992 Parathyroid hormone:
biosynthesis, secretion, chemistry, and action. In: Mundy GR, Martin
TJ (eds) Handbook of Experimental Pharmacology “Physiology and
Pharmacology of Bone”. Springer-Verlag, Heidelberg, in press

2. Demay M, Mitchell J, Goltzman D 1985 Comparison of renal and
osseous binding of parathyroid hormone and hormonal fragments.
Am ] Physiol 249:E437-E446

3. Murray TM, Rao LG, Muzaffar SA, Ly H 1989 Human parathyroid
hormone carboxyterminal peptide (53-84) stimulates alkaline phos-
phatase activity in dexamethasone-treated rat osteosarcoma cells in
vitro. Endocrinology 124:1097-1099

4. Schliiter KS, Hellstern H, Wingender E, Mayer H 1989 The central
part of parathyroid hormone stimulates thymidine incorporation of
chondrocytes. ] Biol Chem 264:11087-11092

5. Orloff JJ, Wu TL, Stewart AF 1989 Parathyroid hormone-like
proteins: biochemical responses and receptor interactions. Endocr
Rev 10:476-495

6. Abou-Samra AB, Uneno S, Jiuppner H, Keutmann H, Potts Jr JT,
Segre GV, Nussbaum SR 1989 Non-homologous sequences of
parathyroid hormone and the parathyroid hormone related peptide
bind to a common receptor on ROS 17/2.8 cells. Endocrinology
125:2215-2217

7. Caulfield MP, McKee RL, Goldman ME, Duong LT, Fisher JE,
Gay CT, DeHaven PA, Levy JJ, Roubini E, Nutt RF, Chorev M,
Rosenblatt M 1990 The bovine renal parathyroid hormone (PTH)
receptor has equal affinity for two different amino acid sequences:
the receptor binding domains of PTH and PTH-related protein are
located within the 14-34 region. Endocrinology 127:83-87

8. Nussbaum SR, Rosenblatt M, Potts Jr JT 1980 Parathyroid hor-
mone/renal receptor interactions: demonstration of two receptor-
binding domains. | Biol Chem 255:10183-10187

9. Barden JA, Kemp BE 1989 NMR study of a 34-residue N-terminal
fragment of the parathyroid-hormone-related protein secreted dur-
ing humoral hypercalcemia of malignancy. Eur ] Biochem 184:379—
394

10. Klaus W, Dieckmann T, Wray V, Schomburg D, Wingender E,
Mayer H 1991 Investigation of the solution structure of the human
parathyroid hormone fragment (1-34) by '"H NMR spectroscopy,
distance geometry, and molecular dynamics calculations. Biochem-
istry 30:6936-6942

11. Chorev M, Goodman ME, McKee RL, Roubini E, Levy JJ, Gay

IDENTICAL ¢cDNAs ENCODE RENAL AND BONE PTH/PTHrP RECEPTOR

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22,

23.

24.

25.

26.

27.

Endo + 1993
Vol 132+ No 5

CT, Reagan JE, Fisher JE, Caporale LH, Golub EE, Caulfield MP,
Nutt RF, Rosenblatt M 1990 Modifications of position 12 in para-
thyroid hormone and parathyroid hormone related protein: toward
the design of highly potent antagonists. Biochemistry 29:1580-1586
Chorev M, Roubini E, Goldman ME, McKee RL, Gibbons SW,
Reagan JE, Caulfield MP, Rosenblatt M 1990 Effects of hydropho-
bic substitutions at position 18 on the potency of parathyroid
hormone antagonists. Int ] Pept Protein Res 36:465-470

McKee RL, Caulfield MP, Fisher JE, Duong LT, Rosenblatt M
Differences in human and rat parathyroid hormone (PTH) receptors:
agonists and antagonists are 3- to 130-fold more potent in human
derived systems. Program of the 11th Annual Meeting of the Amer-
ican Society for Bone and Mineral Research, Montreal, 1989, p 5341
(Abstract)

Orloff JJ, Wu TL, Heath HW, Brady TG, Brines ML, Stewart AF
1989 Characterization of canine renal receptors for the parathyroid
hormone-like protein associated with humoral hypercalcemia of
malignancy. ] Biol Chem 264:6097-6103

Nissenson RA, Diep D, Strewler GJ 1988 Synthetic peptides
comprising the amino-terminal sequence of a parathyroid hormone-
like protein from human malignancies. ] Biol Chem 263:12866-
12871

Jiuppner H, Abou-Samra AB, Uneno S, Gu WX, Potts Jr JT, Segre
GV 1988 The parathyroid hormone-like peptide associated with
humoral hypercalcemia of malignancy and parathyroid hormone
bind to the same receptor on the plasma membrane of ROS17/2.8
cells. ] Biol Chem 263:8557-8560

Shigeno C, Yamamoto I, Kitamura N, Noda T, Lee K, Sone T,
Shiomi K, Ohtaka A, Fujii N, Yajima H, Konishi J 1988 Interaction
of human parathyroid hormone-related peptide with parathyroid
hormone receptors in clonal rat osteosarcoma cells. ] Biol Chem
263:18369-18377

Orloff JJ, Ribaudo AE, McKee RL, Rosenblatt M, Stewart AF
1992 A pharmacological comparison of parathyroid hormone recep-
tors in human bone and kidney. Endocrinology 131:1603-1611
Juppner H, Abou-Samra AB, Freeman MW, Kong XF, Schipani
E, Richards J, Kolakowski Jr LF, Hock ], Potts Jr JT, Kronenberg
HM, Segre GV 1991 A G protein-linked receptor for parathyroid
hormone and parathyroid hormone-related peptide. Science
254:1024-1026

Abou-Samra AB, Jippner H, Force T, Freeman MW, Kong XF,
Schipani E, Urena P, Richards ], Bonventre JV, Potts Jr JT,
Kronenberg HM, Segre GV 1992 Expression cloning of a parathy-
roid hormone/parathyroid hormone-related peptide receptor from
rat osteoblast-like cells: a single receptor stimulates intracellular
accumulation of both ¢cAMP and inositol trisphosphates and in-
creases intracellular free calcium. Proc Natl Acad Sci USA 89:2732-
2736

Ishihara T, Nakamura S, Kaziro Y, Takahashi T, Takahashi K,
Nagata S 1991 Molecular cloning and expression of a cDNA encod-
ing the secretin receptor. EMBO ] 10:1635-1641

Lin HY, Harris TL, Flannery MS, Aruffo A, Kaji EH, Gorn A,
Kolakowski Jr LF, Lodish HF, Goldring SR 1991 Expression clon-
ing of an adenylase cyclase-coupled calcitonin receptor. Science
254:1022-1024

Chabre O, Conkbin BR, Lin HY, Lodish HF, Wilson E, Ives HE,
Catanzaviti L, Hemmings BA, Bourne HR 1992 A recombinant
calcitonin receptor independently stimulates 3’,5’-cyclic adenosine
monophosphate and Ca**/inositol phosphate signal pathways. Mol
Endocrinol 6:281-290

Trimble ER, Bruzzone R, Biden TJ, Meehan CJ, Andreu A,
Merrifield RB 1987 Secretin stimulates cyclic AMP and inositol
trisphosphate production in rat pancreatic acinar tissue by two fully
independent mechanisms. Proc Natl Acad Sci USA 84:3146-3150
Moniz C, Burton PBJ, Malik AN, Dixit M, Banga JP, Nicolaides
K, Quirke P, Knight DE, McGregor AM 1990 Parathyroid hor-
mone-related peptide in normal human fetal development. ] Mol
Endocrinol 5:259-266

Campos RV, Asa SL, Drucker DJ 1991 Immunocytochemical lo-
calization of parathyroid hormone-like peptide in the rat fetus.
Cancer Res 51:6351-6357

Senior PV, Heath DA, Beck F 1991 Expression of parathyroid

The Endocrine Society. Downloaded from press.endocrine.org by [${ individual User.displayName} ] on 14 November 2015. at 03:00 For personal use only. No other uses without permission. . All rights reserved.



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

IDENTICAL ¢cDNAs ENCODE RENAL AND BONE PTH/PTHrP RECEPTOR

hormone-related protein mRNA in the rat before birth: demonstra-
tion by hybridization histochemistry. ] Mol Endocrinol 6:281-290
van de Stolpe A, Karperien M, Lowik CWGM, Jiippner H, Abou-
Samra AB, Segre GV, de Laat SW, Defize LHK 1993 Parathyroid
hormone-related peptide as an endogenous inducer of parietal en-
doderm differentiation. ] Cell Biol 120:235-243

Karaplis AC, Tybulewicz V, Mulligan RC, Kronenberg HM Dis-
ruption of parathyroid hormone-related peptide gene leads to a
multitude of skeletal abnormalities and perinatal mortality. Program
of the 14th Annual Meeting of the American Society for Bone and
Mineral Research, Minneapolis, 1992, p 593 (Abstract)

Levine MA, Aurbach GD 1989 Pseudohypoparathyroidism. In:
DeGroot L] (ed) Endocrinology. Saunders, Philadelphia, pp 1065~
1079

Keutmann HT, Griscom AW, Nussbaum SR, Reiner BF, Goud
AN, Potts Jr JT, Rosenblatt M 1985 Rat parathyroid hormone-(1-
34) fragment: renal adenylate cyclase activity and receptor binding
properties in vitro. Endocrinology 117:1230-1234

Sambrook J, Fritsch EF, Maniatis T 1989 Molecular Cloning: A
Laboratory Manual, ed 2. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY

Sanger F, Nicklen S, Coulson AR 1977 DNA sequencing with
chain-terminating inhibitors. Biochemistry 74:5463-5467
Chirgwin JM, Przybyla AE, MacDonald R], Rutter WJ 1979
Isolation of biologically active ribonucleic acid from sources enriched
in ribonuclease. Biochemistry 18:5294-5299

Kobilka BK, Frielle T, Collins S, Yang-Feng T, Kobilka TS,
Francke U, Lefkowitz R], Caron MG 1987 An intronless gene
encoding a potential member of the family of receptors coupled to
guanine nucleotide regulatory protein. Nature 329:75-79

Kobilka BK, Frielle T, Dohlman HG, Bolanowski MA, Dixon
RAF, Keller P, Caron MG, Lefkowitz RJ 1987 The delineation of
the intronless nature of the genes for the human and hamster 82-
adrenergic receptor and their putative promoter regions. ] Biol Chem
262:7321-7327

Kobilka BK, Matsui H, Kobilka TS, Yang-Feng TL, Francke U,
Caron MG, Lefkowitz R], Regan JW 1987 Cloning, sequencing
and expression of the gene coding for the human platelet o2-
adrenergic receptor. Science 238:650-656

Bonner TI, Buckley NJ, Young AC, Brann MR 1987 Identification
of a family of muscarinic acetylcholine receptor genes. Science
237:527-532

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

2165

Sunahara RK, Niznik HB, Weiner DM, Stormann TM, Brann
MR, Kennedy JL, Gelernter JE, Rozmahel R, Yang Y, Israel Y,
Seeman P, O'Dowd BF 1990 Human dopamine D; receptor encoded
by an intronless gene on chromosome 5. Nature 347:80-83
Ishihara T, Shigemoto R, Mori K, Takahashi K, Nagata S 1992
Functional expression and tissue distribution of a novel receptor for
vasoactive intestinal polypeptide. Neuron 8:811-819

Thorens B 1992 Expression cloning of the pancreatic 8 cell receptor
for the glucoincretin hormone glugacon-like peptide 1. Proc Natl
Acad Sci USA 89:8641-8645

Mayo K 1992 Molecular cloning and expression of a pituitary-
specific receptor for growth hormone-releasing hormone. Mol En-
docrinol 6:1734-1744

Urena P, Lee K, Weaver D, Kong XF, Brown D, Bond AT, Abou-
Samra AB, Segre GV PTH/PTHrP receptor mRNA expression as
assessed by Northern blot and in situ hybridization. Program of the
14th Annual Meeting of the American Society for Bone and Mineral
Research, Minneapolis, 1992, p 5125 (Abstract)

Kong XF, Urena P, Schipani E, Jippner H, Kronenberg HM, Potts
Jr JT, Segre GV, Abou-Samra AB Preliminary characterization of
rat genomic clones encoding the common receptor for parathyroid
hormone and parathyroid hormone related peptide. In: Proceedings
of the XIth International Conference on Calcium Regulating Hor-
mones, Florence, Italy, 1992. Elsevier Science Publishers BV, Am-
sterdam, pp 97-101

Horiuchi N, Holick MF, Potts Jr JT, Rosenblatt M 1983 A para-
thyroid hormone inhibitor in vivo: design and biological evaluation
of a hormone analog. Science 220:1053-1055

Bringhurst FR, Jippner H, Guo J, Urena P, Potts Jr JT, Kronenberg
HM, Abou-Samra AB, Segre GV, Cloned, stably expressed PTH/
PTHrP receptors activate multiple messenger signals and biological
responses in LLC-PK; kidney cells. Endocrinology, in press

Segre GV, Abou-Samra AB, Gardella T}, Jiippner H, Kronenberg
HM, Nussbaum SR, Potts Jr JT Structural analysis of the PTH/
PTHiP receptor’s functional domains. In: Proceedings of the XIth
International Conference of Calcium Regulating Hormones, Flor-
ence, Italy, 1992. Elsevier Science Publishers BV, Amsterdam, pp
92-96

Fraher L], Hodsman AB, Jonas K, Saunders D, Rose CI, Hender-
son JE, Hendy GN, Goltzman D 1992 A comparison of the in vivo
biochemical responses to exogenous parathyroid hormone-(1-34)
[PTH-(1-34)] and PTH-related peptide-(1-34) in man. J Clin Endo-
crinol Metab 75:417-423

The Endocrine Society. Downloaded from press.endocrine.org by [${ individual User.displayName} ] on 14 November 2015. at 03:00 For personal use only. No other uses without permission. . All rights reserved.



