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ABSTRACT The parathyroid hormone/parathyroid hor-
mone-related peptide receptor (PTHR) is a G-protein-coupled
receptor containin seven predicted transmembrane do .
We have isolated and characterized recombinant bacterio-
phage AEMBL3 genomic clones containing the mouse PTHR
gene, including 10 kilobases of the promoter region. The gene
spans >32 kilobases and in divided into 15 exons, 8 of which
contain the tansmembrne dans. The PTHR exons con-
tining the predicted membrane-snning d are beter-
ogeneous in length and three of the exon-ntron boundaries fall
within putative transmembrane sequences, suggestin that the
exons did not arise from duplication events. This arrangement
is closely related to that of the growth hormone releasing factor
receptor gene, particularly in the transmembrane region,
providing strong evidence that the two genes evolved from a
common precursor. Transcription is initiated principally at a
series of sites over a 15-base-pair region. The proximal pro-
moter region is highly (G+C)-rich and lacks an apparent
TATA box or initiator element homologies but does contain
CCGCCC motifs. The presumptive amino acid sequence of the
encoded receptor is 99%, 91%, and 76% identical to those of
the rat, human, and opossum receptors, respectively. There is
no consensus polyadenylylation signal in the 3' untnted
region. The poly(A) tail ofthe PTHR transcript begins 32 bases
downstream ofa 35-base-long A-rich sequence, suggesting that
this region directs polyadenylylation.

The parathyroid hormone/parathyroid hormone-related pep-
tide receptor (PTHR) is bound specifically by a conserved
34-amino acid region present in both parathyroid hormone
(PTH) and PTH-related peptide (PTHrP). PTH regulates
calcium and phosphate metabolism by binding to receptors
expressed in kidney and bone (1-5). PTHrP was first iden-
tified as a major cause of malignancy-associated hypercal-
cemia (6, 7); however, its normal physiological role remains
largely unknown. Whereas PTH expression is limited to the
parathyroid, PTHrP is expressed in a wide variety of normal
and malignant tissues and appears to act mainly in a para- or
autocrine manner (8-11). The PTHR is a G-protein-coupled
receptor containing seven predicted transmembrane domains
(refs. 1-3 and references therein). Binding of ligand to the
PTHR stimulates cAMP production, raises intracellular cal-
cium, and increases levels of inositol 1,4,5-trisphosphate (2).
The G-protein-coupled family of receptors is vast and

includes receptors for peptide hormones, >100 odorants,
neurotransmitters, and a number of other regulatory factors
(12). Based on similarities between ligands and receptors (13,
14), the PTHR belongs to a subfamily that includes receptors
for growth hormone releasing factor, vasoactive intestinal
peptide, calcitonin, secretin, glucagon-like peptide, and glu-
cagon. Genes for several mammalian adrenergic and seroto-

nin receptors have been cloned and are intronless (15-19).
Although the luteinizing hormone receptor contains 11 ex-
ons, the transmembrane and cytoplasmic regions of the
protein are encoded by a single exon (20). Here, we have
cloned the entire PTHR gene and show that it contains
multiple exons, 8 of which encode the transmembrane do-
mains. The exon-intron boundaries are very similar to those
of the mouse growth hormone releasing factor receptor
(GHFR) gene (13). The proximal promoter is (G+C)-rich and
contains several putative binding sites for the transcription
factor SpI. Interestingly, polyadenylylation is initiated down-
stream of an unusual A-rich sequence in a region that lacks
a consensus polyadenylylation signal.t

MATERIALS AND METHODS
Library Screening. A AEMBL3 genomic library (Clontech),

from adult male BALB/c liver DNA, was screened using
nick-translated probes corresponding to the entire rat PTHR
cDNA or to 115 bp of the 5' untranslated sequence and signal
sequence. Filters (S&S Nytran) were screened in 5x SSPE
[lx SSPE = 10 mM sodium phosphate, pH 7.7/180 mM
NaCl/1 mM EDTA], 5x Denhardt's solution, 40o deionized
formamide, 1% SDS, 10%o dextran sulfate, and 100 ug of
denatured salmon sperm DNA per ml at 420C for 18 hr. The
membrane was washed to afinal stringency in 0.1% SSC [20x
SSC = 0.3 M sodium citrate, pH 7.0/3 M NaCI] and 0.1%
SDS at 550C for 30 min. Positive clones were purified by three
rounds of screening with the same probe.
DNA Sequenclug. Phage DNA was prepared by polyethyl-

ene glycol precipitation and purification from a cesium chlo-
ride gradient (21). Fragments containing exons, determined by
Southern blotting using Hybond-N membranes (Amersham)
under conditions described above, were subcloned into pB-
luescript SK+ (Stratagene) and sequenced by the dideoxy
chain-termination method using primers corresponding to T3
or T7 promoters or to rat or mouse DNA sequences.
S1 Nuclease Assays. Probe was prepared by insertion of a

560-bp Xho I-Apa I fragment (see Fig. 3) in Bluescript SK+
(Stratagene). The recombinant plasmid (0.5 pg) was digested
with Xho I, purified, and incubated in 40 mM Tris-HCl, pH
8.0/10 mM dithiothreitol/4 mM spermidine/10 mM NaCl/50
pg of bovine serum albumin per ml/10 mM MgCl2/0.5 mM
(each) ATP, GTP, and UTP/0.01 mM CTP/50 ACi of
[a-32P]CTP (1 Ci = 37 GBq)/20 units ofRNasin (Promega)/30
units ofT7 RNA polymerase (Pharmacia) at 370C for 60 min.
DNase I (10 units, GIBCO) was then added to digest theDNA
template. Following phenol extraction and ethanol precipi-
tation, 50,000 cpm of probe was hybridized to 10 pg of total

Abbreviations: GHFR, growth hormone releasing factor receptor;
IL-6, interleukin 6; NFIL-6, nuclear factor IL-6; PTH, parathyroid
hormone; PTHrP, PTH-related peptide; PTHR, PTH/PTHrP recep-
tor; RT-PCR, reverse transcriptase-polymerase chain reaction.
*To whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. L28108).
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mouse kidney RNA, incubated overnight at 55°C in 30 y1 of
40 mM Pipes, pH 6.4/1 mM EDTA/0.4 M NaCl/80% for-
mamide, and then diluted in 300 p1 of50 mM sodium acetate,
pH 5.0/4.5 mM ZnSO4/20 pug of salmon sperm DNA per ml,
and S1 nuclease (Pharmacia) was added as indicated. After 60
min at 37°C, the reaction was terminated by adding 80 p1 of
4 mM ammonium acetate/50 mM EDTA/50 ,ug oftRNA per
ml and ethanol precipitated. Products were heated in 50%o
formamide at 90°C for 3 min prior to loading on a 6%
polyacrylamide sequencing gel.

Reverse Transcriptase-Polymerase Chain Reaction (RT-
PCR). RT-PCR was performed essentially as described (22)
with total RNA from mouse kidney using the primers 5'-
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GACTCGAGTCGACGGTACCT17-3' and 5'-AACCACTG-
GCGTTGACTTC-3', which recognize poly(A) and cytoplas-
mic domain sequences, respectively. Amplified products (30
cycles: 94°C, 1 min; 46°C, 90 sec; 72°C, 1 min) were digested
with Kpn I and with PvuII, which recognizes a sequence in
the 3' untranslated region, and inserted into BlueScript SK+
for sequencing.

RESULTS AND DISCUSSION
Isdlain and Sequencing of Genonic Clnes Encoding the

Mouse PTHR Gene. One million plaques of a BALB/c mouse
AEMBL3 genomic library were screened with a nick-translated
probe containing the entire rat PTHR cDNA, and two clones,
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FiG. 1. Structure of the mouse PTHR. (A) The AEMBL3 clones Al, A3R, and A5R containing PTHR exonic sequence and 10kb of promoter
region are shown above the PTHR gene structure. Exons U and SS containing untranslated sequence and the putative signal sequence,
respectively, are represented by stippled bars. The four exons containing the extracellular sequence ofthe receptor (E1-E4) are in white. Exons
containing the transmembrane region (Tl-T7b) are in black and the exon containing the C-terminal cytoplasmic domain and 3' untranslated
sequence (C) is represented by the striped bar. The BamHI (B) and Sac I (S) restriction sites are also indicated. The predicted cDNA (below)
shows the position of exon-intron boundaries within the coding sequence and flanking regions. The exons are represented as above. Positions
of the transmembrane domains are indicated below by the horizontal white bars (see also Fig. 4). The length of each exon is shown on the right.
(B) Positions of the splice donor and acceptor sites for each intron along with its length (or estimate) are listed on the right. (C) Alignment of
the 3' untranslated sequences of the mouse and human (above) and mouse and rat (below). Translational stop codons (TGA) are indicated in
bold with fine over- or underlines, and the T residue is assigned the position + 1. The A-rich sequence, which is strongly conserved between
the mouse and human and weakly conserved between the mouse and rat, is indicated by bold over- and underlines. The position of the start
of the poly(A) tail in the mouse is indicated by the arrowhead. (D) Northern blot analysis was performed as described (22) using a rat cDNA
probe and 30 yg of total RNA isolated from the rat osteoblast-like osteosarcoma cell line ROS17/2.8 (RAT) and mouse kidney (MOUSE).
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FIG. 2. Sequence of the mouse PTHR gene promoter. (A) Determination of transcriptional initiation sites by S1 nuclease analysis. The 5'
end of the sequencing primer is 42 bp downstream of the 5' end of the S1 probe. Sequences shown are those corresponding to the start sites.
(B) Sequence of 1698 bp of the mouse PTHR promoter region. Transcriptional start sites determined by S1 nuclease analysis are indicated by
overhead arrows, with the thickest line corresponding to the most frequently used site (+1). A minor site detected by S1 nuclease analysis is
indicated by the asterisk. The start sites identified by primer extension analysis (23) are indicated by the arrowheads underneath. Selected
restriction sites are lightly underlined and indicated. The Apa I (+179) and Xho I (-485) sites used to generate the probe for S1 nuclease are
shown. Potential binding sites for transcriptional regulators are heavily underlined and the names are indicated. NFIL-6, nuclear factor
interleukin 6.

A3R and A5R (Fig. 1A), were isolated and characterized. South-
ern blotting analysis of several restriction digests indicates that
these clones represent contiguous fragments of genomic DNA
(data not shown). The A5R clone contains six exons, of which
five contain sequences encoding the putative fourth to seventh
transmembrane domains (T4b-T7b; Fig. 1A). A sixth exon (C)
encodes the cytoplasmic domain and contains 3' untranslated
sequence. The A3R clone contains seven exons, ofwhich three
(Tl-T3/4a) contain sequences encoding the first three trans-
membrane domains and four (El-E4) encode most of the
extracellular portion ofPTHR but not the signal sequence. The
library was then screened with a nick-translated 115-bp
BamHI-HaeH fragment homologous to the 5' end of the rat
cDNA (2). The clone Al was isolated (Fig. 1A), and two exons
(U and SS) were mapped. These exons contain 5' untranslated
sequence and putative signal sequence, respectively, which are
similar to the 5' end of the rat cDNA (data not shown, but see
Fig. 4). The signal sequence exon is separated from the El exon
by an intron of at least 15 kb as indicated by Southern blotting
analysis ofmouse genomicDNA (data not shown). In total, the
exons ofthe mouse PTHR gene span at least 32 kb (see Fig. 1).

Determination of Transcriptional Intiation Sites and Anal-
yis of the PTHR Promoter. Transcriptional initiation sites
were determined by S1 nuclease mapping of mouse kidney
RNA using a continuously labeledRNA probe (see Materials
and Methods). The probe is homologous to the PTHR gene
from anApa I site centered 45 bp upstream ofthe 3' boundary
of first exon (U) to the Xho I site located 560 bp upstream of
the Apa I site (see Fig. 2B). A series of start sites were
detected, clustered over a 15-bp stretch in a region that is
highly (G+C)-rich (Fig. 2). A second much weaker site was

reproducibly detected =80 bp upstream (Fig. 2A and indi-
cated by the asterisk in Fig. 2B). We also performed primer
extension in this region using two different primers, one
centered over the BamHI site (see Fig. 2B) and another
hybridizing to sequences 109 bp downstream (data not
shown). In both cases, the major extension products stop
within 1-3 nucleotides of the principal site determined by S1
nuclease analysis (Fig. 2B; data not shown). There are no
TATA homologies or initiator elements (24) in this region;
however, there are three sites that conform to the extended
homology recognized by the SpI transcription factor (Fig.
2B) along with several other potential SpI binding sites
containing a single nonconsensus nucleotide.
The proximal promoter region also contains two sites (Fig.

2A), centered 160 and 270 bp upstream of the principal
transcriptional initiation site, which correspond to the T(G/
T)NNGNAA(G/T) motifrecognized by the activator NFIL-6
(25). NFIL-6, which is a member of the C/EBP family of
transcription factors, was found to induce expression of the
interleukin 6 (IL-6) gene in response to interleukin 1 (26).
Interestingly, IL-6 is secreted by stromal cell precursors of
osteoblasts and mature osteoblasts and has been shown to be
an activator of bone resorption by stimulating osteoclast
formation (27), raising the possibility that NFIL-6 may reg-
ulate several pathways that lead to stimulation of bone
resorption. There are also several potential binding sites for
members of the ets family of transcriptional regulators (Fig.
2B) that recognize sequence motifs with C/AGGAA cores
(28, 29). The ets family contains several members that are
expressed in a wide variety of tissues, including kidney (29,
30). Phorbol ester and factors that increase intracellular
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FIG. 3. Comparison of the amino acid sequence identity and
exon-intron boundaries of the mouse PTHR and GHFR genes.
Similar or identical amino acids are indicated in bold type and the
exon-intron boundaries are indicated by vertical bars. Predicted
transmembrane domains (I-VII) and three hydrophobic regions
(A-C) as designated by Abou-Samra et al. (2) are overlined.

cAMP are known to down-regulate expression of the PTHR
(31, 32). It is notable that the proximal promoter region lacks
any potential AP-1 or CRE sites, elements that mediate
up-regulation by these agents.
Mapping the 3' End of the Mouse PTHR Transcript. The

PTHR gene contains 2041 bp of exonic sequence up to the
TGA of exon C (Fig. 1A). The PTHR mRNA detected in
extracts of mouse kidney tissue with a highly similar rat
cDNA probe is =2.2 kb in length and comigrates with a band
detected in extracts ofROS 17/2.8 cells, a rat osteoblast-like
osteosarcoma line (Fig. iD). No minor mouse kidney tran-
scripts were detected upon prolonged exposure of the blot,
indicating that the 2.2-kb band represents the predominant
transcript. However, we cannot rule out the possibility that
other mRNA species are expressed within different tissues
(23, 33). Taken together the above results suggest that the 3'
untranslated region ofthe mouse PTHR mRNA is =160 bp in
length. There is no consensus AAUAAA or related se-
quences that reportedly serve as polyadenylylation signals
(34) in the first 448 bp downstream of the TGA translation
stop codon (Fig. 1C, and data not shown). The 3' untranslated
sequence of the mouse apparently diverges from that of the
rat 115 bp downstream of the TGA codon at a series of A
residues (see Fig. 1C). Though the A-rich sequence is not
fully conserved in the rat, a similar sequence is found in the
human cDNA (Fig. 1C). We have sequenced the products
amplified by RT-PCR (35) of the 3' untranslated region and
mapped the beginning of the poly(A) tail of the mouse PTHR
transcript to a site 32 bp downstream of the A-rich region, or
166 bp downstream of the TGA codon (Fig. 1C, and data not
shown). This gives a total length of the mouse PTHR mRNA
minus the poly(A) tail of 2207 bases, in very good agreement
with the results of Northern analysis (Fig. ID). Given its
position relative to the poly(A) tail, our data suggest that the
A-rich sequence can replace the AAUAAA consensus in
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FIG. 4. Comparison of the amino acid sequences of the mouse,
rat, human, and opossum PTHR proteins. Predicted transmembrane
domains (I-VII) and three hydrophobic regions (A-C) as designated
by Abou-Samra et al. (2) are overlined.

serving as a polyadenylylation signal. We note that the
sequence AUUAAA, which may serve as a polyadenylyla-
tion signal (34), is found 155 bp downstream of the TGA
codon in the rat PTHR sequence (Fig. 1C).

Analsis of PTHIR Gene Str . Six of the introns sepa-
rating coding sequence lie between codons (phase 0), whereas
four are of phase 1, and three are of phase 2 (Fig. 1B). The
introns separating the transmembrane domains are of all three
phases, and three ofthe introns fall within putative membrane-
spanning regions. The exons are heterogeneous in length. In
addition, there is no evident positioning of the exon-intron
boundaries within this region with respect to the beginning or
end ofpredicted membrane-spanning regions (Figs. 1 A and B
and 3; see also Fig. 4). Taken together, this suggests that these
exons did not arise through duplication events. Exons E1-E4,
which encode extracellular sequence, are ofsimilar length and
are separated from each other by phase 1 introns (Fig. 1B),
raising the possibility that they arose by duplication events.
However, no sequence identity was detected at the amino acid
level between the E exons, and DNA sequence analyses did
not reveal significantly more identity between pairs of extra-
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cellular exons than between a given extracellular exon and
either a given transmembrane exon, the cytoplasmic exon, or
random DNA (data not shown).
The structure of the PTHR gene is very similar to that of

the related mouse GHFR (Fig. 3; ref. 13). There is some
divergence in the exons encoding the extracellular domain.
For example, the PTHR gene contains an additional exon in
this region. However, the positioning of introns within the
coding sequence is particularly well conserved in the trans-
membrane region, where the two receptors share the greatest
homology (Fig. 3). This provides strong evidence that the
PTHR and GHFR genes diverged from a common ancestor.
It is likely that genes encoding other members of the sub-
family (vasoactive intestinal peptide, calcitonin, secretin,
glucagon-like peptide, and glucagon) will share similar struc-
tures. The multiple introns of the PTHR gene raise the
possibility that different receptor forms could be generated in
different tissues by alternative splicing. A major PTHR
transcript estimated at 2.3 kb has been detected in a number
of tissues in the rat (31). Minor transcripts have also been
detected (23, 33), although their functional significance re-
mains to be determined.

Analysis of the Predicted PTHR Amino Acid Sequence. The
sequence of the mouse PTHR translational initiation site is
identical to that of the rat (2) and contains the sequence GCG
ATG G (data not shown), which conforms closely to the
consensus A/GCC ATG G first reported by Kozak (36). The
predicted amino acid sequence of the mouse PTHR is 99%,
91%, and 76% similar to rat, human, and opossum sequences,
respectively. The sequence of the mouse PTHR protein
differs from that of the rat in 6 of 591 positions (Fig. 4). There
are two changes (Ihr-3 -- Ala-3 and Pro-84 -- Ser-84) in the
extracellular region, which do not affect the potential glyco-
sylation sites (2), and four changes in the C-terminal cyto-
plasmic domain (lle-544 -* Thr-544, Gln-546 Thr-546,
Ile-549 -- Lys-549, Thr-554 -- Ala-554). The transmembrane
regions of the two proteins are 100% conserved.
Summary. The structure of the mouse PTHR gene is very

similar to that of the related mouse GHFR, providing strong
genetic evidence that they evolved from a common precur-
sor. The proximal promoter region is (G+C)-rich and lacks
eitherTATA box or initiator element homologies. The 3' end
of the gene is unusual in that it lacks a consensus polyade-
nylylation signal upstream of the poly(A) tail. Our results
strongly suggest that an unusual A-rich sequence serves as a
polyadenylylation signal.
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