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Abstract Whole animal studies have indicated that Ca**
uptake by the gastrointestinal tract is regulated by the
action of parathyroid hormone-related peptide (PTHrP) in
teleost fish. We have characterised PTH receptors (PTHR)
in piscine enterocytes and established, by using amino-
terminal PTHrP peptides, the amino acid residues im-
portant for receptor activation and for stabilising the ligand/
receptor complex. Ligand binding of '*°I-(1-35%") PTHrP
to the membrane fraction of isolated sea bream enterocytes
revealed the existence of a single saturable high-affinity
receptor (Kp=2.59 nM; B.=71 fmol/mg protein). Re-
verse transcription/polymerase chain reaction with specific
primers for sea bream PTHIR and PTH3R confirmed the
mRNA expression of only the later receptor. Fugu (1-34)
PTHrP increased cAMP levels in enterocytes but had no
effect on total inositol phosphate accumulation. The amino-
terminal peptides (2-34)PTHrP, (3—34)PTHrP and (7-34)
PTHrP bound efficiently to the receptor but were severely
defective in stimulating cAMP in enterocyte cells indicat-
ing that the first six residues of piscine (1-34)PTHrP,
although not important for receptor binding, are essential
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for activation of the adenylate cyclase/phosphokinase A
(AC-PKA)-receptor-coupled intracellular signalling path-
way. Therefore, PTHrP in teleosts acts on the gastrointes-
tinal tract through PTH3R and the AC-PKA intracellular
signalling pathway and might regulate Ca*" uptake at this
site. Ligand-receptor binding and activity throughout the
vertebrates appears to be allocated to the same amino acid
residues of the amino-terminal domain of the PTHrP
molecule.
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Introduction

Parathyroid hormone-related peptide (PTHrP) was recently
identified, characterised and cloned in the sea bream
(Sparus auratus; Flanagan et al. 2000). Multiple sequence
alignment of the amino acid sequence from man, chicken,
mouse, rat, dog, pig and sea bream shows that the N-
terminus is conserved and that the fish protein shares 52%
identity with higher vertebrate PTHrP in this region
(Flanagan et al. 2000). Results from recent physiological
studies with sea bream larvae in seawater have revealed
that N-terminal 1-38 pufferfish or fugu (Takifugu rubripes)
PTHrP (Power et al. 2000) promotes an increase in calcium
uptake from the surrounding medium (Guerreiro et al.
2001), indicating a possible hypercalcaemic action for this
part of the peptide. Moreover, in common with observa-
tions in mammals, the N-terminal region of (1-34)PTHrP
has been suggested to contain the major determinants
necessary for this action.

In mammals, PTHrP is produced by most cell types and
gives rise to a family of mature secretory forms arising
from post-translational endoproteolytic cleavage of the
initial translation product. Most of these secretory forms of
PTHrP have been shown to act as paracrine or autocrine
factors (for reviews, see Jans et al. 2003; Papp and Stewart
1993; Wysolmerski and Stewart 1998). The activity of
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PTHrP has been shown to be mediated by its binding to a
group of seven specific transmembrane G-protein-coupled
receptors that signal via the cAMP/protein kinase A(PKA)
and phospholipase-C/PKC pathway (Fujimori et al. 1992;
Juppner et al. 1991).

PTH/PTHTP receptors have been isolated from zebrafish
(Danio rerio) and the three receptors identified have been
classified as PTHIR, PTH2R and PTH3R on the basis of
sequence homology with mammalian receptors and the
binding characteristics of mammalian ligands to the cloned
receptors (Rubin and Juppner 1999; Rubin et al. 1999).
However, the presence of these receptors in other teleosts,
the tissue specific-distribution of the receptors and their in
vitro binding characteristics with piscine PTHrP remain to
be characterised.

For sea bream in full seawater, approximately 60% of
calcium uptake is calculated to take place via the intestine;
this uptake can be modified by PTHrP (Guerreiro et al.
2001) suggesting that the intestine might be a good can-
didate tissue in which to identify and characterise PTH
receptors. The objective of the present study has been to
establish whether PTH receptors are expressed in the sea
bream intestine, to determine the ligand-binding relation-
ships of the receptor(s) to N-terminal PTHrP peptides and
to identify the amino acid residues important for receptor
activation and those important for stabilising the ligand/
receptor complex.

Materials and methods
Peptides

The amino-terminally truncated forms of pufferfish “fugu”
(Takifugu rubripes) (1-34)PTHrP, (2-34)PTHrP, (3-34)
PTHrP and (7-34)PTHrP and sea bream (79-93)PTHrP
and (100-125)PTHrP were synthesized by Genemed
Synthesis (San Francisco, Calif.). Sea bream and fugu
(1-34)PTHrP only differ at amino acid residues 19 and 26.
Flounder (1-35%")PTHrP, which only differs from sea
bream at amino acid residue 25, was synthesized at the
University of Sheffield (Krebs Institute Molecular Synthe-
sis Service, on an Applied Biosystems Model 476 A peptide
synthesizer). Human (1-34)PTH and human (1-34)PTHrP
were purchased from Sigma-Aldrich. Radiolabelling and
purification of the flounder [Tyr35]PTHrP(1-35) peptide
(hereafter referred to as piscine [Tyr35]PTHrP(1-35)) was
performed by using '*’I-Na (2,200 Ci/mmol, Amersham
Pharmacia Biosciences, Lisbon, Portugal) and 1,3,4,6-
tetrachloro-3x-6 diphenylglucoluril (Pierce, USA) as
previously described (Rotllant et al. 2003).

Animals

Immature male sea bream weighing 80-130 g were
obtained from a commercial source (Viveiro Vilanova,
Vilanova de Milfontes, Portugal). The fish were kept under
natural conditions of photoperiod (14L:10D) and water

temperature (18-24°C), in 1,000-1 tanks at a density of 4 kg.
m . The water was continuously renewed (250 L.h™') and
aerated. Fish were fed daily with the equivalent of 1% of
their body weight in commercial dry pellets (PROVIMI,
Alverca, Portugal). Prior to sampling, fish were deprived of
food for 24 h.

Enterocyte isolation and membrane fraction
preparation

The preparation of intestinal cells enriched in enterocytes
was carried out with a modification of the method de-
scribed by Del Castillo (1987) and Dopido et al. (2004) and
yielded approximately 97% enrichment. In brief, the fish
were killed by decapitation and the intestines were rapidly
removed and rinsed in a sterile Ringer saline solution.
Subsequently, a more thorough wash was carried out by
filling the intestines with solution 1 (7 mM K,SO,, 44 mM
K,HPO,4, 9 mM NaHCO;, 10 mM HEPES-TRIS, and
180 mM glucose at pH 7.4) and incubating them for 10 min
at 20°C. This procedure was repeated twice. The intestine
was then filled with solution 2, which had an identical
composition to solution 1 but also contained 0.5 mM di-
thiothreitol and 0.2 mM EDTA, and the two ends of the
intestine were clamped with forceps. The segment was then
gently massaged for 3 min. The luminal contents, which
contained the isolated cells, were diluted in two volumes
of solution 3 (116 mM NaCl, 5 mM KCI, 1 mM CaCl,,
1 mM MgSO,, 10 mM NaHCO;, 1 mM NaH,PO,4, 10 mM
K,S0,4, 10mM HEPES, pH: 7.4), filtered through a nylon
membrane of 60—100 pwm pore size and then centrifuged at
1500 rpm for 15 min at 4°C. The supernatant was discarded
and the pellet containing the cells was resuspended in 10 ml
solution 3 supplemented with 1 mg collagenase type IV
(Sigma-Aldrich, Madrid, Spain) and incubated at 25°C
with gentle agitation for 15 min. The resulting cell sus-
pension was diluted in 20 ml solution 3, filtered through a
60-100 pm pore size nylon membrane and centrifuged at
1500 rpm for 15 min at 4°C. The pellet was then resus-
pended in the desired volume of L-15 medium (Sigma-
Aldrich) and the cells were maintained in this medium at
4°C without agitation until used in experiments (generally
1 h after their preparation). Viability of the isolated en-
terocytes was determined by using the trypan blue ex-
clusion method. Cell viability was found to be 94+0.8% at
the end of the isolation procedure.

Membrane fractions were prepared according to Yasuoka
et al. (1996). Briefly, the enterocyte cells were collected in
TE buffer (50 mM TRIS-HCL, 1 mM EDTA, pH 7.4)
supplemented with sucrose (0.25 M). The cell suspen-
sion was homogenized in a Teflon-glass homogenizer and
centrifuged at 3,000 rpm for 10 min at 4°C and the su-
pernatant was collected. The pellet was resuspended in
TE buffer and centrifuged at 3,000 rpm for 10 min at 4°C.
The supernatants were combined and centrifuged at
30,000 rpm for 30 min at 4°C. The pellet was washed
by gentle mixing in 15 volumes of TE buffer. The mix-
ture was centrifuged at 30,000 rpm for 30 min at 4°C and



the resulting pellet corresponding to the membrane frac-
tion was resuspended in TE buffer. Aliquots were stored
at —80°C. The protein concentration of the membranes
was determined by using the Lowry method (Lowry et al.
1951).

Binding assay

Binding assays were performed as previously reported for
avian cell membranes (Ieda et al. 2000; Yasuoka et al.
1996). All assays were carried out in triplicate at 4°C for
2 h in microcentrifuge tubes pre-treated with TE supple-
mented with 2% bovine serum albumin (Sigma-Aldrich)
and with 30 pg protein/tube of membrane fractions in TE
buffer to give a final incubation volume of 300 ul. For
saturation binding experiments, the membrane fractions
were incubated with increasing concentrations of piscine
125I—[Tyr35]PTHrP(1—35) in the presence or absence of
1 uM unlabelled fugu (1-34)PTHrP. For competitive bind-
ing experiments, membrane fractions were incubated with
labelled piscine '*°I-[Tyr35]PTHrP(1-35) (25-30x 10? cpm)
and various concentrations of unlabelled peptide fragments
of fugu PTHrP [(1-34)PTHrP, (2-34)PTHrP, (3-34)
PTHrP, (7-34)PTHrP], flounder (1-34)PTHrP, sea bream
(79-93)PTHrP and sea bream (100—125)PTHrP. Reactions
were stopped by centrifuging tubes at 10,000 rpm for
10 min at 4°C. The resulting pellet was rinsed in 1 ml TE
buffer and centrifuged (10,000 rpm for 10 min at 4°C) and
the radiolabelled piscine '**I-[Tyr35]PTHrP(1-35) bound
to the pellet was measured by counting in a gamma counter
(Wallac, 1470 Wizard, Pharmacia).

The means of triplicate determinations of four indepen-
dent experiments were used as individual points for the
Scatchard analysis (Scatchard 1949) in order to calculate
the equilibrium dissociation constant (Kd) and the maxi-
mum binding capacity (Bmax).

RNA isolation and reverse transcription/polymerase
chain reaction

Sea bream intestinal cells, scales and a fragment of liver
and kidney were collected and immediately frozen in lig-
uid nitrogen. Total RNA was extracted using TRI-reagent
(Sigma-Aldrich). After extraction, the RNA concentration
was determined in a spectrophotometer (GeneQuant, Amer-
sham Pharmacia Biosciences) followed by size fraction-
ation on a TBE buffer/1.5% agarose gel (TBE buffer =
0.09 M TRIS-borate, 0.002 M EDTA, pH 8.3) to evaluate
RNA quality.

First-strand cDNA was synthesised from 3 pg total RNA
in a 40-pl reaction volume (0.05 M TRIS-HCI pH 8.3,
0.075 M KCI, 3 mM MgCl,, 5 mM dithiothreitole,
0.25 mM dNTP mix, 4 pg random hexamers (pd(N)g),
8U RNAse Guard) with reverse transcriptase (40 U M-
MLYV; Gibco-BRL, Barcelona, Spain), for 1 h 30 min at
37°C. In negative control reactions, the enzyme was omit-
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ted and confirmed the absence of genomic contamination
in the subsequent polymerase chain reaction (PCR) am-
plification (results not shown). Specific reverse transcrip-
tion/PCRs (RT-PCRs) for PTHrP, PTH3R and PTHIR
detection were carried out in an iCycler thermocycler
(BioRad, Lisbon, Portugal) with cDNA (0.5 pg) prepared
from intestinal cells, scale, liver and kidney as template in a
50-pl reaction volume (10 mM TRIS-HCI pH 9.0, 50 mM
KCI, 0.1% Triton X-100, 2 mM MgCl,, 0.2 mM dNTP
mix) containing 10 pmol of each of the forward and reverse
primers and 7ag DNA polymerase (1.25 U; Promega,
Madison, USA). In negative control reactions, cDNA was
substituted by sterile water. In positive control reactions,
cloned target gene cDNA was amplified with the specific
primer pairs used in PCRs (results not shown). Sea bream
specific primers used for amplification of sea bream PTHrP
were PTHrPfw (5'-GAATTCAGGAGGTCAGTGAGCC
AC-3") and PTHrPrv (5~ AACAGACCGTGCCCGCCTC
CTCTTCTTGTC-3’) and yielded a single 371-bp product.
The thermocycle used was as follows: 2 min at 95°C,
35 cycles of 1 min at 95°C, 1 min at 62°C and 1 min at
72°C and, finally, 5 min at 72°C. The sea-bream-specific
primers utilised to amplify PTH3R were designed by using
the sequence of a partial clone of the receptor (accession
no. AY547261). The primers employed were PTH3Rfw
(5'-ACATCCACATTCACTTCTTCAC-3") and PTH3Rrv
(5'-CTTCATGGCTTCCTCTCTGACA-3"); they amplified
aproduct of 250 bp. The thermocycling protocol was 2 min
at 96°C, 40 cycles of 1 min at 96°C, 1 min 30 s at 63°C,
2 min at 72°C and, finally, 5 min extension at 72°C. The
sea-bream-specific primers utilised to amplify PTHIR
were designed by using the sequence of a partial clone of
the receptor (accession no. AJ619023). The primers used to
amplify PTHIR were PTHIRfw (5'-TCACCAACGTCA
CTGCCAGAGGA-3") and PTHIRrv (5-TGTCCCGAC
GAGGGTATCGAGTT-3’) and amplified a 142-bp frag-
ment. The thermocycle was identical to that used for
PTHrP amplification with the exception of the annealing
temperature, which was 55°C. Amplification of the three
target genes was carried out by using the same cDNA
synthesis reaction and RT-PCR was repeated with several
different samples to confirm reproducibility. The quantity
of cDNA used in PCRs was standardised and was con-
firmed by amplification of ribosomal RNA 18S. The prim-
er pair utilised was 18sFw: 5'-TCAAGAACGAAAGTCG
GAGG-3' and 18sRv: 5-GGACATCTAAGGGCATCA
CA-3' and the reaction conditions and thermocycling pro-
tocol were: a denaturing step at 95°C for 2 min, followed
by 20 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for
45 s and a final elongation step at 72°C for 5 min.

PCR products of PTHrP, PTHIR and PTH3R were
purified with GFX PCR DNA and a Gel Band Purifica-
tion Kit (Amersham Biosciences, Lisbon, Portugal) and
cloned into pGem-T-easy plasmid (Promega). Plasmid
DNA was prepared by using the alkaline lysis method
and the inserts were sequenced with T7 or SP6 primers
(Macrogen, Seoul, South Korea). DNA sequences were
analysed with Genedoc (Nicholas et al. 1997) and their
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probable identity was confirmed by searching GenBank
(http://www.ncbinih.nlm.gov) with BLASTX (Altschul
et al. 1990).

Measurements of cAMP production

To measure cAMP production, enterocytes were plated in
24-well plates at 2x10° cells.well ' per millilitre in mini-
mal essential media (MEM; Sigma-Aldrich). Cells were
incubated for 30 min in MEM containing 1 mM 3-isobutyl-
1-methylxanthine (IMBX; Sigma-Aldrich), a phosphodi-
esterase inhibitor that prevents enzymatic degradation of
cAMP. Cells were subsequently incubated for 30 min in
MEM-IMBX in the presence or absence of 10°M, 107" M,
1078 M, 107" M fugu (1-34)PTHrP, 10 ® M fugu (2-34)
PTHrP, fugu (3-34)PTHrP and fugu (7-34)PTHrP, 10 °* M
flounder (1-34)PTHrP, 10 °M human (1-34)PTHrP and
10°M human (1-34)PTH. To stop reactions, microplates
were centrifuged (3,000 rpm for 10 min at 4°C), the me-
dium was aspirated and the cell pellet was resuspended in
0.01 M PBS with 4 mM EDTA. Subsequently, the samples
were sonicated, an aliquot was taken for total protein de-
termination and the remainder was boiled and centrifuged
at 5,000 rpm for 5 min. The supernatant was collected and
stored at —20°C until cAMP determination with the Biotrak
TRK 432 kit (Amersham Biosciences). Total protein was
determined by using the Lowry method. Results are re-
ported as picomoles cAMP per milligram total protein. A
selective adenylyl-cyclase activator forskolin (1 pM)
was used as a positive control as it increases intracellular
concentrations of cAMP. Furthermore, an adenylyl-cy-
clase-specific inhibitor (SQ-22536, Sigma-Aldrich) at a
concentration of 10~*M (Rotllant et al. 2005) was used to
block the increase in the intracellular level of cAMP in
sea bream enterocytes. Cell viability decreased from 94+
0.8% to 92+0.5% after 30 min of incubation at 20°C,
indicating that only a small reduction in cell viability had
occurred. The results presented are the means of triplicate
determinations of four independent experiments.

Measurement of [H>Jmyo-inositol incorporation
[H*]Myo-inositol incorporation was evaluated following

the method of Ramirez et al. g1999). Enterocytes were
plated in 24-well plates at 2x10° cells.well ' per millilitre

MEM. After 1 h pre-incubation in MEM, cells were incu-
bated for 30 min in MEM containing [H*]myo-inositol
(1 pLCi.mlfl; 14 Ci.mmol '; 37 MBq.mlfl; Amersham Bio-
science, UK) in the absence (control) or presence of fugu
(1-34)PTHrP, fugu (2-34)PTHrP, fugu (3-34)PTHrP,
fugu (7-34)PTHrP and 10 ¢ M flounder (1-34)PTHrP.
The incubates were centrifuged (5,000 rpm for 5 min), the
supernatant was removed, the pellet was resuspended in
500 pl ice-cold 10% trichloroacetic acid and the contents
were placed in Eppendorf tubes and sonicated. An aliquot
was taken for total protein determination and the remain-
der was centrifuged at 12,000 rpm for 15 min at 4°C. The
supernatant, which contained inositol phosphates (IPs),
was collected and measured in a scintillation counter (Model
LS6000IC, Beckman Instruments, Fullerton, USA). Chlo-
roform-methanol (2:1, v/v) was then added to the pellet to
extract the phosphoinositides (PIPs). The mixture was cen-
trifuged at 12,000 rpm for 15 min at 4°C and the super-
natant was also counted. Results obtained for IPs and PIPs
showed a parallel synthesis profile and therefore counts
obtained for both were added together; the results are re-
ported as the total [H*]Jmyo-inositol incorporated in each
sample and expressed as CPM.mg ' protein. The results
presented are the means of triplicate determinations of
four independent experiments.

Statistics

Results are presented as mean+SEM. Scatchard plots and
competitive binding were analysed with the pharmacology
module of SigmaPlot (version 8.0, SPSS, Chicago, USA).
The effect of peptides and inhibitors on intracellular cAMP
synthesis and [H>Jmyo-inositol incorporation was analysed
by one-way analysis of variance (ANOVA) followed by the
Student-Newman-Keuls (SNK) test (INSTAT tm, Graph-
Pad Software V2.04a). Significance was considered at
P<0.05.

Results

Scatchard analysis of piscine '*°I-[Tyr35]PTHrP(1-35)
binding to isolated sea bream enterocyte membrane prep-
arations indicated the existence of a single class of binding
sites (Fig. 1). The Bmax of the receptor in sea bream en-
terocytes is 71 fmol.mg ' protein and has an apparent Kd
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of 2.59 nM (Fig. 1). Binding of '*°I-(1-35™") PTHIP to the
enterocyte membrane was reduced by the addition of 10—
1,000 M excess of the unlabelled peptides fugu (1-34)
PTHrP, fugu (2-34)PTHrP, fugu (3—34)PTHrP, fugu (7-34)
PTHrP and flounder (1-34)PTHrP. All these pegtldes were
equipotent in their capacity to displace piscine '2°I-[Tyr35]
PTHrP(1-35) from enterocyte membrane fractions indi-
cating that amino-terminal deletions in teleost PTHrP,
such as removal of up to the first six residues (7-34)PTHrP
did not affect the ability of these truncated forms to bind to
enterocyte membrane fractions (Fig. 2). In contrast, neither
(79 93)PTHrP or (100-125)PTHrP were able to displace
piscine '*I-[Tyr35]PTHrP(1-35) from enterocyte mem-
brane fractions (Fig. 1). These results suggested that the
first six amino acids of the N-terminus of PTHrP or the
amino acids in the mid- and carboxy-terminal regions of
intact PTHrP were unimportant for stabilising the interac-
tion between ligand and receptor.

The results of the ligand-binding assays demonstrating
the presence of a single PTHrP receptor in sea bream en-
terocyte membranes was confirmed by the results of RT-
PCR with specific primers for PTHIR and PTH3R. A
single type of PTHR was amplified in the intestine and only
primers specific for PTH3R yielded a product (Fig. 3).
Sequencing of the amplified product, followed by a
BLAST search against the non-redundant translated nucle-
otide database in GeneBank, established that it shared
greatest amino acid sequence similarity (48%) to zebrafish
PTH3R (Fig. 4). As the amplified product encompasses
extracellular loop 1 of the PTHRs, which is in general
poorly conserved (Rubin et al. 1999), this may explain the
limited homology with zebrafish PTH3R.

100 -
; I
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s
2 604
£
5 EC50= 4.475 nM
L
UD)' ® flounder (1-34)PTHrP
& fugu (1-34)PTHrP
O  fugu (2-34)PTHrP
209 | v fugu (3-34)PTHP
v  fugu (7-34)PTHrP
B seabream (79-93)PTHrP
0 O seabream (100-125)PTHrP
-1 -10 -9 -8 -7 -6

log (PTHrP) (M)

Fig. 2 Binding of N-terminal (1-34)PTHrP and truncated forms of
(79-93)PTHrP and (100-125)PTHrP to sea bream enterocyte
membrane fractions. Competitive binding of '*°I-(1-35™") PTHrP
to enterocyte membrane fractions was carried out in the presence of
increasing concentrations of competing unlabelled ligands fugu (1—
34)PTHrP, fugu (2-34)PTHrP, fugu (3-34)PTHrP, fugu (7-34)
PTHrP, flounder (1-34)PTHrP, sea bream (79-93)PTHrP and sea
bream (100-125)PTHrP. Binding is expressed as the percent specific
binding of radioligand added. Each value is the mean+SEM of four
experiments in triplicate determinations
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371bp -= PTHrP
250 bp —_ PTH3R
482 bp _= 18S

Fig. 3 RT-PCR amplification products of sea bream PTHrP, PTHIR
and PTH3R in mRNA extracts from scales (S), intestinal cells (/),
kidney (K) and liver (L). Ribosomal RNA 18S amplification was
used to standardise the quantity of total RNA in PCRs (— negative
control in which cDNA was omitted from the reaction)

PTH3R was not amplified from scales, kidney or liver,
although PTHIR transcripts were detected in these tissues
but not in the intestine (Fig. 3). Transcripts encoding
PTHrP were amplified in enterocytes (Fig. 3). No amplified
product was detected in either of the control reactions
indicating that PCR products did not arise from genomic
contamination or reaction contamination (Fig. 3).

To evaluate PTHrP induced signal transduction in en-
terocyte cells, measurements of cAMP product1on and [H*]
myo-inositol incorporation were determined in intact en-
terocyte cells incubated in the presence of fugu (1-34)
PTHrP. Forskolin (1 uM), a selective activator of adenylyl-
cyclase, greatly increased the intracellular level of cAMP
in sea bream enterocytes confirming the viability and
responsweness of the cells (Fig. 5a). Fugu (1 34)PTHrP
at 10°° M stimulated the accumulation of cAMP in en-
terocytes (Fig. 5a) and this accumulation could be blocked
by 10™* M SQ-22536, an adenylyl-cyclase-specific inhib-
itor (Fig. 5b). Similar results were obtained with flounder
(1-34)PTHrP (not shown). These results suggest that the
receptor signals via the adenylyl cyclase pathway. Based
on the preceding results, a 10°® M peptide concentration
was used to evaluate the capacity of truncated PTHrP
forms to activate the secondary messenger signalling path-
ways. As illustrated in Fig. 6a, no significant increase
(P>0.05) above control levels of cAMP production was
detected when 1ntact enterocytes were incubated in the
presence of 10°° M fugu (2-34)PTHrP, (3-34)PTHrP and
(7-34)PTHrP. Similar results were found when mtact
enterocytes were incubated in the presence of 107°
human (1-34)PTH or human (1-34)PTHrP or in the
absence of peptide: control, 15.2+2.35; human PTHrP
18.96+2.89; human PTH, 23.86+4.2 pmol cAMP. mg '
protein (meaniSEM) The present results suggest that, in
sea bream, removal of the first N-terminal amino acid of
piscine PTHrP is sufficient to cause the loss of activation of
cAMP production by the receptor and thus the biological
activity stimulated via this pathway by N-terminal PTHrP
peptides. In addition, no [H*]myo-inositol incorporation
was detectable in enterocytes challenged with any of the
ligands (Fig. 6b). The failure of human PTHrP to signif-
icantly stimulate cAMP accumulation in sea bream entero-
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zZPTH3R 181 FTSIFICRAIE]- IRV TNIBGE LIZDGAVEQINE - UIVe[&N AN jg3 - LYLLAT
sbPTH3R LLHJLHMWSEORSASIAUINYT T SDIBSNAINPE FMALRHUA €6 ’ W FIIPVEPWRP
zZPTH3R NHYWIinsNeinanzisamaa - FIRSDKN@ 259

sbPTH3R IRRNEST VEGLYLHSLI FMASHSIT INUNNC

Fig. 4 Amino acid sequence alignment of the TM2/TM3 region
from zebrafish PTHR3 receptor and the isolated sea bream cDNA
clone. BlastX interrogation of the non-redundant nucleotide data-

cytes can in part be explained by the substitution of the
first N-terminal amino acid from Ser in fish to Ala in
human, particularly since this position has been shown to
be critical for receptor activation.

Discussion

The present study firmly establishes enterocytes isolated
from the duodenum as a target for amino-terminal peptides
of PTHrP in sea bream and provides strong evidence for
evolutionary conservation of receptor-binding character-
istics and signalling pathways.

Zebrafish, the only teleost in which PTH receptors have
been isolated, possesses two receptor subtypes sharing se-
quence similarity respectively to mammalian PTHIR and
PTH2R (Rubin and Juppner 1999; Rubin et al. 1999) to-
gether with a novel receptor, ZPTH3R (Rubin and Juppner
1999), which does not appear to have a mammalian ho-
mologue. No information about the activity that the recep-
tors mediate, their tissue distribution or their abundance is
available in fish. In the present study, a single class of
receptors has been identified in sea bream enterocytes and
biochemical and sequence analysis suggest that it is most
like zPTH3R. In mammals, PTHIR is the most frequently
characterised receptor in non-skeletal tissues that interacts
with amino-terminal fragments of PTHrP (Orloff et al.
1989, 1994); this is also the case for the intestine (Li et al.

base in GenBank with the seabream cDNA clone yielded 48%
amino acid sequence identity with ZPTH3R sequence (black boxes
identical amino acid residues)

1995), including the duodenum (Gentili et al. 2003; Watson
et al. 2000).

The role of intestinal PTH receptors in mammals has not
yet been demonstrated but is most probably related to the
regulation of calcium absorption from the diet, possibly
indirectly through its action on 1,25(OH), vitamin Dj
(Potts et al. 1997; Silverberg et al. 1999). This is supported
by recent studies showing that injections of PTHrP in
piglets stimulate active duodenal calcium absorption (Klein
et al. 2001). Moreover, in chicks, an N-terminal fragment
of PTHrP (1-40) stimulates the rapid transport of Ca*" in
the perfused intestine; this effect can be inhibited by the
Ca”" channel inhibitor nifedipine, which is known to
abolish the effect elicited by 1,25(OH), vitamin D3 (Zhou
et al. 1992). The presence of PTH receptors in fish en-
terocytes, a site for mineral and nutrient exchange, suggests
that this hormone may also act to modulate calcium
transport across the intestinal wall. Previous studies in the
sea bream indicate that intestinal calcium absorption may
account for 60%—70% of total calcium uptake (Guerreiro
et al. 2002). Although fugu (1-38)PTHrP administered to
sea bream larvae as a bath strongly stimulates whole body
calcium uptake, it also causes a reduction in drinking, so
that specific effects in intestinal calcium transport could
not be established (Guerreiro et al. 2001).

Ligand binding of fugu '*°I-(1-35™") PTHrP with sea
bream enterocyte membrane fractions shows that the re-
ceptor has an apparent Kd of 2.59 nM, which is the same

Fig. 5 a Effect of various con- A B
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PTHrP on cAMP production by 2 g
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order of magnitude as those of zebrafish PTHIR and
PTH3R when (1-36)Tyr’*PTHrP derived from Fugu rub-
ripes is used to displace ['*°I]-(Tyr>®)human PTHrP-(1-36)
(Rubin and Juppner 1999). In sea bream enterocytes, the
single binding site characterised must reflect the presence
of a PTH3R subtype of receptor, since RT-PCR amplifies
a single product with the strongest sequence similarity to
that of zZPTH3R. PTH receptors signal principally via the
adenylyl cyclase/protein kinase A (AC-PKA) signalling
pathway and secondarily via the phospholipase-C/PKC
intracellular Ca”" signalling pathway (for a review, see
Gardella and Juppner 2001). The receptor identified in sea
bream enterocytes appears to activate a single pathway,
viz. that of AC-PKA. A similar signalling mechanism has
also been reported when COS-7 cells are transfected with
zebrafish PTH3R and stimulated with mammalian PTHrP
(Rubin et al. 1999). Additionally, cAMP accumulation is
stimulated by fugu (1-34)PTHrP but not by human PTH
or human PTHrP. The difference in response to human
PTHrP observed between fish enterocytes and COS cells
transfected with the zebrafish PTH3R (Rubin et al. 1999)
is perplexing and may be a consequence of a range of

factors. However, differences in the amino acid sequence
of the receptors in sea bream and zebrafish may be a
determinant factor in ligand binding and therefore recep-
tor activation, as might the characteristics of the assays
utilised to study receptor activation (e.g. transfected mam-
malian cells versus fish primary cell culture). Further work
will be required to resolve this question.

Nevertheless, taken together, the similarity of the signal-
ling profile between the sea bream enterocyte PTH receptor
and zPTH3R, the specific amplification of a PTH3R-like
product by RT-PCR and the ligand-binding affinity sug-
gests that the enterocyte receptor and zPTH3R are most
probably the same PTH receptor subtype. Therefore, in
fish, PTH3R may be important in the regulation of calcium
uptake across the gut. The PTH3R receptor, which is ap-
parently absent in tetrapods, may have arisen during the
teleost-specific genome duplication that has been proposed
to have occurred (Meyer and Schartl 1999; Ohno et al.
1968) and the receptor may have evolved and acquired a
specific function in fish.

Amino-terminal deletions, such as fugu (2-34)PTHrP,
(3-34)PTHrP and (7-34)PTHrP do not affect the ability of
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these truncated forms to displace ['*°I]-(1-35“")PTHrP
bound to enterocyte membrane fractions, indicating that
the first six amino acids of the N-terminus of PTHrP are
not important in stabilising the interaction between ligand
and receptor. The (15-34) truncated form of human PTH
and PTHrP can inhibit the binding of the corresponding
1-34 peptides to human PTHI1R, thus demonstrating that
this domain contains the principal determinants of recep-
tor binding (Abou-Samra et al. 1989; Caulfield et al.
1990). Gardella et al. (1993) have shown that substitutions
of Leu®* and Leu®® in PTH(1-34) reduce the binding af-
finity 100-fold, indicating that the hydrophobic face formed
principally by Trp**, Leu®* and Leu®® plays a key role in
receptor binding. In all known teleost PTHrP, these same
residues (Trp*®, Leu®* and Leu®®) are conserved, suggest-
ing that this region is a key domain for the receptor-ligand
interaction across vertebrates.

With regard to the ligand determinants of receptor
signalling, the N-terminal region of PTHrP is crucial for
interactions with the common PTH/PTHrP receptor in bone
and kidney of terrestrial vertebrates (Juppner et al. 1991),
thereby evoking hypercalcemic effects. Furthermore, N-
terminal truncated PTH or PTHrP analogues, such as (3—
34)PTH, (7-34)PTH and (7-34)PTHrP, although binding
to PTH1R with high affinity, have been shown to elicit little
or no increase in cAMP accumulation (Gardella and
Juppner 2001), thus demonstrating the importance of the
first six amino acids in the determination of biological
activity. Our own findings demonstrate that this is also the
case in fish enterocytes and confirm the strong conserva-
tion of the structure and function of the PTH system
between fish and higher vertebrates.

In conclusion, the results from the present study are
consistent with PTHrP being a potential factor regulating
gastrointestinal Ca>" uptake via PTH3R and the AC-PKA
intracellular signalling pathway. Ligand receptor binding
and activity appears to be allocated throughout the verte-
brates to the same amino acid residues of the amino-ter-
minal domain of the PTHrP molecule.
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