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SUMMARY

Using the polymerase chain reaction technique with degenerative
primers, we obtained from a rat pituitary cDNA library a cDNA
fragment, rAP236, that exhibited considerable homology to
known receptors that belong to the guanine nucleotide-binding
protein (G protein)-coupled receptor superfamily. Oligonucleo-
tides to this fragment were used as probes to obtain a full-length
cDNA from the rat pituitary cDNA library. This clone, rAP6-26,
encoded a 383-amino acid protein with seven putative trans-
membrane domains that are characteristic of G protein-coupled
receptors. The predicted amino acid sequence of the rAP6-26
cDNA exhibits 56-66% homology to recently cloned somato-
statin (SRIF) receptors. Membranes prepared from COS-7 cells
transfected with the rAP6-26 cDNA showed specific binding of
251 Tyr''-SRIF, thus identifying the cDNA clone as a novel SRIF
receptor. Radioligand binding competition analysis using soma-
tostatin-28 (SRIF-28) and a number of cyclic SRIF analogs

revealed that SRIF-28 was the most potent competitor of '2%-
Tyr"'-SRIF binding, with a ~30-fold greater affinity for the recep-
tor than that of SRIF. In addition, binding of '?*I-Tyr''-SRIF was
markedly reduced in the presence of Na* ions and GTP, indicat-
ing coupling of rAP6-26 receptors to inhibitory G proteins in
COS-7 membranes. In adenylyl cyclase assays, forskolin-in-
duced cAMP accumulation was inhibited by SRIF and SRIF-28,
thus confirming that the rAP6-26 cDNA encodes a functional
receptor protein. By Northern blot analysis, a ~2.6 kilobase
mRNA encoding the receptor was present in the pituitary but
not in the liver, small intestine, kidney, pancreas, cerebellum, or
cortex. Lack of receptor mRNA expression in the brain was
confirmed by in situ hybridization histochemical studies. Thus,
we report the cloning of a novel rat pituitary SRIF receptor,
termed SSTR4, that has marked preferential affinity for SRIF-28
and is linked to inhibition of adenylyl cyclase.

SRIF, a tetradecapeptide widely distributed throughout the
central nervous system and peripheral tissues, has been shown
to act on target cells in such diverse organs as brain, pituitary,
kidney, adrenals, endocrine and exocrine pancreas, and intes-
tine (for review, see Ref. 1). The roles of SRIF as both neuro-
transmitter (2, 3) and hormone (1) are weil documented, but
perhaps the most well established neuroendocrine action of
SRIF is its inhibition of growth hormone, prolactin, and thy-
roid-stimulating hormone secretion in the anterior pituitary
(4). These actions of SRIF are mediated by high affinity,
membrane-bound receptors that couple to G proteins. Func-
tional coupling of SRIF receptors in pituitary, pancreas, and
cultured cell lines (e.g., AtT-20, GH;, and GH,C, pituitary
tumor cells) to adenylyl cyclase (via G;) results in the inhibition
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of intracellular cAMP accumulation. Additional, pertussis
toxin-sensitive, transduction pathways have been described for
SRIF receptors, including activation of a hyperpolarizing K*
conductance (G;3/Gk) and inhibition of Ca?* influx (G,), similar
to those described for a number of inhibitory G protein-linked
receptors, e.g., muscarinic My, a;-adrenergic, dopaminergic, and
opiate receptors (5-9).

The existence of multiple subtypes of SRIF receptors has
been suggested by the selective distribution, physiological ef-
fects, and pharmacological potency of SRIF and its biologically
active, alternatively processed, precursor polypeptide, SRIF-28.
SRIF-28 is a more potent inhibitor of growth hormone, prolac-
tin, and thyroid-stimulating hormone secretion in pituitary and
of pancreatic exocrine function, whereas SRIF is a more potent
inhibitor of cortical neuron activity and gastric exocrine secre-
tion (10). Further pharmacological evidence suggesting SRIF
receptor multiplicity is based upon the pharmacological dis-

ABBREVIATIONS: SRIF, somatotropin release-inhibiting factor/somatostatin-14; SRIF-28, somatostatin-28; PCR, polymerase chain reaction; m/
hSSTR1, cloned mouse/human somatostatin 1 receptor; m/h/rSSTR2, cloned mouse/human/rat somatostatin 2 receptor; SSTR4, cloned somato-
statin receptor from rat pituitary; G protein, guanine nucleotide-binding regulatory protein; G, inhibitory guanine nucleotide-binding protein; SSC,
standard saline citrate; BSA, bovine serum albumin; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Ro20-1724, 4-(3-butoxy-4-
methoxybenzyl)-2-imidazolidinone; SMS 201-995, cyclo[Phe-Cys-Phe-b-Trp-Cys-Thr-Cys-Thr-(ol)]; MK 678, cyclo{N-Me-Ala-Tyr-o-Trp-Lys-Val-Phe]
; CGP 23996, des-Ala’-Gly*-{desamino-Cys®, Tyr'']-3,14-dicarbasomatostatin; CHO, Chinese hamster ovary; TM, transmembrane.
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crimination of abbreviated cyclic SRIF analogs such as SMS
201-995, MK 678, and CGP 23996 for '*I-Tyr''-SRIF binding
in brain (11). Recently, the molecular cloning of distinct cDNAs
encoding SRIF receptors (termed m/hSSTR1 and m/hSSTR2)
from both mouse and human genomic libraries has been re-
ported (12). An additional report describing the rat homolog of
m/hSSTR2 (which we have termed rSSTR2)' has appeared
(13). Initial pharmacological characterization of SSTR1 and
SSTR2 expressed in CHO-DG44 cells (13, 14) has demon-
strated pharmacological specificity for CGP 23996 and MK
678, respectively, but no discrimination between SRIF and
SRIF-28 was observed. In this communication, we describe the
cloning and expression of a fourth molecular subtype of SRIF
receptor (termed SSTR4)' from a rat pituitary cDNA library,
with pharmacological properties and tissue distribution distinct
from those of the molecular subtypes reported previously.

Materials and Methods

Isolation of cDNA clone. A rat pituitary cDNA library, containing
~2.8 X 10°® recombinants, was constructed from poly(A)*-selected RNA
in the pcD2 mammalian expression vector (15, 16). Plasmid DNA (1
ug) was used as a template in a PCR reaction with 1 uM each of two
degenerative primers to the TM II and VI regions of a number of G
protein-coupled receptors and with Taq polymerase (Geneamp; Perkin
Elmer-Cetus). Primer 1 was a 27-mer sense oligonucleotide with 256-
fold degeneracy to the TM II region of the following receptors: rat
dopamine D,, rat ax-adrenergic, rat substance P, and rat cannabinoid
receptors. Primer 2 was a 29-mer antisense oligonucleotide with 128-
fold degeneracy to the TM VI region essentially as described previously
(17). Forty cycles of 96° for 45 sec (denaturation), 55° for 4 min
(annealing) and 72° for 4 min (extension) were carried out, followed by
a final extension at 72° for 15 min. Products were analyzed on a 3%
NuSieve genetic technology grade-agarose gel (FMC BioProducts).
Three bands (between 544 and 610 base pairs in size) were obtained;
these were excised and blunted with T4 polymerase, and terminal
phosphates were added with T4 polynucleotide kinase (New England
Biolabs). cDNA fragments subcloned into the HinclI site of M13mp18
were sequenced and a number were found to exhibit homology with
members of the G protein-coupled receptor superfamily. Sequence
information from one insert, termed rAP236, was utilized to obtain a
full length cDNA clone.

cDNA library screening. Two 48-base pair oligonucleotides (5’-
GGAGCCTACGCGCATGCCTGCAGCCTTCACCTTGACCACAAT-
GAGCAG-3’ and 5'-CAGCAGGGGCCCAAAGAAGCCCAACACA-
GACTGGTAGGTGATGAAGGC-3’) were synthesized from sequences
specific for the putative third intracellular loop of the PCR clone
rAP236. *?P-labeled oligonucleotide probes were prepared using [v-*?P]
ATP (3000 Ci/mmol; NEN) and T4 polynucleotide kinase and were
used to screen the rat pituitary cDNA library. Pools of recombinants
were screened (hybridization in 3x 20x SSC (3 M NaCl, 0.3 M sodium
citrate, pH 7.0) at 60°; washing in 1x SSC at 60°) by Southern blot
analysis (18). One positive cDNA clone, rAP6-26, was isolated, and
overlapping fragments were subcloned into M13 and sequenced by the
Sanger dideoxynucleotide chain termination method using Sequenase
(United States Biochemical). Plasmid preparations were prepared and
the sequence was verified by sequencing both strands on denatured
double-stranded plasmid templates. Primers were derived from previ-
ously determined sequence information. Sequence analysis and com-
parisons were performed with genetics computer group software (Uni-
versity of Wisconsin) and GenBank.

! We have termed the rat SRIF receptor described in Reference 13, rSSTR,
based on the 98% amino acid homology between this receptor and the mouse
SSTR2 (12). While this manuscript was n press a third molecular subtype was
described (Yasuda et al. J. Biol. Chem. 267:20422-20428 (1992)), we have thus
termed our somatostatin subtype SSTR4.

were performed with genetics computer group software (University of
Wisconsin) and GenBank.

Cell transfection. Plasmid DNA (10-25 ug) was used to transfect
COS-7 cells (ATCC CRL 1651) and CHO-K1 cells (ATCC CCL 61) by
the CaPO, precipitation technique (16). Using COS-7 cells transfected
with the rAP6-26 plasmid DNA, membranes were prepared for radi-
oligand binding assays as described below. For CHO-K1 cells, selection
with the neomycin analog G-418 (450 ug/ml) was started 72 hr after
transfection and was continued for 3 weeks. A monoclonal line express-
ing the rAP6-26 cDNA was obtained by limiting dilution, and expres-
sion of rAP6-26 mRNA was determined by dot blot hybridization of
cellular RNA, as described below for Northern blot analysis.

Membrane preparation and radioligand binding assays. Sev-
enty-two hours after transfection of COS-7 cells with the rAP6-26
plasmid DNA, the cells were scraped from the culture plates in 50 mM
Tris-HCI, pH 7.4, 5 mM MgCl, buffer (binding buffer), homogenized,
and centrifuged (39,000 X g, 30 min, 4°). The crude membrane pellet
was washed in the same buffer, resuspended to approximately 2-3 mg/
ml, and stored frozen at —80°. Protein concentrations were determined
using the Bradford protein assay (19).

Frozen membrane preparations were diluted in ice-cold binding
buffer, washed once by centrifugation (39,000 X g, 30 min, 4°), homog-
enized briefly (30 sec), and resuspended to a protein concentration of
approximately 0.1 mg/ml. Unless otherwise indicated, radioligand bind-
ing assays were performed in the presence of 0.1 nM '*I-Tyr"'-SRIF
(1900-2000 Ci/mmol; Amersham Corp.), appropriate unlabeled ligands,
and approximately 20 ug of membrane protein, in a final volume of 250
ul of binding buffer containing 1 mg/ml BSA and 50 ug/ml bacitracin.
Nonspecific binding was determined in the presence of 1 uM SRIF. All
assays contained triplicate determinations. Incubations were carried
out for 90 min (equilibrium) at 23° and then terminated by rapid
filtration, under vacuum, through Whatman GF/B filters that had been
pretreated with 0.5% polyethyleneimine/0.1% BSA. Filters were
washed with 3 X 4 ml of ice-cold binding buffer and retained radioac-
tivity was counted in a v counter with 85% counting efficiency. SRIF,
SRIF-28, arginine vasopressin, adrenocorticotropic hormone, cortico-
tropin-releasing factor, [D-Ala?D-Leu®]-enkephalin, substance P, and
vasoactive intestinal peptide were purchased from Peninsula Labora-
tories (Belmont, CA). SMS 201-995 and MK 678 were obtained from
Sandoz Pharmaceuticals Corp. (East Hanover, NJ) and Merck Sharp
& Dohme Research Laboratories (Rahway, NJ), respectively. CGP
23996 was a gift of Dr. T. Reisine, University of Pennsylvania (Phila-
delphia, PA). Binding studies utilized COS-7 membranes prepared from
four to six separate transfection groups. Data were analyzed by nonlin-
ear least squares regression analysis using the program INPLOT 4.03
(GraphPAD, San Diego, CA). All values reported with error bars are
means + standard errors from the number of experimental determi-
nations indicated.

Measurement of cAMP accumulation in whole cells. cAMP
accumulation was measured in two ways. The first method was used to
assess receptor coupling to the inhibition of adenylyl cyclase. Mouse L
cells, LVIP2.0Zc, containing a cAMP-responsive 8-galactosidase re-
porter construct (20) were transfected with putative receptor cDNAs.
Agonists that bind to transiently expressed G;-coupled receptors were
identified by inhibition of forskolin-induced expression of 8-galactosid-
ase, as detected by staining of cells with a chromogenic substrate. Cells
were exposed to medium containing the phosphodiesterase inhibitor
Ro20-1724 (20 uM) (BioMol, Plymouth Meeting, PA) and 50 ug/ml
bacitracin with forskolin alone or in combination with as many as 20
individual candidate ligands. Color development was measured at 405
nm in a 96-well plate reader. A second method was used to measure
c¢AMP accumulation in intact cells, both COS-7 cells (transient expres-
sion) and CHO-K1 cells (stable expression), that had been transfected
with clone rAP6-26, as described above. COS-7 cells were trypzined 24
hr after transfection and seeded in 12-well plates at a density of 2 x
10° cells/well. Forty-eight hours later, the growth medium was replaced
with 500 ul of serum-free medium containing 20 mM HEPES, 20 um
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Ro20-1724, 1 mg/ml BSA, and 50 ug/ml bacitracin and cells were
preincubated for 5 min. Either forskolin (1 uM) or forskolin plus SRIF
(1 uM) was then added and the reaction was stopped after 5 min with
500 ul of an ice-cold solution containing 0.1 N HCI and 1 mM CaCl,.
The accumulation of cAMP was measured by radioimmunoassay as
described by Brooker et al. (21). CHO-K1 cells were seeded directly
into 12-well plates at a density of 2 X 10° cells/well and, after 24 hr,
were treated exactly as described above for COS-7 cells. Mock-trans-
fected COS-7 cells and untransfected CHO-K1 cells treated exactly as
the transfected cells were used as negative controls, whereas AtT-20
cells grown to ~80% confluency were used as a positive control.

Northern blot analysis. Total RNA was extracted from rat tissues
using guanidium thiocyanate and cesium trifluoroacetate (15), and
poly(A)* RNA was prepared by two passes over oligo(dT)-cellulose
columns. Samples (2 ug) were electrophoresed through denaturing 2.2
M formaldehyde/1% agarose gels and transfered to a S&S Nytran
membrane (Schleicher & Schuell). The blots were UV-cross-linked and
prehybridized at 37° for 24 hr in 4X standard saline phosphate EDTA
(3.6 M NaCl, 0.2 M sodium phosphate, pH 7.7, 20 mM EDTA), 50%
formamide, 5% Denhardts’ solution (0.1% borine serum albumin, 0.1%
Ficoll 400, 0.1% polyvinylpyrrolidone), 500 ug/ml single-stranded
salmon sperm DNA, 250 ug/ml yeast tRNA, 0.1% sodium dodecyl
sulfate. Hybridization was carried out (in the aforementioned buffer)
for 18 hr at 37° with the same 48-base pair oligodeoxynucleotide probes
described above, which had been tailed on the 3’ end with terminal
deoxynucleotidyl transferase (Boehringer Mannheim) and [a-*2P]
dATP (3000 Ci/mmol; NEN). The blot was washed for 4 X 15 min at
60° in 1x SSC/0.1% sodium dodecy] sulfate and then exposed to Kodak
XAR film for 5 days at —80° with intensifying screens.

Results and Discussion

In an ongoing attempt to clone novel G protein-coupled
receptors present in the pituitary, PCR methodology was used
with degenerative primers to amplify potential receptor clones.
One PCR fragment, rAP236, was pursued because it exhibited
considerable homology to known G protein-coupled receptors.
Using sequence-specific probes, a full length cDNA termed
rAP6-26 was isolated from a rat pituitary cDNA library. The
clone rAP6-26 contains an open reading frame that encodes a
383-amino acid polypeptide with a calculated relative molecular
mass of ~48,000. Fig. 1 shows the partial nucleotide sequence
(1149 base pairs) and deduced amino acid sequence of the
c¢DNA.2 There are a number of possible sites for post-transla-
tional modification of this cloned receptor. One potential N-
linked glycosylation site (Asn-X-Ser/Thr, where X is any am-
ino acid) is present at Asn-13 in the putative extracellular
amino terminal and a second is at Asn-186 in the second
extracellular loop. The carboxyl terminus contains a number
of serine/threonine (six/two) residues that could serve as a
substrate for serine/threonine protein kinases. The initation
codon and the surrounding nucleotides agree well with the
consensus initation sequence (22). Hydrophobicity analysis of
the translated protein reveals seven putative hydrophobic TM
domains that are characteristic of G protein-coupled receptors.
The predicted third intracellular loop, thought to be involved
in coupling to G proteins, is only 28 amino acids in length.
Sequence comparison analysis with cloned receptors of the G
protein-coupled superfamily revealed that, in the TM domains,
rAP6-26 has ~56% sequence identity with the recently reported
mSSTR1 (12) and ~66% identity with the rSSTR2 (13). The
regions of highest homology are TM2, TM3, and TM7, whereas

2The nucleotide sequence reported in this paper has been deposited in the
GenBank databank (accession number L04535).

SRIF Receptor (SSTR4) Cloning 941

those of least homology are the putative extracellular loops and
the amino and carboxyl termini. rAP6-26 exhibits a 64% and
36% sequence divergence in the third intracellular loop, com-
pared with mSSTR1 and rSSTR2, respectively (Fig. 2).

The marked amino acid homology between clone rAP6-26
and both mSSTR1 and rSSTR2, as well as preliminary func-
tional screening data obtained in LVIP2.0Zc cells (see below),
suggested that the putative receptor protein encoded by the
rAP6-26 cDNA belonged to the SRIF receptor family. The
rAP6-26 cDNA was, therefore, transiently expressed in COS-
7 cells in order to examine the ligand-binding specificity of the
rAP6-26 protein. Membranes prepared from these cells were
initially examined for binding in the presence of 0.1 nM levels
of the SRIF agonist '*I-Tyr'!-SRIF and were compared with
binding in membranes prepared from rat forebrain and mock-
transfected COS-7 cells (Fig. 3A). Membranes from rat fore-
brain and rAP6-26-transfected COS-7 cells bound '*I-Tyr'!-
SRIF to a similar magnitude and degree (%) of specific binding
(168.5 = 8.5 fmol/mg, 78.5 + 2.9%, three experiments, and 181
+ 40.7 fmol/mg, 73.4 + 3.7%, six experiments, respectively). In
contrast, binding of '*I-Tyr''-SRIF to mock-transfected or
untransfected COS-7 membranes was very low (36.9 + 4.0 fmol/
mg, three experiments), with a high degree of nonspecific
binding (52.4 + 6.7%, three experiments). In subsequent bind-
ing experiments it was determined that the low, apparently
specific, binding of '*I-Tyr'!-SRIF to meck-transfected or un-
transfected COS-7 membranes, determined in the presence of
1 uM SRIF, was unrelated to the binding properties (e.g.,
pharmacological specificity) observed in either rat forebrain or
rAP6-26-transfected COS-7 cells (data not shown). Thus, in-
troduction of rAP6-26 cDNA into COS-7 cells produced an
almost 6-fold increase in the specific binding of '**I-Tyr!!-SRIF.
Similar results were observed by transfection and transient
expression of rAP6-26 cDNA in human embryonic kidney 293
cells carrying SV40 T antigen and COS-1 cells (ATCC CRL
1650) (data not shown).

Further identification and characterization of the putative
SRIF receptor expressed in COS-7 cells was carried out by
radioligand binding competition analysis using SRIF-28 and a
number of cyclic SRIF analogs (Fig. 3B). Analysis of the ICs
values of the competitive displacement curves revealed that
SRIF-28 was the most potent competitor of '#I-Tyr''-SRIF
binding, displaying an approximate 30-fold greater affinity than
SRIF (Fig. 3B; Table 1). In addition, high affinity displacement
was observed for the cyclic SRIF analog SMS 201-995 (23) and
the subtype-selective cyclic analogs CGP 23996 (24) and MK
678 (25). This pharmacological profile contrasts with those
obtained for recently reported SRIF receptor clones expressed
in the central nervous system and peripheral tissues (12-14).
In all cases Hill coefficients derived from the competitive
agonist displacement data were less than unity (ranging from
0.43 to 0.57), suggestive of multiple agonist affinity states as
have been reported previously for receptors in membrane prep-
arations that couple to G proteins. Curves could be best de-
scribed by high (low picomolar, 50-80%) and low (low nanom-
olar, 20-50%) affinity components, although interpretation of
these data is complex in view of the predicted ability of !*I-
Tyr"'-SRIF to bind with some fractional occupancy to each of
these affinity states at the concentration used (see below). In
contrast, a number of unrelated peptides, adrenocorticotropic
hormone, arginine vasopressin, corticotropin-releasing factor,
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dggggggggccgacttcgtacagcaatcgagtgagcacactg
ctctttgagcccgagtgcgetgectaactgcgaagtaccgecgecgtgeccgecceggegtgggcaccctgtectgcacagagacacgegtggtctggcaccecggectgaagetgacage

|
atggagcccctctctctggect ccacaccaagcetggaatgectcggetgettccagtggtaaccataactggtcactggtgggetcagcatcgecaatgggageccgggeagtattagtg
MetGluProLeuSerLeuAlaSerThrProSerTrpAsnAlaSerAlaAlaSerSerGlyAsnHisAsnTrpSerLeuvalGlySerAlaSerProMetGlyAlaArgAlavVallLeuval
1—y | |
cctgtgctctacctgttggtgtgcaccgtgggactgagtggaaatacactggtcatttatgtggtgctgecggcacgccaagatgaagacagttactaacgtgtacatcctgaacctggee
ProvValLeuTyrLeuLeuValCysThrValGlyLeuSerGlyAsnThrLeuvallleTyrvalvallLeuArgHisAlaLysMetLysThrValThrAsnValTyrlIleLeuAsnLeuAla

394 | |
gtggctgacgtattatttatgttgggacttcctttcctggeccacgcagaacgecgtegtctectactggecctteggetecttettgtgecgectggtcatgacactggatggcatcaac
ValAlaAspVallLeuPheMet LeuGlyLeuProPheLeuAlaThrGlnAsnAlavalValSerTyrTrpProPheGlySerPheLeuCysArglLeuvValMet ThrLeuAspGlyIleAsn
—II1 | |
cagttcaccagtatcttctgectgatggtcatgagtgttgaccgetacctggeegtggtccaccctetecgetcageccggtggegtegeccacgggtageccaagatggecagegeggee
GlnPheThrSerIlePheCysLeuMetValMet SerValAspArgTyrLeuAlavalValHisProLeuArgSerAlaArgTrpArgArgProArgvalAlalysMetAlaSerAlaAla

v ! !
gtctgggtcttttcegetgetcatgtctctgecgetcettggtcttcgeggatgtccaggagggetggggcacctgcaacctgagetggecagagectgtggggetgtggggtgeagectte
ValTrpValPheSerLeuLeuMet SerLeuProLeuLeuValPheAlaAspValGlnGluGlyTrpGlyThrCysAsnLeuSerTrpProGluProvalGlyLeuTrpGlyAlaAlaPhe

V- |

atcacctacacgtctgtgttgggcttctttgggecccctgetggtcatctgettgtgetacctgetcattgtggtcaaggtgaaggectgcaggecatgegegtaggectcctcaaggeggagg
IleThrTyrThrSerValLeuGlyPhePheGlyProLeuLeuvalIleCysLeuCysTyrLeuLeulleValValLysValLysAlaAlaGlyMetArgValGlySerSerArgArgArg
| VI |
cgctcggagccgaaggtgactcgeatggtggtggtegtggtgetggtgtttgtgggetgetggetgectttcttcattgtcaacatcgtcaacctggecttcacactgeccgaggaacce
ArgSerGluProLysvValThrArgMetValvValvalvValvalLeuValPheValGlyCysTrpLeuProPhePhelleValAsnlleValAsnLeuAlaPheThrLeuProGluGluPro

| VII |
acatctgccggectctatttctttgtggtggtcctatcttatgeccaatagetgtgeccaaccecctgetctacggetttctcteggacaacttccgecagagettccggaaggttctgtge
ThrSerAlaGlyLeuTyrPhePheValvValValLeuSerTyrAlaAsnSerCysAlaAsnProLeuleuTyrGlyPheLeuSerAspAsnPheArgGlnSerPheArgLysValleuCys

ctacgtagaggatacggtatggaggatgcggacgccatagagccacggccagacaagagtgggceggectcaggcacactgeccacacgcagetgecgaggccaatgggctcatgecagacca
LeuArgArgGlyTyrGlyMetGluAspAlaAspAlalleGluProArgProAsplysSerGlyArgProGlnAlaHisCysProHisAlaAlaAlaArgProMetGlySerCysArgPro

gcaggatttgaatgcccctgtaacaccctgggggtectccaggectccacggtgttgtettctgggatctgagagtttgetgagatgeattcacccccaggectacaagttggactecte
AlaGlyPheGluCysProCysAsnThrLeuGlyValLeuGlnAlaSerThrValLeuSerSerGlyIle***

tcggtggcagtgtgaagacaggacctgcag

-121
-1

120
40

240

80

120

480
160

600
200

720
240

1080
360

1200
383

1230

Fig. 1. Nucleotide sequence for the rAP6-26 cDNA and deduced amino acid sequence for the rat SSTR4. The nucleotide sequence is numbered at
the right. The deduced amino acid sequence is shown beneath the nucleotide sequence; amino acid numbering begins with the first methionine of
the long open reading frame. An in-frame stop codon in the 5’ untranslated region is underlined. Positions of the putative TM segments I-VII are
indicated by solid lines above the nucleotide sequence; the termini of each segment are tentatively assigned on the basis of the hydrophobicity

profile and sequence comparison with other G protein-coupled receptors.

[p-Ala?,p-Leu®]-enkephalin, substance P, and vasoactive intes-
tinal peptide, that similarly interact at G protein-coupled re-
ceptors were ineffective at displacing '*I-Tyr'!-SRIF bound to
COS-7 membranes transfected with rAP6-26 cDNA. Taken
together, the radioligand binding data in Fig. 3 and Table 1
indicate that rAP6-26 cDNA encodes a rat pituitary SRIF
receptor with marked preferential affinity for SRIF-28 and
little or no discrimination between CGP 23996 and MK678.
Another PCR clone, with ~92% nucleotide identity (over the
270 base pairs sequenced) with the rAP6-26 cDNA, has been
obtained from a cDNA library derived from AtT-20 cells,® which
also display preferential affinity for SRIF-28 in functional and
radioligand binding assays.

SRIF receptors, like a number of G protein-coupled receptors
linked to the inhibition of adenylyl cyclase, display diminished
affinity for agonists specifically in the presence of either Na*
ions or GTP (26-28). The site of allosteric modulation by Na*
has been shown by site-directed mutagenesis in a;-adrenergic
receptors to reside in the highly conserved aspartate residue in
TM II (28), which is also present in position 83 in rAP6-26.
Additional experiments were, therefore, performed to deter-

38. J. Lolait, unpublished observations.

mine whether the binding of 'I-Tyr!'-SRIF to rAP6-26-trans-
fected COS-7 membranes was sensitive to the presence of GTP
and Na* ions (Fig. 4A). Inclusion of either 100 uM GTP or 100
mM Na* reduced the equilibrium binding of '*I-Tyr'!-SRIF by
~55%. Inclusion of both GTP and Na* markedly reduced
binding by ~83%, indicating that the SRIF receptor encoded
by rAP6-26 likely couples to G proteins (G; or G,) in COS-7
membranes. Identical results have been observed for the effects
of Na* and GTP on the binding of '*I-CGP 23996 to SRIF
receptors on AtT-20 pituitary tumor cells (29) and to solubilized
SRIF receptors (30). The reduction in equilibrium binding
observed in the presence of GTP and/or Na* was attributable
to an acceleration of the dissociation of '**I-Tyr'!-SRIF bound
to receptor (Fig. 4B). In addition, the observed biphasic disso-
ciation of '»I-Tyr"'-SRIF from control rAP6-26 membranes
supports the notion of multiple agonist affinity states suggested
by the Hill coefficients obtained for the various somatostatin
agonists in competitive radioligand binding experiments (Fig.
3B). These results may explain the extremely low binding of
1251 Tyr'!-SRIF observed in intact CHO-DG44 cells transfected
with hSSTR1 and mSSTR2 ¢DNAs, which was measured in
the presence of 150 mM NaCl at 22° (12). Therefore, based
upon sequence homologies and the unique pharmacological
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Fig. 2. Comparison of the deduced amino acid sequence of the rat SSTR4 with the previously characterized mouse SSTR1 and rat SSTR2. Dashes,
gaps introduced to maximally align sequences. Primary sequence identities are boxed and shaded. The proposed seven membrane-spanning

hydrophobic sequences (labeled /-VI/) are indicated by solid lines.

properties of the SRIF receptor encoded by rAP6-26, we have
termed this fourth molecular SRIF subtype SSTR4.

During initial attempts to identify candidate ligands for clone
rAP6-26, it was observed that SRIF (1 uM), specifically out of
a dozen ligands screened, attenuated forskolin (0.5 uM)-stimu-
lated B-galactosidase expression in LVIP2.0Z¢ cells (data not
shown). Preliminary studies in COS-7 cells that transiently
expressed SSTR4 indicated that both SRIF and SRIF-28 de-
creased forskolin (1 uM)-stimulated cAMP accumulation by
20-23%, which is consistent with values obtained in brain (31)
and pituitary cells in culture (32). In CHO-K1 cells stably
transfected with SSTR4, both SRIF and SRIF-28 inhibited
forskolin (2 uM)-stimulated cAMP accumulation in a dose-
dependent manner (Fig. 5). SRIF-28 (IC;s, 0.144 nM) was a
more potent inhibitor of forskolin-stimulated accumulation of
cAMP than was SRIF (ICs, 9.14 nM) which agrees well with
the radioligand data obtained in this study. It is also possible
that the binding of SRIF to SSTR4 may activate other trans-
duction mechanisms, as is likely to be the case for hSSTR1
and mSSTR2, which do not appear to couple to the inhibition
of adenylyl cyclase when expressed in CHO-DG44 cells (14).

To characterize SSTR4 further, the tissue distribution of its
corresponding mRNA was examined by Northern blot analysis
in rat tissues. One labeled band, corresponding to a mRNA of
~2.6 kilobases, was found only in the pituitary (Fig. 6). No

detectable RNA species were observed in the liver, small intes-
tine, kidney, pancreas, cortex, or cerebellum. In situ hybridi-
zation with two **S-labeled 48-base pair oligodeoxynucleotide
probes (data not shown) confirmed the presence of mRNA
expression in the pituitary, with no detectable hybridization
found in the brain, kidney, heart, adrenal, or spleen. Thus, the
distribution of SSTR4 mRNA contrasts with that of hSSTR1
(12) and rSSTR2 (13); the former is present in jejunum, stom-
ach, pancreatic islets, kidney, and colon and the latter is found
in the cortex, hippocampus, and pancreatic tumor cells in
addition to pituitary. It should be noted, however, that species-
specific differences in SRIF receptor mRNA distribution may
exist because, by Northern blot analysis, human but not rat
kidney appears to express mRNA encoding SSTR2 (12, 13).
Two lines of pharmacological and functional evidence have
established the existence of multiple subtypes of SRIF recep-
tors. Initially, separate subtypes with preferential affinity for
either SRIF or SRIF-28 were proposed and were supported by
regional differences in the binding of '*I-SRIF and '*I-SRIF-
28, in physiological potency, and in the ability of SRIF and
SRIF-28 to selectively down-regulate receptors in different
tissues and cultured cell lines (for review, see Ref. 10). In this
regard, the pituitary and pituitary-derived cell lines, such as
AtT-20, demonstrate preferential affinity (3-10-fold) for SRIF-
28 in functional and radioligand binding assays. The apparent
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Fig. 3. Binding of '®I-Tyr""-SRIF to membranes prepared from COS-7
cells transfected with rAP6-26 cDNA. A, Total, nonspecific (NSB), and
specific binding of '*I-Tyr''-SRIF to membranes prepared from rat
forebrain, rAP6-26-transfected COS-7 cells (COS-7.are-26), and mock-
transfected COS-7 cells (COS-7uocx). Membranes were incubated with
0.1 nm '#I-Tyr''-SRIF (75,000-85,000 cpm), and nonspecific binding
was determined in the presence of 1 um SRIF. Total and nonspecific
data shown are from a single representative experiment; specific binding
data were derived from three to six separate experiments and values
are reported in Results. B, Competitive radioligand binding assays on
membranes prepared from rAP6-26-transfected COS-7 cells. Mem-
branes were incubated with 0.1 nm '#|-Tyr''-SRIF and the indicated
concentrations of SRIF (@), SRIF-28 (O), SMS 201-995 (), MK 678 (A),
or CGP 23996 (¢#). A number of other peptides (*) did not show any
displacement of '>I-Tyr''-SRIF binding (also see Results). Data shown
are from a single representative experiment; values from three experi-
ments are given in Table 1.

pituitary-specific localization of mRNA for SSTR4 and marked
preferential affinity for SRIF-28 strongly implicate it as the
candidate “SRIF-28" receptor. In contrast, although moderate
levels of mRNA for the rat homolog of SSTR2 (13) were
demonstrated in pituitary (and we have independently cloned
a partial-length SSTR2 ¢cDNA from the rat pituitary cDNA
library used in this study*), rSSTR2 showed no differences in
affinity for SRIF and SRIF-28 in competitive radioligand bind-
ing assays.

Further evidence for the multiplicity of subtypes of SRIF

*S. J. Lolait, M. J. Brownstein, and A.-M. O’Carroll, unpublished observations.

TABLE 1

Comparison of inhibition by SRIF, SRIF-28, and cyclo-somatostatin
analogs of binding of '*I-Tyr''-SRIF to rSSTR4 expressed in COS-7
cells

Values are mean + standard error (three experiments).

Competing igand ICso

Hil coeficient Relative

affinity
w
SRIF 2.58 + 0.91 0.44 + 0.05 1.0
SRIF-28 0.087 + 0.048 0.49 + 0.12 0.034
SMS 201-995 0.187 + 0.36 0.45 + 0.07 0.072
MK 678 7.31 £212 0.43 + 0.02 2.83
CGP 23996 474 £ 1.49 0.57 + 0.08 1.84
AI
[ [JrotaL
200+ B s
=] speciFic

[1251]-Tyr!! SRIF BOUND
(fmol/mg)
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Fig. 4. Effects of GTP and Na* ions on the binding of '*I-Tyr'"-SRIF to
membranes prepared from rAP6-26-transfected COS-7 cells. A, Equilib-
rium binding assays were performed in the presence of 100 um GTP,
100 mm NaCl, or both. Membranes were incubated with 0.1 nm '%|-
Tyr"'-SRIF and nonspecific binding (NSB) was determined in the pres-
ence of 1 um SRIF. B, Dissociation of 5l-Tyr''-SRIF bound to mem-
branes in the absence (@) or presence of 100 um GTP (A), 100 mm NaCl
(W), or both (#). Membranes were incubated with 0.05 nm '%|-Tyr''-SRIF
(nonspecific binding was determined in the presence of 1 um SRIF) for
90 min at 23°. Aliquots (250 ul) (in triplicate) from either total or nonspe-
cific batch incubations were then diluted into 2 ml of binding buffer
containing either GTP, NaCl, or both and 0.1 um SRIF and were incubated
further at 23°. Dissociation was terminated by filtration at the times
indicated. Data shown are representative of two experiments performed
on COS-7 membranes prepared from separate rAP6-26 transfections.
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Fig. 5. SRIF- and SRIF-28-induced inhibition of forskolin-stimulated
CcAMP accumulation in rAP6-26-transfected CHO-K1 cells. CHO-K1 cells
were seeded in 12-well plates at a density of 2 x 10%, and after 24 hr
the inhibition of forskolin (2 um)-stimulated cCAMP accumulation produced
by the indicated concentrations of SRIF (@) and SRIF-28 (O) was meas-
ured as described in Materials and Methods. Data shown are the mean
+ standard error compiled from two separate experiments, with each
stimulation/inhibition performed in triplicate. (Basal CAMP levels = 61.16
+ 3.30 pmol/well (n = 12)). SRIF and SRIF-28 did not inhibit cCAMP
accumulation in nontransfected cells (data not shown).
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Fig. 6. Northern blot analysis of the rat SSTR4 mRNA in rat tissues.
Poly(A)* RNA samples (2 ug) were analyzed on a denaturing 2.2 m
formaldehyde/1% agarose gel as described in Materials and Methods.
Large arrowhead, ~2.6 kilobase receptor mMRNA. RNA molecular markers
in kilobases (BRL) are indicated on the right. Only the pituitary (Pit)
expresses the receptor mRNA after a 5-day exposure. Other tissues
shown are liver (Li), small intestine (Si), kidney (Ki), pancreas (Pan),
cortex (Cx), and cerebellum (Cb). M, Molecular markers. The *P-labeled
probes used in this analysis are complementary to sequence encoding
amino acids 199-214 and 221-236 of rat SSTR4 and correspond to
regions that are not highly conserved among the mouse and rat SSTR1
and SSTR2 sequences.

receptors was later proposed by Tran et al. (33), who demon-
strated marked biphasic displacement by SMS 201-995 of the
binding of *I-SRIF analogs in rat brain membranes. More
convincing evidence, however, has been demonstrated by Re-
isine and co-workers (11, 34). Regional differences in the bind-
ing of MK 678 and CGP 23996 in brain and in potencies for
SRIF receptors (termed SRIF,-MK 678 sensitive and SRIF,-
MK 678 insensitive, respectively) have been described. Most
recently, the binding properties of hSSTR1 and mSSTR2 ex-
pressed in CHO-DG44 cells were investigated (14). SSTR1
displays no affinity for MK 678 (and is, therefore, characteristic
of SRIF, receptors), whereas SSTR2 binds '*I-MK 678 with
high affinity and the binding could be displaced equally by
SRIF, SRIF-28, SMS 201-995, and CGP 23996 but not by CGP
analogs compounds 1-3 (and SSTR2 is, therefore, characteris-
tic of SRIF, receptors). In this regard, however, the pituitary,
unlike the brain, appears pharmacologically homogeneous,
demonstrating high affinity binding of both MK 678 and CGP

SRIF Receptor (SSTR4) Cloning 945

23996 (11, 35). These latter results agree well with the observed
pharmacological properties of the cloned SSTR4 and its slightly
higher sequence homology to SSTR2.

Taken together, molecular and pharmacological evidence
underscores the existence of multiple SRIF subtypes in pitui-
tary. The apparent lack of difference in affinity for SRIF and
SRIF-28 observed for SSTR2, unlike SSTR4, and the presence
of both SSTR2 and SSTR4 mRNAs encoding proteins of
molecular weights of 41,000 and 48,000 (nonglycosylated), re-
spectively, support results obtained from cross-linking and
autoradiographic studies that suggest that physically distinct
SRIF receptors are present in the pituitary (36, 37). Additional
evidence has also been provided by Kimura et al. (38), who
have described two physically and functionally distinct SRIF
receptor subtypes in the rat anterior pituitary, one of which is
exclusively expressed by pretreatment with 178-estradiol. It
seems unlikely, however, that SSTR4 represents the 178-es-
tradiol-dependent SRIF receptor subtype present on mammo-
trophs because, unlike the latter, SSTR4 displays marked dif-
ferences in affinity for SRIF and SRIF-28.

For the present, the existence and combined pharmacological
properties of SSTR2 and SSTR4 appear to account for data
obtained on the properties of SRIF receptors in intact and
dissociated pituitary by a variety of methods. Additional studies
on the relative amounts and cellular distribution of these two
SRIF receptors, and the regulation of expression of their cog-
nate mRNAs in pituitary, will enhance our understanding of
their roles in hypothalamic-pituitary interactions.
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