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ABSTRACT Cholecystokinin was one of the first gastro-
intestinal peptides discovered in the mammalian brain. In the
central nervous system there is evidence for CCK, and CCKp
receptor subtypes. The CCK, receptors occur in a few localized
areas of the central and peripheral nervous systems where they
modulate feeding and dopamine-induced behavior. CCKp re-
ceptors occur throughout the central nervous system where
they modulate anxiety, analgesia, arousal, and neuroleptic
activity. We have recently purified and cloned a CCK, recep-
tor cDNA from rat pancreas that allowed isolation of an
identical cDNA from rat brain by using the polymerase chain
reaction. Using low-stringency hybridization screening of
cDNA libraries from rat brain and AR42-J cells, which possess
large numbers of CCKg receptors, we identified previously
unreported cDNAs, the sequence of which were identical in
both tissues. The cDNA sequence encodes a 452-amino acid
protein that is 48 % identical to the CCK 4 receptor and contains
seven transmembrane domains characteristic of guanine nu-
cleotide-binding regulatory protein-coupled receptors. COS-7
cells transfected with this cDNA expressed binding sites for
agonists and antagonists characteristic of a CCKp receptor
subtype. We conclude that this cDNA isolated from rat brain
and AR42-]J cells is a receptor of the CCKp subtype and that
the respective cDNAs for both CCK, and CCKp are identical
in the brain and gastrointestinal system.

The cholecystokinin (CCK) family of peptides was originally
isolated from the mammalian gastrointestinal tract (1) and
was one of the first gastrointestinal peptides to be discovered
in the brain (2, 3), where the predominant molecular form,
cholecystokinin octapeptide (CCK-8), exists in sulfated and
desulfated forms (2, 4).

The receptors for CCK in both the central nervous system
(CNS) and peripheral tissues can be classified into two
subtypes, CCK, and CCKgp, on the basis of their affinity (i)
for a structurally and functionally related family of peptides
with identical COOH-terminal pentapeptide sequences and
differing sulfation at the sixth (gastrin) and seventh (CCK)
tyrosyl residues and (ii) for specific antagonists. CCKp
receptors are highly selective (500- to 1000-fold higher affin-
ity) for sulfated analogues and the antagonist 1.-364,718,
whereas CCKpg receptors have similarly high affinity for both
sulfated and nonsulfated peptide analogues (only a 3- to
10-fold higher affinity for sulfated peptide analogues) and the
antagonist L-365,260 (5-8).

A CCKj receptor subtype predominates in the gastroin-
testinal system but occurs also in highly localized areas of the
rat CNS, where it modulates feeding and dopamine-induced
behavior (9-11). We recently purified the CCK 4 receptor and
cloned its cDNA from rat pancreas (12). This cDNA did not
hybridize to poly(A)* RNA from rat brain on Northern blot
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analysis, which raised the possibility that the rat brain CCK
receptor with a CCK, receptor-subtype pharmacology was
different from the rat pancreatic CCK 4 receptor (12).

The CCKp receptor subtype is the predominant CCK
receptor in the CNS, where it is widely distributed through-
out the brain and spinal cord (10). The presence of CCKp
receptors on selective mesocorticolimbic dopaminergic neu-
rons and other midbrain regions along with the effects of
CCK analogues on behavior suggest that these receptors may
modulate anxiety, neuroleptic activity, and arousal (11).
CCK agonists and antagonists acting at central CCKp recep-
tors respectively block and enhance opiate-induced analgesia
(13). CCKp-type receptors have also been described outside
the CNS in gastrointestinal smooth muscle cells (14), where
they modulate gallbladder and bowel motility; and in guinea
pig (15) and dog pancreas (16) and various neoplastic tissues
[such as human stomach, colon (17), and lung carcinomas
(18), and the rat pancreatic acinar carcinoma cell line AR42-J
(19)], where they may regulate cell growth. The presence of
CCKgp receptors on peripheral lymphocytes and monocytes
and monocyte-derived splenic cells suggests that CCK may
play a role in the long-suspected neuroendocrine modulation
of the immune system (20, 21). To date, neither the CCKp
receptor protein nor its cDNA has been isolated.

Here, we report that the cDNA encoding the rat pancreatic
CCK receptor is also present in rat brain and that both rat
brain and AR42-J cells possess a distinctive cDNAT that is
highly homologous to the rat CCK, receptor cDNA and
encodes a guanine nucleotide-binding regulatory protein (G
protein)-coupled receptor with CCKp receptor subtype phar-
macology.

MATERIALS AND METHODS

cDNA Library Construction and Isolation of cDNA Clones.
Total RNA was isolated from the rat pancreatic carcinoma
cultured cell line AR42-J and from rat brain cortex by using
alow-temperature guanidinium isothiocyanate/guanidine hy-
drochloride extraction procedure as described (22), and
poly(A)* RNA was isolated by using oligo(dT)-cellulose.
Separate cDNA libraries were constructed from each source
of poly(A)* RNA. Oligo(dT)-primed cDNA > 2 kilobases
(kb) was size-selected by agarose gel electrophoresis, elec-
troeluted, adapted with EcoR1, ligated into phage Agt10 arms,
and in vitro packaged by established methods (23). Each
library (=7.5 X 10° plaques) was screened with a 32P-labeled,
randomly primed probe (24) corresponding to the coding
region of the CCK, receptor cDNA isolated from rat pan-

Abbreviations: CCK, cholecystokinin; CCK-8, CCK octapeptide;

G-protein, guanine nucleotide-binding regulatory protein; CNS, cen-

tral nervous system; 125I-BH-CCK-8, CCK-8 conjugated to 12]I-

labeled Bolton-Hunter reagent.
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TThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M99418).
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creas (12) initially under conditions of low and later high
stringency [three 20-min washes at 42°C with 2x SSC/0.1%
SDS for low-stringency screening and three 20-min washes at
55°C with 0.1x SSC/0.1% SDS for high-stringency washes
(1x SSC = 150 mM NaCl/15 mM sodium citrate, pH 7.0)]
(23). Several clones that hybridized at low stringency were
plaque-purified from the AR42-J cell library and subcloned
into pCDL-SRa at the Xba 1 site (25). A 32P-labeled, ran-
domly primed probe corresponding to the open reading frame
of the AR42-J cDNA clones was used to screen another 7.5
x 10° plaques from the rat brain cortex library under condi-
tions of high stringency. Several clones were purified and
subcloned into the vector pPCDL-SR« at the Xba I site.

PCR Cloning. Double-stranded cDNA was prepared from
5 ug of poly(A)* mRNA isolated from rat brain subcortex as
described above. Double-stranded cDNA (=5 ng) served as
a template for PCR amplification with 0.5 uM CCK 4 receptor
5’ and 3’ untranslated oligonucleotide sequences, 5'-
AATGCTGCCCAGATGCTCTG-3’' and 5'-CAGTGGAC-
CAGGTGGAGTTCA-3’ (26), respectively, as primers. The
following cycle temperatures and times were used under
standard PCR (Perkin-Elmer/Cetus) conditions: 34 cycles of
denaturation at 94°C for 45 sec, annealing at 61°C for 25 sec,
and extension at 72°C for 2 min with a final extension duration
of 15 min.

DNA Sequencing. Both strands of two cDNA clones iso-
lated from the AR42-J cell library were sequenced by the
dideoxy chain-termination method of Sanger (27) with Se-
quenase 2.0 (United States Biochemical). One of the cDNA
clones isolated from the rat brain cortex library and the
product of PCR cloning from the rat brain subcortex cDNA
were cycle-sequenced (Bethesda Research Laboratories).

DNA and Protein Sequence Analysis. Nucleotide and amino
acid sequences were analyzed by the Wisconsin Genetics
Computer Group software package using the GAP program
(28).

Northern Blot Analysis of mRNAs. Poly(A)* RNA was
isolated by using a low-temperature guanidinium isothiocya-
nate/guanidine hydrochloride extraction procedure as de-
scribed (22) from rat pancreas, brain cortex and subcortex,
striated muscle, liver, kidney, rat pancreatic acinar carci-
noma cell line AR42-J, and guinea pig gallbladder. (Rats do
not have gallbladders.) Four micrograms of poly(A)* RNA
per lane was electrophoretically separated on a 1.4% aga-
rose/formaldehyde gel and blotted onto Nytran (Schleicher
& Schuell). The blot was hybridized separately with CCK
and CCKg full-length coding-region probes, which had been
32p-labeled (random-primed) as described (23). The blot was
washed under conditions of high stringency (three 20-min
washes at 55°C with 0.1x SSC/0.1% SDS) and exposed for
24 hr in a phosphorimager (Molecular Dynamics, Sunnyvale,
CA) to prepare an autoradiograph.

Expression of CCK, and CCKjp Receptor cDNAs in Mam-
malian Cells. Two micrograms of pCDL-SRa containing
either the CCK, coding region (12) insert subcloned at an
Xba 1 site in the sense orientation or the CCKp insert (Fig.
1) subcloned at an EcoRI site in the sense orientation were
transfected into nearly confluent COS-7 cells (=1 x 106 cells
in a 100-mm tissue culture plate) by using a DEAE/dextran
method as described (26). Approximately 48 hr after trans-
fection, cells were washed twice at 4°C with phosphate-
buffered saline (PBS; pH 7.4) containing bovine serum albu-
min at 1 mg/ml, scraped from the plate in 4°C Dulbecco’s
modified Eagle’s medium (DMEM) containing bovine serum
albumin at 1 mg/ml, centrifuged (400 X g), and suspended in
the same medium at 4°C (=3 X 10° cells per ml). Suspended
cells (500 ul) were incubated for 60 min at 37°C with 50 pM
of CCK-8 radiolabeled with 12°I-labeled Bolton-Hunter re-
agent (12’I-BH-CCK-8; 2200 Ci/mmol; 1 Ci = 37 GBq) either
with or without the indicated concentrations of unlabeled
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1 TGACCCTGCTTGCTCAACTCTACGTCTTGTTTCGTTTTCTGTTCTGCGCCGTTACAGATCCAAGCTCCTCGAGCC 78

76 CGGGCTGCAGGAATTCTGCGGCCGCCGCTTAGCAGAGCTAA"TGGGACTTCACTGGAGCCATGGAGCTGCT\_AA" 150
MetGluLeuLeulys 5

151 CTGMCCGC)\GCGTGCAGGGACCAGGACCCGGGTCGGGGTCTTCTTTGTGCCGCCCCGGTGTCTCCCT‘[’CTCAAC 225
6 LeuAsnArgSerValGlnGlyProGlyProG1yserGlySerSerLeuCysArgProGlyValSetLeuLeuAin 30
a

226 AOCAGTAGTGCCGGéAACCTCAGCTGTGACCCCC(’:TCGTATCCGCGGAACCGGGACCAGAGM‘ITGGAGATGGCG 300
3 SerSerSerAlaGlyAsnLeuSerCysAspProProArgIleArgGlyThrGlyThrAqulJLeuGluMet,Ala 55
A

301 ATI'AGAATCACCCTTTATGCAGTGATCTTTCTGATGAGTGTTGGCOGAAACGTGCTCATCATCGTGGTCCTGGGA 378
56 IleArgIleThrLeuTyrAlaValllePheLeuMetSerValGlyGlyAsnValleuIleI leVaIValLeucly 80

376 CTGAGCCGACGCCTMGAACGGTCACCAACGCCTTCCTGCTCTCCCTGGCAGTCAGCGACCTCCTOCTGOCCGTG 450
81 LeuSerArgArgLeuArgThrVal ThrAsnAlaPheLeuLeuSerLeuAlavalSerAspLeuleuleuAlaval 105

451 GCTTGCATGCCCTTCACACTCCTGCCCAACCTCATGGGCACATTCATCTTCGGCACAGTCATCTGCAAGGCCATT 626

106 AlaCysMetProPheThrLeuLeuProAsnLeuMetGlyThrPhellePheGlyThrvalIleCysLysAlalle 130
. " . - o

526 TCCTACCTCATGGGGGTATCAGTGAGTGTATCCACT\,TAAATCTCGTGGCCATAGLCCTGGAGCuATACAGCGC‘ 600

3 SerTyrLeuMetGlyvalServa1ServalserThrLeuAsnLeuvalAla]lenlaLeuGluArgTyrSerAla 166

601 ATCTGCCGACCACTGCAAGCACGAGTATGGCAAACACGCTCCCACGCAGCTCGGGTGATCTTAGCCACGTGGCTG 675
156 IleCysArgProlLeuGlnAlaArgValTrpGlnThrArgSerHisAlaAlaArgVallleLeuAlaThrTrpLeu 180
-V . . — . . .
676 CTGTCTGGACTGCTTATGGTACCCTACCCTGTGTACACCATGGTACAGCCAGTGGGACCTCGAGTGCTGCAGTGC 750
181 LeuSerGlyLeuLeuMetValProTyrProValTyrThrMetValGlnProValGlyProArgvalLeuGlnCys 206
g V— (]
. . . 2 -
751 ATGCATCGCTGGCCCAGTGCACGTGTCCAACAAACCTGGTCCGTGCTACTGCTACTGCTTTTGTTCTTCATCCCG 825
206 MetHisArgTrpProSerAlaArgValGlnGlnThrTrpSerValLeuleuLeuLeuleuLeuPhePhellePro 230

826 GGTGTGGTTATTGCGGTGGCCTATGGACTCATCTCCCGCGAACTCTACCTAGGACTCCACTTTGATGGTGAAAAT 900
21 GlyvalvallleAlavalAlalyrGlyleulleSerArgGluleulyrLeuGlyLeutisPheAspGlyGluasn 255

901 GACAGCGAGACCCARAGCCGGGCCCGARACCAAGGGGGCCTGCCGGGTGGGGCAGCACCAGGGCCTGTCCACCAG 875
256 AspSerGluThrGlnSerArgAlaArgAsnGlnGlyGlyLeuProGlyGlyAlaAlaProGlyProvalHisGln 280

976 AACGGGGGCTGCCGGCCTGTAACCAGCGTAGCTGGGGAAGACAGTGATGGCTGCTGTGTGCAACTTCCGCGTTCC 1050
281 AsnGlyGlyCysArgProValThrSerValAlaGlyGluAspSerAspGlyCysCysValGlnLeuProArgSer 305

1051 CGACTGGAGATGACAACGC’i‘AACCACACCéACTCCTGGG(.ZCAGTCCCTG('SCCCTCGGCC&MCCAGGCC}'\AGCTG 125
306 ArgLeuGluMer.ThrTtheuThrThrPro‘rhrProG1y?rova1ProGlyProAngroAsnG1nAlaLysLeu 330

1126 CTGGCTAAGAAGCGGGTGGTGCGAATGCTGCTAGTGATTG‘X‘TTTGCT'I‘TTCTTCCTGTGTTGGCTGCCAGTGTAC 1200
331 LeuAlalysLysArgvalVaiArgMetLeuleuvalllevalleuLeuPhePheLeuCysTrpLeuProvalTyr 355

1201 AGCGTCAACACGTGGCGCGCCTTCGATGGCCCAGGCGCACAACGAGCACTCTCAGGGGCCCCTATCTCTTTCATC 1275
356 ServalAsnThrTrpArgAlaPheAspGlyProGlyAlaGlnArgAlaLeuSerGlyAlaProIleSerPhelle 380

1276 CACTTGCTGAGCTACGTCTCTGCTTGTGTCAACCCCCTGGTCTACTGTTTCATGCALCGCCGCT‘TCCuCCAGGCC 1350
381 HisLeuLeuSerTyrValSerAlaCysValAsnProLeuValTyrCysPheMetHisArgArgPheArgGlnAla 406

1351 TGCCTGGACACATGTGCCCGCTGTTGCCCACGCCCTCCACGAGCTCGCCCACAGCCTCTTCCAGATGAGGATCCT 1426
406 CysLeuAspThxCysAlaArgCysCysProArgProProAnglaArgProGlnProLeuProAspGluAspPro 430

1426 CCTACCCCCTCCATCGCTTCGCTGTCCAGGCTAAGCTATACCACCATCAGCACACTGGGGCCTGGCTGAGGGGTT 1500
a3 ProThrProSerIleAlaSerLeuSerArgLeuSerTerhrThrIleSerThrLeuGIyProGlyEnd 452

1501 GGGAGATTGGAGAAAGAGACAAGATACATAATTACTATCAAATGACCCATCCAAACACATAAGAAACAAAATTCA 1575
1576 GAATTAATCAGGTGAACACCCAACACCATGGACAGACCCCTACACACAGAAAATAGTATCTTTGCTGCCCTACCT 1650
1651 GAAACAGATAGGAGTCTCATAGGAAAGGAGGCTCACTTCTGATAAGGGGCTGAGTCCCTTCCTAGACATCTTGCA 1725
1726 CTGACCCCATTACATGGACAGACACAAGGTCCGTAGCAGTAAACTTTACCTATAAAGGGGAACTCTGACAAGGGC 1800
1801 TGATTGGCTCCTCATATGAACATATTACTGACACTATTCTGTAGTGCCCATAGCCTAGTGCAGAAGTGACTTAGG 1875
1876 ACATTGTGGCTGTTCCCGTTTGACTTCATTATTGCCTTCCTCATCCAGCACTGAAATTATCAACCACACGCCTTT 1950
1951 CACCTTTCGGAGCTGCCGATCGTTCAGCACTGAAAAGTCCCCCCCCCCCACTCCTTTCCATTGGAGACTGTGGAA 2025
2026 AGTCCTCTTCCCTCCTGCCTCTCCTCCCTCACCAGACCACATCATAAAAGGATAAGTGACTTAGTGTCCTCCTGG 2100
2101 ACTTCTTGAGGTAGGTGAACAGGTGTGGTTTATGGGAAGCTTCTTCATTTATTGGCTCCCATGACTAATCTACCC 2175
2176 CATATCCAACCTTGTGCAAAAAGGCCAGGGTATGAAGATAGGGATGAGCGTACCCTCTCTTGGTTGTC 2243

Fi1G. 1. Nucleotide and deduced amino acid sequences of the rat
brain CCKp receptor cDNA clone. Solid lines labeled with Roman
numerals I-VII delineate the putative transmembrane domains pre-
dicted by Kyte-Doolittle criteria (29) and homology with CCK 4-
subtype receptor as well as other G-protein-coupled receptor super-
family members. The solid triangles indicate four potential sites for
N-linked glycosylation. Solid bars indicate the three potential sites
for serine phosphorylation, and solid circles indicate cysteine resi-
dues, which are potential sites for either disulfide-bridge formation
(residues 127 and 205) or palmitoylation (residue 413).

agonist or antagonist. Cells were subsequently washed three
times at 4°C with 2 ml of PBS containing bovine serum
albumin at 1 mg/ml by filtration on glass fiber filters (What-
man GF/C) with a suction manifold (Millipore). Filters were
assayed for vy radioactivity (Packard, Auto-Gamma).

RESULTS AND DISCUSSION

Although pharmacological studies of radiolabeled ligand
binding to rat brain slices indicate several small discreet areas
with receptors for CCK suggestive of a CCK4 subtype (9),
previous Northern blot hybridization studies using a 32P-
labeled, randomly primed full-length coding region probe of
the CCK,4 receptor from rat pancreas did not identify a
poly(A)* RNA from rat brain cortex or subcortex (12). To
determine whether the rat brain contained the same CCKj4
receptor of the same subtype as the gastrointestinal CCK 4
receptor isolated from rat pancreas, we used primers flanking
the coding region of the pancreatic CCK,4 receptor cDNA
(12) and single-stranded cDNA from rat brain subcortex in a
PCR to clone the rat brain CCK4 receptor. This resulted in
a single 1.4-kb product (data not shown) that was directly
cycle-sequenced (Bethesda Research Laboratories) and
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found to have sequence identical to that of the rat pancreatic
CCK,4 receptor cDNA (12). PCR contamination from the
previously cloned rat pancreatic cDNA was unlikely to
account for this result because PCR reactions containing
cDNA from cells not expressing CCK 4 receptors or lacking
DNA target sequence did not result in an amplified product.

To obtain the rat brain CCKp receptor cDNA, we used the
32p_]abeled, randomly primed full-length coding region of the
CCK,4 receptor cDNA isolated from rat pancreas (12) to
screen =7.5 X 10° plaques from two rat brain cDNA libraries
constructed from cortex and subcortex under conditions of
low and high stringency to isolate clones corresponding to
pharmacologically described brain CCKg receptors (5).
When this approach failed to yield any hybridizing plaques,
we screened a cDNA library constructed from AR42-J cells,
a rat pancreatic acinar carcinoma cell line known to express
predominantly (80%) CCKpg-subtype CCK receptors phar-
macologically identical to brain CCKpg receptors (19). Several
candidate clones were isolated only under low-stringency
conditions, two of which were sequenced and found to
contain identical long open reading frames highly homolo-
gous to the CCK 4 receptor cDNA (data not shown).

To determine whether the nucleotide sequence of the
candidate cDNA clones encoding CCKpg receptors in AR42-J
cells was the same as that encoding the CCKp receptors
found in rat brain, we screened another 7.5 x 10° plaques
from the rat brain cortex cDNA library, this time using the
new CCKpg open reading frame sequence as a 32P-labeled,
randomly primed probe. Only high-stringency hybridizing
clones were isolated, one of which was a 2243-base pair (bp)
clone with identical cDNA sequence to those of the two
clones isolated from the AR42-J cell cDNA library (Fig. 1).

A comparison of the nucleotide sequence of the CCKp
receptor cDNA to that of the CCK4 receptor cDNA (Fig. 1)
reveals 54% identity (data not shown), higher than any other
sequence reported to date [GenBank release 71.0; PIR-
Nucleic release 36] to our knowledge. The first in-frame ATG
consistent with a consensus translation initiation site (30)
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initiates a single long open reading frame encoding a unique
452-amino acid protein with a predicted M; of 48,954. Similar
to the CCK, receptor (12), the sequence contains four
potential N-linked glycosylation sites, three in the amino
terminus and one in the third intracellular loop, which would
account for the larger-than-predicted M, of 90,000 from
affinity crosslinking studies (19). There is one potential site
for protein kinase C phosphorylation, on serine-82 in the first
intracellular loop and two potential sites for protein kinase A
phosphorylation, on serine-154 in the second intracellular
loop and serine-442 in the cytoplasmic tail (31).

The predicted amino acid sequence of the CCKp receptor
is 48% identical to the CCK 4 receptor (Fig. 2), which is in the
expected range for receptors within the same family (33, 36),
and the CCK, receptor is the most homologous of all
reported proteins (SwissProt. release 20 and PIR-Protein
release 30). A hydropathy plot of the predicted amino acid
sequence that uses the criteria of Kyte and Doolittle (29) and
similarities to other members of the G-protein-coupled re-
ceptor superfamily identifies seven regions of hydrophobic
residues corresponding to putative transmembrane domains.
Several other areas of CCK 4 and CCKp amino acid sequence
homology are also conserved among other G-protein-coupled
receptors. The five most similar proteins were mouse gastrin-
releasing peptide receptor (32), rat neuromedin B receptor
(33), rat substance K receptor (34), rat substance P receptor
(34), and rat neuromedin K receptor (35), which further
supports the suspected (19, 37) membership in the G-protein-
coupled receptor superfamily (Fig. 2). The homology be-
tween the two CCK receptor amino acid sequences diverge
most notably in the length and composition of their third
intracellular loops. This difference may contribute to a dif-
ference in G-protein coupling specificity, since this region has
been shown to be important in G-protein coupling specificity
of other receptors (38). Cysteines in the first and second
extracellular domains are conserved in both receptors and
may form a disulfide bridge required for stabilization of a
functional tertiary structure as demonstrated for rhodopsin,

|

r d
RCCKBR  ........... MELLKLNRSVQGPGPGSGSSECRPGVSELNSS . . . SAGNESCDPPRY . . . .RGTGTRELEMATRITLYAVIFLMSVGONVLIIVVEGLS 82
ROCKAR  :civivnsmiin soivmn MSHSPARQHLVE SSRMDVVDSLEMYGSNI TPPCELGLENETL FCLDQPQPSKEWQSALQILEYSTIFELSVLGNTLVITVEIRN 84

MGRPR ............... MAPNNCSHLNLDVDPFES . . CNDTFRQSLSPPKMONWFHPGFIY. .. ........... VIPAVYGLIIVIGLIGNITLIKIFCTV 69

RNMBR . .oosissision sisis MPPRSLPNLSLPTEASESELEPEVWENDFLPDSDGTTAELVIRC. .. ...........

VIPSEYLIIISVGLLGNIMLYKIFLTN 71

L S N S— MGTRAIVSDANI L SGLESNATGVTAF SMPGRQLALWATAYLALVEVAVTGRATVINIILAH 61 FiG. 2. Alignment of protein se-
RSPR & wiomusimiississ e MONVLPMDSDLFPNISTNTSESNQFVQPTRQIVLWAAAY TVIVVTSYVGHWVINIILAH 60 quences in single-letter amino acid code
RNMKR  MASVPRGENWTDGTVEVGTHTGNLSSALGVTEWLAL QAGNFSSAL GLPATTQAPSQVRANLTNQFVQPSWRTALWSLAYGLVVAVAVFGNLIVIWIILAH 100

Il ]
1 e

of the rat CCKp receptor (RCCKBR),

RCCKBR  RRURTVINAFLESLAVSDLLEAVACHPETEL PNCMGTEERGTVICKATS YLMGVSVSVSTLNLVATAL ERY SATCRPL QARVHGTRSHAARVILATHELS: 182 rat CCKa receptor (RCCKAR), mouse
RCCKAR  KRMRTVINIFLLSLAVSOLML CLFCMPENLIPNL LKDFLEGSAVCKTTTYFMGTSYSVSTANL VAT SLERYGATCRPLQSRVNGTKSHALKVIAATICES 184 gastrin-releasing peptide receptor
MGRPR  KSMRNVPNLFISSLAL GDLLELVTCAPVDASKYL ADRWLFGRTGEKL IPFIQLTSVGVSVFTL TAL SADRYKATVRPMDIQASHALMKICLKAALTNIVS: 169 (MGRPR), rat substance K receptor
RNMBR  STMRSVPNIFTSNLAAGDL ££1 LTCVPVDASRYFFDENVFGKL GCKL IPATQLTSVGVSVFTLTAL SADRYRATVNPMOMQTSGWLWTSLKAVGIMVVS 171 (RSKR), rat substance P receptor
RSKR  ERMRTVINYFIINLALADLOARAFNATENFTYASHNIWYFGRAFCYFQNLFPITAMFYSTYSMTATAADRYMATVHPFOPRLSAPSTKA. . ITAGIWEVA 159 (RSPR), and rat neuromedin B receptor
RSPR  KRMRTVINYFLVNLAFAEACMAAFNTVVNFTYAVHNVIYYGL FYCKFHNFFPIAALFAST YSMTAVAFDRYMAT THPLOPRLSATATKV. . VIFVINVEA 158 (RNMBR) By using the PILEUP pro-
RNMKR  KRMRTVTNYFLVNLAFSDASVAAFNTLINFIYGEHSEWY FGANYCRFQNFFPITAVFASI YSMTATAVDRYMAIIDPLKPRLSATATKI . . VIGSINIEA 198 ‘ .
IV - N ' gram sequence analysis package of the
RCCKBR  GEEMVPYPWYTMVQE. . . . VGPRVLQCMHRWPSARVAY. TH. . SVELELLLFFIPGYVIAVAYGLTSRELYL . GLHFDGENDSETQSRARNQGGLPGGAA 274 Genetics Computer Group (28), de-
RCCKAR  FTIMTPYPIYSNLVPFTKNNNQTANMCRFLLPSDAMOG. SW. . QTFLLE TEFLLPGTVMVVAYGL TSLELYQ. GTKFRASQKKSAKEKKPSTGS.. . . . . . 274 duced amino acid sequence of the
MGRPR  MLLAIPEAVFSDLHPFHVKDTNQTFISCAPYPHSNELH. PKIHSMASFEVFYVIPLAT ISVYYYFTARNEIQSAYNLPVEGNIHVKK . . . ........ .. 255 CCK3 receptor was aligned for maxi-
RNMBR  VLEAVPEAVFSEVARIGSSD.NSSFTACIPYPQTDELH. PKIHSYEIFEVYFLIPLVIISIYYYHIAKTEIRSAHNLPGEYNEHTKK . . . ... ...t .. 256 mal homology to the deduced protein
RSKR LALASPQCFYSTI..... TVDEGATKCVVARPNDNGGKMLLL YHLVVFVETYFLPLLVMFGAYSVIGLTEWKRAVPRHQAHGA. . .. ............. 237 f th CCK tor and
RSPR  LLLAFPQGYYSTT. . ... ETMPSRVVCMIEWPEHPNRTYEKAYHICVTVEIYFLPLLVIGYAYTVVGITENASEIP. GDSSOR . . .o ''e'neen. .. 235 sequences ot the A Teceptor ai
RNMKR  FLLAFPQCLYSKI. .. .. KVMPGRTLCYVQRPEGPKGHF . . TYHIIVITLVYCFPLLIMGYTYTIVGITEWGGEIP. GOTCEK. ..o eeenn. s 273 the five sequences [mouse gastrin-
AN | F—— releasing peptide (32), rat neuromedin
RCCKBR  PGPVHQNGGCRPVTSVAGEDSDGCCVELPRSR. . LEMTTLTTPTPGPVPG. . . PRPNQAKLLAKKRVVRMELVIVELFFECHEPVY SVNTHRAFDGPGAQ 369 B (33), rat neuromedin K (34), rat sub-
ROOKAR  oisiomosisiismsiiriinis STRYEDSHGCYLQKSRPPRKEEL QQLSSGSGGSRLNRTRSSSSAANL TAKKRVIRML IVIVVLFFLCWMPIF SARAWRAYDTVSAE 360 stance K (35), and rat substance P (36)
MORPR  iiiviosiviams assiosmaiilsois stajsiats smioless sl viste Vniae Soma simmeianilie oae sewise QIESRKRLAKTVLVFVGEFAFCNEPNHVIYLYRSYHYSEVD 296
RBR  iaromus siamns s Resies Seionm sopi suiies sosiee Semeae sss S sewe QMETRRRLAKIVEVFYGCEVFCWEPNHILYLYRSENYKEID 297 receptors] fOlll'ld to be the most.homol-
L P NLRH{QAKKKFVKAMVLVVETFATCWE PYHLYFILGTFQEDIYY 281 ogous upon searching the SwissProt.
RSPR et e ettt e e YHEQUSAKRKYVKSMIVVVCTFAICWLFFHVFFLLPYINPDLYL 279 release 20 and PIR-Protein release 30
PP YHEQEKAKRKVVKMMI IVWVTFAT CHLPYHVYFILTAIYQQLNR 317 protein data banks. Shown here is the
— Vil — result of this alignment, with shaded
RCOUR KHESETPIRRS 11 SHTSSEMeT YE W CRIF PSS . WPGEPOVRGE . VGECEDCRTIRRLLATaTSHTARPe™ ... \.  oreas denoting conserved amino acids.
i YA L .. . . VGEEEDGRTIRALLSRYSYSHMSTSAPPP* . .. ....... : . .
WGRPR  TSMLHFVTATCAHCLAFTNSCYMFRFAL YLL SKSFRXQ, FNTOLLCC . QPGLMNRSHS.. TGRSTTOMTSFKS, TNPSATFSLINRNICHEGWVe ... 384 Lhe number of residues in the variable
RNMBR  PSEGHMIVTLVARVESFSNSCYNPFALYLLSESERKH. FNSQLCEG. . QKSYPERSTSYLESSSAVRMTSLKSNAKNVVTNSVLENGHSTKQEIAL®. .. 390 c terminus not displayed are in paren-
RSKR  HKFIQ.QVYLALFWLAMSSTMYNPTTYCCLNHRFRSGFRLAFRCCPWVTPTEEDRLELTHTPSLSRR. . ... VNRCHTKETLFMTGDMTHSEAT-(21) 399 theses. Solid lines labeled with Roman
RSPR  KKFIQ.QVYLASMWEAMSSTMYNPT IYCCLNDRERL GFKHAFRCCPFISAGDYEGLEMKSTRYLQT . QSSVYKVSRLE TTISTVVGAHEEEPEEG-(35) 407 numerals indicate the seven putative
RNMKR  WKYTQ.QVYLASFWEAMSSTMYNPT TYCCLNKRERAGFKRAFRWCPFIQVSSYDELELKTTRFHPTRQSSL YTVSRMESVIVLFDPNDGDPTKSS-(41) 452 transmembrane domains (see Fig. 1).



Downloaded from https://www.pnas.org by 1.197.243.62 on February 13, 2024 from |P address 1.197.243.62.

8694 Biochemistry: Wank et al.

B-adrenergic, and muscarinic receptors (39-41). A cysteine
in the C-terminal region conserved in many of the G-protein-
coupled receptors may be a membrane-anchoring palmitoy-
lation site as demonstrated for rhodopsin and the pB,-
adrenergic receptors (42, 43). An aspartate commonly found
in the third transmembrane domain of charged amine-binding
receptors is absent, as expected, in these peptide hormone
receptors (38).

Northern blot analysis revealed that the CCK, receptor
cDNA probe hybridized to a single poly(A)* RNA of =2.7 kb
from pancreas and AR42-J cells and 4.4 kb from guinea pig
gallbladder, but not to mRNA from rat brain, striated muscle,
liver, or kidney (Fig. 3 Upper). The absence of hybridization
to rat brain mRNA is not surprising for such a cellularly
diverse tissue with CCK, receptors present only in small
discreet areas and is consistent with the demonstrated need
for the application of PCR cloning when hybridization screen-
ing of a large number of plaques from a rat brain cDNA library
failed to detect any positive clones. The possibility of another
more abundant brain CCK receptor with CCK, subtype
pharmacology is unlikely in the absence of hybridization
under conditions of low stringency (data not shown) but
cannot be ruled out. High-stringency Northern blot hybrid-
ization to poly(A)* RNA from the same tissues with a CCKp
receptor cDNA probe (Fig. 3 Lower) revealed a single
hybridizing transcript of =2.7 kb with the expected intensity
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F1G. 3. Northern blot analysis of RNA from rat and guinea pig
tissues; sizes are shown in kb. Poly(A)* RNA was prepared from rat
and guinea pig tissues and the rat pancreatic acinar carcinoma cell
line AR42-J. Four micrograms of poly(A)* RNA from each source
per lane were probed under conditions of high stringency. (Upper) A
randomly primed 32P-labeled probe of the CCKa receptor coding
region hybridized with an =2.7-kb mRNA from the rat pancreatic
acinar carcinoma cell line AR42-J and rat pancreas and with an
=4.4-kb mRNA from guinea pig gallbladder. No hybridizing mRNA
could be identified from rat cortex or subcortex, muscle, liver, and
kidney, respectively. (Lower) A randomly primed 32P-labeled probe
of the CCKp receptor coding region applied to the blot shown in
Upper hybridized with an =2.7-kb mRNA from AR42-J cells and rat
cortex and subcortex. No hybridizing mRNA could be identified
from rat pancreas, muscle, liver, or kidney or from guinea pig
gallbladder.

Proc. Natl. Acad. Sci. USA 89 (1992)

and distribution in rat brain subcortex, cortex (9), and AR42-J
cells (19) and absence of hybridization to mRNA from rat
pancreas, striated muscle, kidney, or liver or from guinea pig
gallbladder. The size of the hybridizing mRNA is close to the
size of the CCKp receptor cDNA clones isolated from
AR42-J cells.

To confirm that the two receptors cloned from rat brain
correspond to the CCK, and CCKp receptor subtypes,
pharmacologic characterization of the recombinant receptors
expressed on COS-7 cells was performed. COS-7 cells trans-
fected with the full-length cDNA inserts of either the CCK 4
(12) or CCKp (Fig. 1) receptor subcloned in the vector
pCDL-SRa, were incubated with the radiolabeled ligand
125.BH-CCK-8 alone or in the presence of increasing con-
centrations of unlabeled CCK receptor agonists or antago-
nists. In COS-7 cells transfected with the vector containing
the CCK 4 receptor cDNA insert, CCK-8 was >1000 times as
potent as gastrin-17-I in inhibiting binding of 1>’I-BH-CCK-8,
and the CCK, receptor-specific antagonist 1.-364,718 was
nearly equipotent to CCK-8 and 100 times more potent than
the CCKpg receptor-specific antagonist 1.-365,260 (Fig. 4
Upper). In COS-7 cells transfected with the vector containing
the CCKp receptor cDNA insert, CCK-8 was only 3 times as
potent as gastrin-17-1, and the CCKp receptor-specific an-
tagonist L.-365,260 was 30 times more potent than the CCK 4
receptor-specific antagonist L.-364,718 in inhibiting 12°I-BH-
CCK-8 binding (Fig. 4 Lower). These results agree closely
with previous pharmacological binding studies of CCK 4 and
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Fi1Gc. 4. Ability of CCK receptor agonists and antagonists to
inhibit binding of 125I-BH-CCK-8 to COS-7 cells expressing either
CCK 4 or CCKgp receptors. COS-7 cells were transfected with the
expression vector pCDL-SRa (25) containing either the CCKa
(Upper) or the CCKpg (Lower) receptor cDNA sequence (12) (see Fig.
1). 125].BH-CCK-8 (50 pM) was incubated either alone or with
increasing concentrations of agonists (CCK-8 and gastrin-17-I) (Left)
or antagonists (L.-364,718 and L-365,260) (Righr). Data are presented
as the percent saturable binding (total binding in the presence of
radiolabeled hormone alone minus binding in the presence of 1 uM
CCK-8). The results given are means of values from at least two
experiments performed in duplicate.
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CCKg receptors from rat brain and pancreas (44) and support
the classification of these receptors cloned from rat brain and
pancreas as CCK, and CCKp receptor subtypes.

The physiologic actions of gastrointestinal CCK on the
pancreas and gallbladder have been known since 1928 (45).
More recently, the discovery of CCK in the brain in 1976 (2)
and subsequent identification of distinct CCK receptor sub-
types in 1980 (46) has rapidly led to an appreciation of CNS
and peripheral nervous system CCK as a modulator of an
increasing number of diverse neuropsychiatric functions en-
compassing satiety, anxiety, nociception, and neuroleptic-
like activity (11). Whereas highly specific CCK receptor
agonists and antagonists have facilitated many of these recent
advances, cloning of the gastrointestinal and brain CCK 4 and
CCKp receptors should enhance CCK receptor structural
and functional analysis, subtype localization, and possibly
the discovery of new subtypes. This should hasten the
development of new more potent and selective agonists and
antagonists that may be used to better understand and treat
gastrointestinal and neuropsychiatric disorders.
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