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ABSTRACT The cholecystokinin (CCK) family of peptides
and their receptors are widely distributed throughout the
gastrointestinal and central nervous systems where they regu-
late secretion, motility, growth, anxiety, and satiety. The CCK
receptors can be subdivided into at least two subtypes, CCKA
and CCKB on the basis of pharmacological studies. We report
here the purification of the CCKA receptor to homogeneity
from rat pancreas by using ion-exchange and multiple affinity
chromatographic separations. This allowed partial peptide
sequencing after chemical/enzymatic ceavage and synthesis of
degenerate oligonucleotide primers. These primers were used
for initial cloning of the cDNA from rat pancreas by PCR. The
predicted protein sequence ofthe cDNA clone contained the five
partial peptide sequences obtained from the purified protein.
Seven putative transmembrane domains suggest its member-
ship in the guanine nucleotide-binding regulatory protein-
coupled receptor superfamily. In vitro transcripts of the cDNA
clone were functionally expressed in Xenopus oocytes and
displayed the expected agonist and antagonist specificity.

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). Their receptors appear throughout the
gastrointestinal and nervous systems and can be pharmaco-
logically classified into two subtypes, CCKA and CCKB (3).
CCKA receptors mediate physiologic gallbladder contrac-
tion, pancreatic growth and enzyme secretion, delayed gas-
tric emptying, relaxation of the sphincter of Oddi, and
potentiation of insulin secretion (3). The CCKA type receptor
also appears in the anterior pituitary, the myenteric plexus,
and areas of the central nervous system (midbrain) where
CCK-containing dopaminergic neurons have been implicated
in the pathogenesis of schizophrenia, Parkinson disease, drug
addiction, and feeding disorders (4). Experimental rat pan-
creatic carcinogenesis is promoted by CCK through the
CCKA type receptor (5). CCK acting at peripheral CCKA
receptors and at central CCKA and CCKB gastrin receptors
plays a significant role in the nervous system control of
appetite (6).

Recently, antagonists highly selective and potent for each
of the CCK receptor subtypes have been developed. The two
most potent and selective antagonists are L-364,718 (7) and
PD134308 (8) for CCKA and CCKB receptors, respectively.

In pancreatic acinar cells, CCKA receptors are coupled to
a guanine nucleotide-binding regulatory protein (G protein),
which activates phospholipase C, breakdown of inositol
phospholipids, mobilization of intracellular calcium, and
activation of protein kinase C (3). Activation of this pathway

in Xenopus oocytes by CCK receptors that have been func-
tionally expressed in the plasma membrane after injection of
either rat brain total RNA (9) or the rat pancreatic acinar
carcinoma cell line, AR42J (10), mRNA (11) results in a
depolarizing current due to Ca2+-dependent chloride chan-
nels opening in the plasma membrane (12). Affinity labeling
studies of CCKA receptors from rat pancreas and partial
purification demonstrate an 85- to 95-kDa, heavily glycosy-
lated, binding subunit with a deglycosylated core protein of
42 kDa (13).

Further knowledge of the molecular structure of the CCK
receptor would enhance the understanding of its subtype
distribution, function, and regulation. Here we report the
purification of the rat pancreatic CCKA receptor to homo-
geneity, cloning of its cDNA11, and functional expression in
Xenopus oocytes.

METHODS
Purification of CCKA Receptors from Rat Pancreas. Rat

pancreatic membranes were prepared from 250 male Sprague-
Dawley rat pancreases and solubilized in 2.5 liters of buffer
[10 mM Hepes (pH 6.5), 1 mM EGTA, 5 mM MgCl2, 1 AM
dithiothreitol (DTT), 1 ,LM leupeptin, 1 ,uM pepstatin, 0.5 mM
phenylmethylsulfonyl fluoride, bacitracin at 140 ,ug/ml, ben-
zamidine at 200 ,ug/ml, and soybean trypsin inhibitor at 0.1
mg/ml at 4°C] with 1% (wt/vol) digitonin using methods
similar to those described by others (14, 15). Soluble extract
was applied to a S-Sepharose (Pharmacia) cationic exchange
column (4 x 15 cm), the column was washed with 600 ml of
buffer containing 100 mM NaCl and 0.2% digitonin, and the
receptor was eluted with buffer containing 300 mM NaCl and
0.2% digitonin. Receptor purification was followed by a
radiolabeled antagonist ([3H]L-364,718) binding assay (7, 15)
until final purification by SDS/PAGE. Eluted fractions con-
taining [3H]L-364,718 binding activity (15) were pooled,
diluted with one-third volume of buffer, and applied to a
wheat germ agglutinin-agarose (Vector Laboratories) affinity
column (1.7-ml packed volume in a Bio-Rad Econo-Column).
The column was washed overnight with 100 column volumes
of buffer containing 150 mM NaCl and 0.1% digitonin and
eluted stepwise with three 1.4-ml volumes ofwash buffer plus
16 mM NN',N"-triacetylchitotriose. The pooled eluates
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were then applied to a Cibacron Blue Sepharose (Pharmacia)
column (0.5-ml packed volume in a Bio-Rad Econo-Column),
the column was washed, and the receptor was eluted with five
0.5-ml volumes of buffer with 1 mM Cibacron F3GA in a
method similar to that described above for wheat germ
affinity chromatography. Purified receptor was then trace
labeled with 125I by the chloramine T method and subjected
to preparative SDS/PAGE (11%) under reducing conditions
(50 mM DTT). The major Coomassie brilliant blue-stained
band corresponding to >90% of the radioactivity was cut,
electroeluted, ethanol precipitated, and submitted for amino
acid analysis and sequencing. Each step of the receptor
purification was assayed for protein either by the method of
Bradford (16) (corrected for the presence of digitonin) or
amino acid compositional analysis (Beckman analyzer).
Automated Protein Sequence Analysis. Ten micrograms of

intact purified rat pancreatic CCKA receptor was subjected to
automated sequence analysis on an Applied Biosystems
model 475A gas-phase sequencer as described (17).
Chemical and Enzymatic Cleavage of the CCK Receptor.

Cyanogen bromide (CNBr) cleavage of the CCK receptor
was performed on the sequencer filter after five cycles of
Edman degradation of the intact receptor using standard
methods. The chemically cleaved receptor was then rese-
quenced.

Endoproteinase Lys-C (Wako Pure Chemical, Osaka) di-
gestion was performed on 10 4g of the purified CCKA
receptor in 150 1.d of 0.1 M Tris HCl (pH 9.0). Enzyme (1:20
relative to receptor weight) was added at 0 and 2 hr, and the
reaction was continued for a total of 16 hr at 370C. The digests
were either directly used for sequence analysis of the peptide
mixture or reduced with 25 mM dithiothreitol for 15 min at
370C and then fractionated by HPLC.
Sequencing of the mixture of peptides was performed on

chemical and enzymatic digests to determine the cycle at
which proline appeared at the amino terminus. Primary
amines of the mixture of peptides were blocked in subsequent
sequencing runs where proline residues appeared by using
o-phthalaldehyde (Pierce) at 0.2% (wt/vol) in n-butyl chlo-
ride containing 0.6% (vol/vol) 2-mercaptoethanol delivered
through the S1 reservoir instead ofR1 (phenylisothiocyanate)
at predetermined cycles.
HPLC Separation ofCCK Receptor Peptides. CCK receptor

digestion products were fractionated on a 2.1-mm x 3-cm C4
reverse-phase column (Aquapore BU-300; Brownlee Lab) as
described (18).

Construction of a Rat Pancreatic cDNA Library and Isola-
tion ofcDNA Clones. mRNA was isolated from male, Sprague-
Dawley rat pancreases as described (19). A library using
oligo(dT)-primed cDNA [>2 kilobases (kb)] was constructed
in AZap II (Stratagene) and in vitro packaged according to
established methods (20). Approximately 7.5 x 105 plaques
were screened with a 32P-labeled, randomly primed probe
using a 527-base-pair (bp) product (nucleotides 481-1007,
Fig. 2) of the mixed oligonucleotide-primed amplification of
cDNA (MOPAC) PCR described below. Samples on dupli-
cate filters were hybridized at 42°C overnight, washed once
at room temperature for 5 min in 2x standard saline citrate
(SSC; 2x SSC = 300 mM NaCl/3 mM sodium citrate) and
0.1% SDS and twice at 45°C for 20 min in 0.1 x SSC and 0.1%
SDS, dried, and autoradiographed for 1-2 days by using
methods previously described (20). Positive clones were
plaque purified, and the phagemid pBluescript containing the
insert was in vivo excised by using the helper phage R408
according to standard protocols (Stratagene).
DNA Sequencing. Sequencing of both DNA strands was

done by the dideoxy chain-termination method of Sanger (21)
with Sequenase version 2 (United States Biochemical).
cDNA Cloning by Using PCR. MOPAC (22) was performed

with two groups of degenerate primers based on the amino

acid sequence from peptides 1 and 3 (see Fig. 2). The sense
group ofprimers, based on peptide 1, was 72-fold degenerate,
included two inosines, and had the following sequence:
5'-ATGCCIATSAAYCTIATHCCNAA-3' (Y = T or C; H =
A, C, or T; N = A, C, G, or T; S = G or C). The antisense
group of primers, based on peptide 3, was 80-fold degenerate
and consisted of two groups of 32- and 48-fold degenerate
primers with the following sequences, respectively: 5'-
CCRTCRCTRTCYTCRTA-3' and 5'-CCRTCDGARTCYT-
CRTA-3' (R = A or G; D = A, G, or T).
The remaining 3' coding and untranslated sequence was

obtained by using the methods of rapid amplification of
cDNA ends (RACE) (23) and anchored PCR. RACE/PCR
was performed by using the gene-specific primer 5'-
GCCAGCCAGAAGAAATCTGCC-3' (nucleotides 928-948,
Fig. 2) for the first round and the nested primer 5'-
AGCCGAGCACTGGCAGCAGCA-3' (nucleotides 959-979,
Fig. 2) for the second round. Anchored PCR utilized the
unamplified cDNA library constructed in AZap II described
above as template DNA, the gene-specific primer containing
an Xba I site and a 9-bp cap on the 5' end (5'-ACTGAC-
TAGTCTAGATCAGCTGCCAACCTGATAGCC-3'; nucle-
otides 1102-1122, Fig. 2), and the anchored primer from the
vector also with an Xba I site and 9-bp cap (5'-ACTGAC-
TAGTCTAGATAATACGACTCACTATA GGGCG-3').
The PCR product was digested with Xba I, subcloned into
pGEM (Promega), and sequenced by using standard methods
(20).
The CCKA receptor open reading frame with 5' and partial

3' flanking sequence (nucleotides 5-1506, Fig. 2) was cloned
by PCR using the following sense and antisense primers each
with an Xba I site and 9-bp cap: 5'-ACTGACTAGTCTA-
GAAATGCTTGCCCAGATGCTCTG-3' (nucleotides 5-25,
Fig. 2) and 5'-ACTGACTAGTCTAGACAGTGGACCAG-
GTGGAGTTCA-3' (complementary to nucleotides 1506-
1486, Fig. 2). Single-stranded cDNA reverse transcribed
from rat pancreatic mRNA (20) served as the DNA template.
The PCR product was digested with Xba I, ligated, and
cloned in the vector pCDNA-1 (Invitrogen). These clones
were used for sequencing and in vitro transcription described
below.
Northern Blot Analysis of mRNAs. Poly(A)+ mRNA was

isolated (19) from tissue or cell culture lines, electrophoret-
ically separated on a 1.4% agarose/formaldehyde gel, blotted
onto Nytran (Schleicher & Schuell), hybridized with a CCKA
receptor cDNA probe labeled with 32P by random priming
(24), washed, and autoradiographed for 4 days as described
(20).

In Vitro Transcription of the CCKA Receptor and Expression
inXenopus Oocytes. DNA was in vitro transcribed by using T7
RNA polymerase and a CCKA receptor PCR product (nu-
cleotides 5-1506, Fig. 2) cloned in pCDNA-1 (5 ug linearized
with Apa I) as a template in the presence of the cap analog
m7G(5')ppp(5')G as recommended by the manufacturer
(Promega). Xenopus oocytes were injected with 50 nl (-25
ng) of transcribed RNA. At 1-2 days, oocytes were voltage
clamped at -70 mV, ligands were applied rapidly and directly
to the constantly perfused bath, and the ligand-dependent Cl-
current was measured as described (25).

RESULTS AND DISCUSSION
Two hundred and fifty rat pancreases were used to purify the
CCKA receptor to homogeneity. A crude membrane prepa-
ration derived from the whole organ was solubilized in 1%
digitonin and sequencially purified over three chromato-
graphic columns: cationic exchange resin, wheat germ ag-
glutinin agarose, and Blue-Sepharose. By starting with 11.7
g of membrane protein, this resulted in an =14,600-fold
increase in specific radiolabeled antagonist ([3H]L-364,718)
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binding activity in 260 ug of purified receptor protein (data
not shown). Radiolabeling ofthe purified receptor with 125I by
the chloramine T method followed by SDS/PAGE under
denaturing conditions resulted in a single, broad band (sug-
gesting heavy glycosylation) with a molecular mass of 85-95
kDa (Fig. 1). These results are consistent with previous
pharmacological (3) and biochemical affinity crosslinking
studies (13) demonstrating that CCK receptors from rat
pancreas are of the CCKA subtype and are highly glycosy-
lated, with a molecular mass of 85-95 kDa. Purification on
preparative SDS/PAGE and electroelution yielded 200 ,g of
homogeneous receptor for amino acid sequencing.

Initial attempts to obtain sequence on 10 ,ug of purified
intact CCKA receptor were unsuccessful and suggested that
the amino terminus of the receptor was blocked to Edman
degradation. CNBr cleavage of the receptor on the sequenc-
ing filter followed by o-phthalaldehyde blocking of the pep-
tide mixture on the first cycle allowed sequencing of only
peptide 1 (Fig. 2). This same technique ofmixture sequencing
and o-phthalaldehyde blocking was also applied to a Lys-C
digest of the intact CCKA receptor where a proline was
observed at cycle 2 of the mixture sequence. This resulted in
the sequence of peptide 3 (Fig. 2). Further sequence analysis
was performed on peptides obtained from Lys-C digestion of
intact CCKA receptor and HPLC separation on a C4 column.
This resulted in peptides 2, 4, and 5 (Fig. 2).

Based on the sequences of peptides 1 and 3 (Fig. 2), we
synthesized two groups of mixed degenerate oligonucleotides
and used MOPAC PCR with single-stranded cDNA reverse
transcribed from rat pancreatic mRNA as template. This re-
sulted in a 527-bp product (corresponding to nucleotides 481-
1007, Fig. 2), which, after 32P random primer labeling, was used
for hybridization screening of an oligo(dT)-primed cDNA li-
brary constructed from rat pancreas in the vector AZap II.
Twenty-six strongly hybridizing clones were identified on initial
screening of ==7.5 x 105 clones. However, after three rounds of
plaque purification, only six clones remained. The six clones
were in vivo excised with R408 helper phage into pBluescript
and sequenced. All six of these clones lacked the 3' end of the
hybridizing sequence. Therefore, only a partial sequence cor-
responding to the 5' untranslated and partial 5' coding region
(nucleotides 1-985, Fig. 2) was obtained.
The remainder of the CCKA receptor sequence was ob-

tained by using various PCR methods to circumvent the
unusually high rate of mutation occurring during plaque
purification. To correct for sequence errors introduced by
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FIG. 1. Autoradiogram of the purified CCKA receptor after
radiolabeling and SDS/PAGE. CCKA receptor purified from rat
pancreas by cation exchange, wheat germ agglutinin, and Blue
Sepharose chromatography was trace labeled with l25l by the chlo-
ramine T method and subjected to SDS/PAGE (11%) under reducing
conditions (50mM D17). Greater than 95% ofthe radioactivity (data
not shown) appears in a single symmetric broad band with a
molecular mass of 85-95 kDa. A faint band at "180 kDa represents
aggregated receptor (data not shown), and the radioactivity at the
bottom of the lane is coincident with the dye front.
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FIG. 2. Nucleotide and deduced amino acid sequences of the rat
pancreatic CCKA receptor cDNA clone. The solid lines labeled with
Roman numerals delineate the putative seven transmembrane do-
mains predicted by Kyte-Doolittle criteria (26) and homology with
other G-protein receptor superfamily members. Amino acid se-
quences enclosed within brackets and labeled with arabic numbers
correspond to the five internal peptide sequences obtained following
CNBr cleavage or Lys-C digestion of the purified CCKA receptor
protein. The triangles indicate four potential sites of N-linked gly-
cosylation.

multiple rounds of PCR amplification, PCR products were
either sequenced directly or, when products were cloned,
more than one clone was sequenced. With knowledge of the
5' end of the CCKA receptor cDNA sequence, gene-specific
primers were synthesized corresponding to nucleotides 928-
948 and 959-979 (Fig. 2) and used in the first and second
rounds, respectively, of the RACE protocol. This resulted in
only an additional 366 bp of sequence (nucleotides 986-1351,
Fig. 2) because the PCR preferentially amplified truncated
products (23). The remaining 3' sequence was then obtained
by the method of "anchored" PCR by using a gene-specific
primer corresponding to nucleotides 1102-1122 (Fig. 2) and
the AZap II vector-specific T7 primer/promoter. An addi-
tional 155 bp of sequence completed the 3' coding and part of
the 3' untranslated sequence to give a total of 1506 bp. The
first in-frame ATG consistent with a consensus translation
initiation site (27) represents the start codon of a single long

ACCTTC(CTTGTTGCCCGAATCCCGGTCCCCCAGGGGTGAGAGGAGAGGTGGGA(.AGGAGG"GATGGGAG(.A(C
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RCCK-R 1 MSHSPARQHLVE ........ SSRMDWDS LMNGI TPPC FG4I E 38
1. :::.: 11 ::I.:. :.:: I: .:. III.

RNMK-R 1 MASVPRGENWTDGTVEVGTHTGNLSSALGVTEN LALQAc ..SSALGJ 48

39 NETL........ FCL K A LLSIIFLL 1TLVITV 80
..I :. : .1 11 I. 11 I:::. :.I :11 :11 :

49 ATTQAPSQVRANLTNQFV IA AYGLVAVA V LIVWI 96
--I I.H I..

81 L RNMRTVT I SLA4D MLC IMP I LKDF A 130

97 ILAYKRMRTVTN VNA ASVAA 4LIFIYGSEwNYt 146

131 TTT FNLVL IC SHALKAT 180

147 FQN >I IYSMT V II SA KI..VGSI 194~~IV . . .*

181 SFTI YPYLPFTKNNNQT FL SWTFLL 229

195 FLLA IKVM ..... PGRTL GPKQHFTYHIIVI 239
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280 DSDGCYLQKSRPPRKLELQQLSSGSGGSRLNRIRSSSSAAMI ltYR 329

276 E.................................. KA NJK 286
. VI - . VII -
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380 C P : KRF . ..................PPGV 412

337 MY PIIY4C LKRF KR RPFIQVSSYDELELKTTRF RQSS 386

413 .RGEVGEEEDTI YSYSHMSTSAPPP*444

387 LYTVSRMESVTVLFDPNDGDPTKS KRIPRD~4ANGCSHRGSKSAST*436

FIG. 3. Alignment of the rat CCKA (RCCK-R) and neuromedin
K (RNMK-R) receptor protein sequences. By using the GAP program
sequence analysis package of the Genetics Computer Group (33), the
CCKA receptor deduced protein sequence was aligned for maximal
homology to the five protein sequences (rat neuromedin K, bovine
substance K, mouse gastrin-releasing peptide, rat substance P, and
rat ,81-adrenergic receptors) (18, 32, 34-36) found to be most homol-
ogous upon searching all available protein data banks. Shown here,
using the one-letter code for amino acids, is the alignment between
the CCKA receptor and the most homologous protein, the rat
neuromedin K receptor. Solid lines denote amino acid identity, and
dotted lines denote conservative substitutions. Amino acid identities
between the CCKA and neuromedin K receptors also found to be
identical in at least one of the other four G-protein-coupled receptor
protein sequences are enclosed in boxes. Solid lines labeled with
Roman numerals indicate the seven putative transmembrane do-
mains (Fig. 2).

open reading frame encoding a unique 444 amino acid protein
with a calculated molecular mass of 49.6 kDa. The five
independent peptide sequences obtained from the CNBr
cleavage and Lys-C digestion of the purified CCKA receptor
protein are present within the predicted protein sequence (Fig.
2) and confirm that the combined DNA sequence derived from
cDNA cloning by library hybridization and PCR codes for the
purified protein having high affinity for the specific antagonist
L-364,718. The sequence allows for four potential N-linked
glycosylation sites, three in the amino terminus and one in the
second extracellular loop (Fig. 2), which is consistent with the
heavily glycosylated 85- to 95-kDa band seen on Coomassie
staining and subsequent four-step reduction to a final molec-
ular mass of -42 kDa following deglycosylation with endogly-
cosidase F (13) (Fig. 2). There are four potential sites for
protein kinase C phosphorylation (28), three on serine in the
large intracellular fifth loop (residues 260, 264, and 275) and
one on threonine in the cytoplasmic tail (residue 424), which
is consistent with previous data indicating predominately

serine, minor threonine, and no tyrosine phosphorylation of
theCCKA receptor in rat pancreas followingCCK and phorbol
12-myristate 13-acetate stimulation and inhibition of phos-
phorylation by staurosporine (29).
A hydropathy plot ofthe predicted amino acid sequence using

the criteria of Kyte and Doolittle (26) and homology to other
G-protein receptor superfamily members identifies seven re-
gions of hydrophobic residues corresponding to putative trans-
membrane domains expected for members of the G-protein-
coupled superfamily of receptors (30). This is consistent with
evidence that G proteins couple CCKA receptors to phospho-
lipase C in exocrine pancreas (31). A comparison of the CCKA
receptor-deduced protein sequence with all protein sequences
in available data banks (Protein Identification Resource, release
no. 29; Swiss-Prot, release no. 19) found that the five most
homologous proteins [rat neuromedin K (32) (Fig. 3), bovine
substance K (34), mouse gastrin-releasing peptide (18), rat
substance P (35) and rat /31-adrenergic receptors (36)] having
27-30% amino acid identity and 50-54% similarity were all
members of the G-protein receptor superfamily.

High-stringency Northern blot analysis of organ- and tis-
sue-specific polyadenylylated RNA using a full-coding-
region probe revealed a 2.7-kb hybridizing transcript in rat
pancreas and a rat pancreatic acinar carcinoma cell line,
AR42J (Fig. 4). No hybridization was observed in the rat
brain, an organ known to possess CCK receptors, presum-
ably because of either low-level expression, a small mount of
expressing cell representation in this organ, a different re-
ceptor subtype that is unable to hybridize under the stringent
conditions employed, or a combination of these factors. As
expected, no signal was observed in liver, muscle, or kidney.
The size of the hybridizing transcript is consistent with the
cloned cDNA size and the 3-kb size estimated from sucrose
gradient fractionation of AR42J mRNA functionally ex-
pressed in Xenopus oocytes (11).
To further demonstrate that the protein sequence encoded

by the cDNA represents a functional CCKA receptor, a
capped in vitro transcript of a cDNA clone containing the
entire coding region and 5' untranslated sequence (nucleo-
tides 5-1506, Fig. 2) was injected into Xenopus oocytes and
assayed for specific, cell surface, functional expression 1 and
2 days later. The oocytes responded to CCK octapeptide
(CCK-8) (Fig. SA) but not to gastrin-releasing peptide (Fig.
5A), substance P (Fig. 5A), or acetylcholine (data not shown).
Repeated challenges with CCK-8 caused only a moderate
desensitization of the response (Fig. 5A) and allowed an
internal positive control for the effect of the specific CCKA
receptor antagonist L-364,718. Application of the specific
CCKA receptor antagonist L-364,718 after an initial response to
CCK-8 inhibited any further response to repeated applications
of CCK-8 (Fig. 5B). Inhibition was specific forCCKA receptors

K;L .

:- 4

FIG. 4. Northern blot analysis of RNA from rat tissues and a rat
cell line. A radiolabeled probe of the CCKA receptor coding region
was hybridized to 4 pg of poly(A)+ mRNA from each tissue per lane
and washed under conditions ofhigh stringency. A 2.7-kb hybridizing
mRNA can be identified in lanes 1 and 2, corresponding to rat
pancreas and the rat pancreatic acinar carcinoma cell line AR42-J.
No hybridizing mRNA could be identified in lanes 3-7, correspond-
ing to rat brain stem, cerebral cortex, muscle, liver, and kidney,
respectively.
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FIG. 5. Expression of the CCKA receptor in Xenopus oocytes.
Ligand-induced chloride currents were measured in the same

oocytes 1 (A) and 2 (B) days after injection of mRNA (25 ng) in vitro
transcribed from CCKA receptor cDNA cloned from rat pancreas.

(A) Response to agonists. Application of 1 ,uM CCK-8 (vertical
arrows) elicited a response that desensitizes with repeated applica-
tions in the same oocyte. Application of 1 ,M gastrin-releasing
peptide (GRP) and 4 ,M substance P (SP; diagonal arrows), inter-
spersed between response-evoking applications of CCK-8, failed to
elicit responses. (B) Inhibition by the specific CCKA receptor an-

tagonist (ant.) L-364,718. Application of 1 AhM CCK-8 (vertical
arrows) to the same oocyte shown in A 2 vays after mRNA injection
elicited a response that was completely inhibited by the coapplication
of 5 ,uM L-364,718 (diagonal arrow). The response to 1 jsM CCK-8
could not be restored following antagonist application despite pro-
longed washes with buffer. Experiments were repeated several times
(n = 12 for A and n = 10 for B) in different oocytes, with similar
results.

(i.e., there was no inhibition of substance P or acetylcholine
response in oocytes injected with their respective receptor
mRNAs; data not shown). Oocytes injected with total rat
pancreatic mRNA showed a typical CCK-8-evoked response.

Coinjection of the same mRNA with an antisense oligonucle-
otide (reverse complement of nucleotides 265-295) completely
abolished the response to CCK-8 (data not shown).
The CCK/gastrin family of peptides interacts with at least

two receptor subtypes widely distributed throughout the
gastrointestinal and nervous systems, with some cells pos-

sessing both subtypes. The present results should allow
better assignment of CCK receptor subtype distribution and
function on the basis of such studies as in situ hybridization,
cloning of CCKB/gastrin and perhaps other subtypes using
low-stringency hybridization methods, production of large
quantities of pure receptor for immunization, and transfec-
tion in mammalian cells to facilitate screening of more potent
and selective agonists and antagonists. This should ultimately
allow better understanding of disease pathophysiology and
targeting of therapy to diseased organs of the gastrointestinal
and nervous systems while sparing uninvolved organs pos-

sessing different CCK/gastrin subtypes.

We gratefully acknowledge Domenico Accili, James F. Battey,
and Jean-Pierre Kinet for valuable advice and discussion.

1. Jorpes, E. & Mutt, V. (1966) Acta Physiol. Scand. 66, 196-200.
2. Vanderhaegen, J. J., Signeau, J. C. & Gepts, W. (1975) Nature

(London) 221, 557-559.
3. Jensen, R. T., Wank, S. A., Rowley, W. H., Sato, S. &

Gardner, J. D. (1989) Trends Pharmacol. Sci. 10, 418-423.
4. Crawley, J. N. (1991) Trends Pharmacol. Sci. 12, 232-236.
5. Douglas, B. R., Wontersen, R. A., Jansen, J. G. M. J., De-

long, A. J. L., Rovati, L. C. & Lamers, C. B. H. W. (1989)
Gastroenterology 96, 462-469.

6. Blundell, J. (1991) Trends Pharmacol. Sci. 12, 149-157.
7. Chang, R. L., Lotti, V. J., Chen, T. B. & Kunkel, K. A. (1986)

Mol. Pharmacol. 30, 212-217.
8. Hughes, J., Boden, P., Costall, B., Domeney, A., Kelly, E.,

Horwell, D. C., Hunter, J. C., Pinnock, R. D. & Woodruff,
G. N. (1990) Proc. Nati. Acad. Sci. USA 87, 6728-6732.

9. Moriarty, T. M., Sealfon, S. C., Corty, D. J., Roberts, J. L.,
Iyengar, R. & Landau, E. M.-(1989) J. Biol. Sci. 264, 13524-
13530.

10. Jessup, N. W. & Hay, R. J. (1980) In Vitro 16, 212.
11. Williams, J. A., McChesney, D. J., Calayag, M. C., Vish-

wanath, R. L. & Logsdon, C. D. (1988) Proc. Natl. Acad. Sci.
USA 85, 4939-4943.

12. Oron, Y., Dascal, N., Nadler, E. & Lupu, M. (1985) Nature
(London) 313, 141-143.

13. Pearson, R. K., Miller, L. J., Hadac, E. M. & Powers, S. P.
(1987) J. Biol. Chem. 262, 13850-13856.

14. Szecowka, J., Goldfine, I. D. & Williams, J. A. (1985) Reg.
Pept. 10, 71-83.

15. Chang, R. L., Lotti, V. J. & Chen, T. B. (1987) Biochem. J. 3,
1709-1714.

16. Bradford, M. (1976) Anal. Biochem. 72, 248-252.
17. Hewick, R. M., Hunkapiller, M. W., Hood, L. E. & Dreyer,

W. J. (1981) J. Biol. Chem. 256, 7990-7997.
18. Battey, J. F., Way, J. M., Corjay, M. H., Shapira, H., Ku-

sano, K., Harkins, R., Wu, J. M., Slattery, T., Mann, E. &
Feldman, R. I. (1991) Proc. Natl. Acad. Sci. USA 88, 395-399.

19. Han, J. H., Stratowa, C. & Rutter, W. J. (1987) Biochemistry
26, 1617-1625.

20. Davis, L., Dibner, M. & Battey, J. F. (1986) Basic Methods in
Molecular Biology (Elsevier, New York).

21. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5463-5467.

22. Lee, C. C., Wu, X., Gibbs, R. A., Cook, R. G., Muzny, D. M.
& Caskey, C. T. (1988) Science 239, 1288-1291.

23. Frohman, M. A., Dush, M. K. & Mortin, G. R. (1988) Proc.
Natl. Acad. Sci. USA 85, 8998-9002.

24. Volgelstein, R. & Feinberg, A. P. (1983) Anal. Biochem. 132,
6-13.

25. Shapira, H., Wada, E., Battey, J. F., Jensen, R. T., Coy, D. H.
& Kusano, K. (1991) Biochem. Biophys. Res. Commun. 176,
79-86.

26. Kyte, J. & Doolittle, R. R. (1982) J. Mol. Biol. 157, 105-132.
27. Kozak, M. (1991) J. Biol. Chem. 266, 19867-19870.
28. Graff, J. M., Stumpo, D. J. & Blackshear, P. J. (1989) J. Biol.

Chem. 264, 11912-11919.
29. Klueppelberg, U. G., Gates, L. K., Gorelich, F. S. & Miller,

L. J. (1991) J. Biol. Chem. 266, 2403-2408.
30. Dohlman, H. G., Caron, M. G. & Lefkowitz, R. J. (1987)

Biochemistry 26, 2657-2663.
31. Merrit, J. E., Taylor, C. W., Rubin, R. P. & Putney, J. W.

(1986) Biochem. J. 236, 337-343.
32. Shigemoto, R., Yokota, Y., Tsuchida, K. & Nakanishi, S.

(1989) J. Biol. Chem. 265, 623-628.
33. Devereux, J., Haebeli, P. & Smithies, 0. (1984) Nucleic Acids

Res. 12, 387-395.
34. Masu, Y., Nakayama, K., Tamaki, H., Harada, Y., Kuno, M.

& Nakanishi, S. (1987) Nature (London) 329, 836-838.
35. Yokota, Y., Sasai, Y., Tanaka, K., Fujiwara, T., Tsuchida, K.,

Shigemoto, R., Kakizuka, A., Ohkubo, H. & Nakanishi, S.
(1989) J. Biol. Chem. 264, 17649-17652.

36. Shimomura, H. & Terada, A. (1990) Nucleic Acids Res. 18, 4591.

Biochemistry: Wank et al.

-of-


