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Abstract

The molecular events that mediate cholecystokinin (CCK)-
stimulated pancreatic secretion are not well defined because of
the complex receptor-binding and concentration-response
characteristics of this hormone. Functional models of receptor
occupancy initiating the cascade leading to secretion have been
complicated by the inhibition of secretion effected by supra-
maximal concentrations of CCK. Recent report of a CCKana-
logue that does not exhibit supramaximal inhibition led us to
synthesize a similar analogue that could also be radiolabeled
for studies of receptor binding and affinity labeling, and for
studies of second messenger activity. This probe, D-Tyr-Gly-
[(Nle23)CCK-26-32j-phenethyl ester, was a fully efficacious
secretagogue with no supramaximal inhibition, and, unlike na-
tive hormone, bound to a single class of sites present on both
acini and membranes. Occupation of this site correlated well
with stimulation of secretion. Evidence that this was indeed a
CCK-binding site were the abilities of CCKand the antagonist
L-364, 718 to inhibit binding of this analogue. Affinity labeling
confirmed the identity of the site mediating secretory stimula-
tion as a Mr = 85,000-95,000 protein. Whereas the nonhydro-
lyzable guanosine triphosphate analogue, 5'-guanylyl-imidodi-
phosphate, was a potent inhibitor of CCKbinding, it had no
effect on binding of this secretagogue, suggesting that a novel
cascade not involving a guanine nucleotide-binding protein me-
diates CCKstimulation of pancreatic secretion.

Introduction

Cholecystokinin (CCK) is a gastrointestinal peptide hormone
that is the predominant physiological stimulant of pancreatic
enzyme secretion. However, our understanding of the molecu-
lar events mediating this process is limited because of the
complex receptor-binding and concentration-response charac-
teristics of this hormone and our inability to correlate the
occupancy of a binding site with intracellular events leading to
enzyme secretion.
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CCKhas an unusual concentration-response relationship,
in which increasing concentrations of hormone stimulate pan-
creatic secretion up to a maximum, whereas supramaximal
concentrations inhibit secretion (1). To explain this, a model
has been proposed in which two classes of hormone binding
sites exist, a high-affinity site that stimulates secretion and a
low-affinity site that inhibits secretion (1). Indeed, direct CCK
radioligand binding to pancreatic acini have demonstrated two
classes of binding sites (1); ligands selective for each class,
however, have not been described. In addition, only a single
class of CCK-binding sites has been observed on pancreatic
membranes (2). Whereas this site has been biochemically char-
acterized by affinity labeling (3-5), the relationship between
this site and those present on acini is unclear, and it has been
debated whether this protein represents the receptor that medi-
ates CCK-stimulated enzyme secretion.

Several pancreatic intracellular events involving a guanine
nucleotide-binding protein, phospholipase C, inositol lipids,
intracellular calcium, and protein kinases have been described
to occur in response to CCK(6). It is unclear which of these is
related to occupancy of each binding site, and which truly
mediate enzyme secretion. It is currently generally accepted
that the proximal events in this cascade include association
and activation of a guanine nucleotide-binding protein, acti-
vation of phospholipase C, and stimulation of inositol lipid
metabolism (6).

In this work, we report a unique analogue of CCKthat
facilitates understanding of this process by binding to a single
site, affinity labeling a single binding protein, and exhibiting
simpler biological characteristics in which stimulation of amy-
lase secretion occurs without the supramaximal inhibition of
secretion typical of CCK. In addition, occupation of a binding
site by this analogue can be closely correlated with its stimula-
tion of secretion. Note that stimulation of pancreatic enzyme
secretion by this CCKanalogue occurs without the mediation
of a guanine nucleotide-binding protein, suggesting that CCK
stimulates pancreatic secretion via an additional, novel cas-
cade.

Methods

Peptides. Synthetic native CCK-8 (CCK-26-33) was the kind gift of Dr.
M. A. Ondetti, Squibb Institute for Medical Research (Princeton, NJ).
Wesynthesized analogues of this peptide, D-Tyr-Gly-+Nle28 31)CCK-
26-33] and '25I-D-Tyr-Gly[(Nle28'31,pNo2-Phe33)CCK-26-33], which
we have previously validated as having activities similar to native hor-
mone, but having advantages for binding and affinity labeling studies
(3, 4, 7).
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Design of the new CCKreceptor probe for this work was based on a
report of a related pancreatic secretagogue that was deficient in CCK's
ability to inhibit secretion when present in supramaximal concentra-
tions (8). That peptide had no site for radioiodination, and was not
useful for studies of binding or affinity labeling. Wetherefore synthe-
sized '25I-D-Tyr-Gly-((Nle28'31)CCK-26-32]-phenethyl ester (OPE ana-
logue)' by solid-phase and solution techniques similar to those we have
reported for the above peptides (7). However, synthesis was initiated by
coupling the aspartic acid-phenethyl ester fl-carboxyl group to the resin
using an acid-labile spacer.

Peptides were radioiodinated using N-chloro-benzenesulfonamide
and purified by HPLCto 2,000 Ci/mmol, using the method we have
previously described (3).

Tissue preparations. Enriched pancreatic plasma membranes were
prepared from 125-150-g male Sprague-Dawley rats (3). Dispersed
pancreatic acini were prepared from similar animals by sequential
enzymatic and mechanical dissociation (9). Incubations were per-
formed in Krebs-Ringers-Hepes medium, containing 25 mMHepes,
pH 7.4, 104 mMNaCl, 5 mMKC1, 1.2 mMMgSO4, 2 mMCaCl2, 1
mMKH2PO4, 2.5 mMD-glucose, 0.2% BSA, 0.01% soybean trypsin
inhibitor, 1 mM2-mercaptoethanol, and 1 mMPMSF.

Biological activity and binding studies. For biological activity stud-
ies, pancreatic acini (106 cells) were incubated with agonists for 40 min
at 37°C, and amylase was assayed (2, 10). For binding assays, mem-
branes (15-20 ,g) or acini (106 cells) were incubated with 8-10 pM
radioligand for 60 min, at 25°C for membranes and at 37°C for acini,
conditions demonstrated to be at steady state (3). Bound was separated
from free radioligand by filtration on a cell harvester (Skatron, Inc.,
Sterling, VA). Nonspecific binding, determined in the presence of 1
gM CCK-26-33 or OPE-analogue, was < 15% of total binding. The
data reported represent specific binding.

Affinity labeling. For affinity labeling, binding to membranes (50
,ug) or acini (20 X 106 cells) was performed as above, using 200 pM
radioligand. In photoaffinity labeling using D-Tyr-Gly[(Nle28 31,pNo2-
Phe33)CCK-26-33], binding was performed in the dark, and cross-
linking was induced by photolysis using a 200-W medium pressure
lamp (Hanovia; Ace Glass Co., Vineland, NJ) with a Pyrex filter for 30
minutes at 4°C (4). The other ligands required cross-linking with 50
,uM disuccinimidyl suberate or 5 MMm-maleimidobenzoyl N-hydrox-
ysuccinimide ester for 5 min at 4°C. Labeled membranes were pelleted
by centrifugation, solubilized and separated by SDS-PAGE, and vi-
sualized by autoradiography (3).

In some experiments, the affinity-labeled band was electroeluted
and further characterized by deglycosylation with 3 U endo-fl-N-glu-
cosaminidase F (endo F) in 0.1 Msodium phosphate, pH 6.2, 50 mM
EDTA, 0.1% NP-40, 0.1% SDS, and 1 mM2-mercaptoethanol at 37°C
for 12 h (I1).

Results

Indeed, D-Tyr-Gly-[(Nle28'3 ')CCK-26-32]-phenethyl ester
stimulated amylase secretion with equal efficacy but lower po-
tency (ED50 = 2.5 nM) than native CCK-8 (ED50 = 0.0 14 nM);
and, unlike CCK-8, this analogue did not exhibit supramaxi-
mal inhibition of secretion (Fig. 1). Mixing experiments dem-
onstrated that the OPE-analogue affected both components of
the CCK-8 concentration-response curve. Added to submaxi-
mal concentrations of CCK-8, it increased secretion in a con-
centration-dependent manner to the same maximum as stim-
ulated by CCK-8 alone. Added to supramaximal concentra-

1. Abbreviations used in this paper: Endo F, endo-,B-N-glucosamini-
dase F; Gpp(NH)p, 5'-guanylyl-imidodiphosphate; OPE-analogue,

-Tyr-Gly-[(Nle 2831)CCK-26-32]-phenethyl ester.
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Figure 1. Stimulation of pancreatic amylase secretion by various
concentrations of native CCKand the OPE-analogue alone or in
combination. Dashed lines represent the addition of given concentra-
tion of OPE-analogue to CCK-26-33. Each point represents the
mean±SEMof a minimum of four experiments performed in dupli-
cate.

tions of CCK-8, it resulted in a concentration-dependent
reversal of the CCK-8-induced inhibition of secretion.

The radioiodinated OPE-analogue bound in a saturable
manner to both pancreatic acini and membranes, with char-
acteristics similar in both (Kd = 16 nM) (Fig. 2 A). Computer
analysis of these data using the LIGAND program (12) best fit
a single class of binding sites, and the Hill coefficient was 1.1.
These data are also consistent with the OPE-analogue binding
to two classes of sites with equal affinities. In contrast, 125i-.!
Tyr-Gly-[(Nle2831)-CCK-26-33] (previously shown to possess
binding and biological activity identical to native CCK-8 [13])
had different binding characteristics to pancreatic acini and
membranes, with analysis suggesting the presence of two sites
with differing affinities on acini (Kd. = 0. 144 nM, Kd2 = 17 nM;
Hill coefficient = 0.3) and only one site on plasma membranes
(Kd = 0.8 nM) (Fig. 2 B).

Evidence that the site that binds the OPE-analogue was
indeed a CCK-binding site included the abilities of both this
analogue and CCKto compete for binding of each other (Fig.
2, C and D), and the ability of the specific CCK receptor
antagonist L-364,7 18 (Merck, Sharp and Dohme, West Point,
PA) to compete for binding of both (Fig. 2 E). Interestingly,
L-364,718 competition for binding of 125I-OPE-analogue to
acini demonstrated a single binding site, whereas its competi-
tion for binding of the native CCK-radioligand demonstrated
two classes of binding sites (Fig. 2 E). Furthermore, close cor-
relation existed between occupancy of the OPE-analogue-
binding site and stimulation of pancreatic secretion, with 95%
of sites occupied at maximal secretion (Figs. 1 and 2 A), sug-
gesting that this probe interacts with the receptor relevant in
CCK-stimulated secretion in a manner that obeys the mass
action law.

When acini were incubated with native CCK, a second
class of binding sites was evident (Fig. 2, B, C, and D), and the
OPE-analogue was also able to bind to that site (Fig. 2, C and
D). However, this analogue acted as a competitive antagonist
at that site, reversing the supramaximal inhibition of enzyme
secretion that has been correlated with its occupancy by CCK
(1) (Fig. 1).
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The glycoprotein that bound the OPE-analogue on both
acini and membranes was biochemically characterized by af-
finity labeling to be the same molecule labeled by a series of
CCK receptor probes with sites of covalent attachment that
span the receptor-binding domain (3, 4) (Fig. 3). '25l-D-Tyr-
Gly[(Nle2ti31,-pNo2-Phe33)CCK-26-33], a CCKreceptor probe
possessing a photolabile nitro-phenylalanyl moiety within the
theoretical receptor-binding domain (4), labeled a M,
= 85,000-95,000 protein on pancreatic membranes that was

inhibited in a concentration-dependent manner by the OPE-
analogue. Radiolabeled OPE-analogue, when used with disuc-
cinimimidyl suberate (Fig. 3) or m-maleimidobenzoyl N-hy-
droxysuccinimide ester (data not shown), labeled the same Mr
= 85,000-95,000 protein on pancreatic membranes and acini
as that labeled by the CCKreceptor probe, and this was also
inhibited in a concentration-dependent manner by CCK-8 or

Figure 2. Competition
binding studies with pan-
creatic acini (-) and
membranes (---). The ra-
dioligands used are
coded; ., '25I-OPE-ana-
logue and o, '25I-D-Tyr-
Gly-[(Me28.31)CCK-26-
33]. Results represent
(A-D) specific binding of
each radioligand in the
presence of each peptide
or (E) the antagonist
L-364, 718. Gpp(NH)p
inhibited binding of
125I-D-Tyr-Gly-
[(Nle28'31)CCK-26-33] to
pancreatic membranes in
a concentration-depen-
dent manner, but even at
a concentration as high as
I mMhad no effect on
(F) binding of the OPE-
analogue.

by the unlabeled OPE-analogue. Using disuccinimidyl suber-
ate, an additional band of Mr = 52,000 was saturably labeled;
however, this was not consistently seen and was much less
prominent when using m-maleimidobenzoyl N-hydroxysuc-
cinimide-ester. The major Mr = 85,000-95,000 protein labeled
by 125I-OPE-analogue was deglycosylated with endo F to yield
the same M, = 42,000 core protein as that labeled by a series of
CCK-receptor probes (3) (Fig. 3). Staphylococcus aureus V8
protease peptide mapping of the labeled protein also con-

firmed this identity (data not shown).
The postulated proximal event in CCK-induced secretion

is the association and activation of a guanine nucleotide-bind-
ing protein (14). The role of this protein can be demonstrated
using the nonhydrolyzable guanosine triphosphate analogue,
5'-guanylyl-imidodiphosphate (Gpp(NH)p), to inhibit CCK
binding and to increase dissociation of CCKfrom its receptor

Figure 3. Affinity labeling
Pancreatic Plasma Membranes Acini Membranes of pancreatic plasma mem-

Radioligand CCK intrinsic probe OPE-analogue OPE-analogue OPE-analogue branes and acini by the

OPE-analogue 0 1 2.5 5 10 50 100 CCK-26-33 0 1 2.5 5 10 50100 0 100 Endo F + photolabile CCKreceptor in-
trinsicprobe, (A) '251-D-Tyr-

Zt«|E85-95> - ¢Gly[(Nle2asI, pNO2-Phe33)-
CCK-26-33], and (B-D)

85-95> l Spa. Ad ^ OPE-analogue (with
disuccinimidyl suberate). La-

^0 r | Ad * |111* r 42,x- beled membranes were solu-
bilized and separated by

- *- X ^ *1 SDS-PAGE(10% gels for
A-C, 12.5% gel for D), and
visualized by autoradiogra-
phy. The same Mr = 85,000-
95,000 protein was specifi-

AB CD cally by

gands on both membranes
and acini. It was inhibited by both peptides in a concentration-dependent manner. The I'25-OPE-analogue also labeled a M, = 67,000 protein,
presumably BSA, in a nonsaturable manner, and a minor Mr = 52,000 protein in a saturable manner.
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(15). Whereas native CCKclearly demonstrates this activity,
no such event occurred under conditions in which the OPE-
analogue stimulated enzyme secretion (Fig. 2 F).

Discussion

Wehave designed and synthesized a radioiodinated analogue
of CCKthat is a fully efficacious stimulant of pancreatic se-
cretion, but which, unlike native hormone, does not exhibit
supramaximal inhibition of secretion. The OPE-analogue has
allowed us to observe directly the functional characteristics of
the binding site that mediates CCK-stimulated pancreatic se-
cretion, and to biochemically characterize that site. The dif-
ferences in binding and second messenger activity between this
analogue and native CCKprovide important insights into the
mechanism of action of this hormone.

Unlike CCK, which binds to two classes of sites on acini,
this analogue appears to bind to only one class of sites in the
absence of CCK. Evidence that this site is indeed a CCK-bind-
ing site includes the abilities of both this analogue and CCKto
compete for binding of each other, and the ability of the CCK
receptor antagonist L364,7 18 to compete for binding of both.
Of particular importance is the close correlation between oc-
cupancy of this site by the OPE-analogue and stimulation of
enzyme secretion. This suggests that this probe interacts with
the relevant receptor in CCK-stimulated secretion.

Biochemical characterization of the OPE-analogue-bind-
ing site using affinity-labeling techniques has identified a Mr
= 85,000-95,000 glycoprotein on both pancreatic acini and
membranes. This is the same size as the protein that has been
labeled by a series of CCKreceptor probes with sites of cova-
lent attachment that span the receptor-binding domain (3, 4).
Further confirmation that the OPE-analogue-binding site is
the same as that labeled by the other probes was its deglycosy-
lation to the same-size core protein of Mr = 42,000, and its
similar protease peptide mapping pattern.

These experiments also provide interesting insight into the
second class of CCK-binding sites (low affinity), previously
proposed as mediating inhibition of enzyme secretion (1). Al-
though the OPE-analogue does not express supramaximal in-
hibition of secretion, it is able to bind to this site, where it
behaves as a competitive antagonist, reversing CCK-induced
supramaximal inhibition of enzyme secretion. The different
activities of CCKand the OPE-analogue provide an opportu-
nity to sort out the intracellular events associated with activa-
tion of the high-affinity CCK-binding site which lead to stimu-
lation of secretion, from those associated with activation of the
low-affinity CCK-binding site that lead to inhibition of secre-
tion.

Note that the second class of CCK-binding sites is only
observed on intact cells and not on plasmalemmal membranes
from those cells. Also, intact cells express only a single binding
site when incubated at 40C (16). This may suggest that the
expression of the second class of CCK-binding sites may actu-
ally depend on a temperature-dependent intracellular event.
Perhaps those events that are stimulated by CCK, but not by
the OPE-analogue, may be responsible for expression of the
low-affinity site on the cell surface, or even for induction of a
change in the affinity of the high-affinity binding site. The
latter possibility may explain why only a single molecule has
been affinity labeled by the most ideal CCK-based receptor

probes, which are covalently attached via functional groups
near or within the receptor-binding domain (3, 4).

The postulated proximal event in CCK-induced pancreatic
activity is the association and activation of a guanine nucleo-
tide-binding protein ( 14). The role of this protein can be dem-
onstrated experimentally by incubation with the nonhydrolyz-
able guanosine triphosphate analogue, 5'-guanylyl-imidodi-
phosphate, which inhibits CCK binding and increases
dissociation of CCK from its receptor (15). Whereas native
CCKclearly induces guanine nucleotide-binding protein ac-
tivity, no such event seems to occur under conditions that the
OPE-analogue stimulates maximal enzyme secretion. This
suggests the presence of a novel intracellular pathway not pre-
viously recognized to mediate CCK-stimulated pancreatic en-
zyme secretion. The recent observation that another related
OPE-analogue of CCKdoes not induce phosphatidyl inositol
hydrolysis, a more distal event in this postulated cascade, is
consistent with this (8).

Thus, this unique CCKanalogue provides evidence that
the Mr = 85,000-95,000 pancreatic plasma membrane protein
represents the proximal step in stimulus-secretion coupling.
The previously proposed pathway of guanine nucleotide-bind-
ing protein association and activation leading to activation of
phospholipase C and inositol lipid metabolism is not activated
by this secretagogue, and may mediate CCK-induced supra-
maximal inhibition of secretion rather than CCK-stimulated
pancreatic secretion. The mechanism of this stimulation is yet
to be determined.
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