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Phosphorylation of G protein-coupled receptors is an
established mechanism for desensitization in response
to agonist stimulation. We previously reported phospho-
rylation of the pancreatic acinar cell cholecystokinin
(CCK) receptor and the establishment of two-dimen-
sional phosphopeptide mapping of its sites of phospho-
rylation (Ozcelebi, F., and Miller, L. J. (1995) J. Biol.
Chem. 270, 3435-3441). Here, we use similar techniques
to map sites of phosphorylation of the same receptor
expressed on a stable receptor-bearing Chinese hamster
ovary (CHO)-CCKR cell line. Like the native cell, the
CHO-CCKR cell receptor was phosphorylated in re-
sponse to agonist stimulation in a concentration-de-
pendent manner; however, the time course was quite
different. CHO-CCKR cell receptor phosphorylation in-
creased progressively to a plateau after 15 min, while in
the acinar cell it peaks within 2 min and returns to
baseline over this interval. There were distinct qualita-
tive and quantitative differences in the sites of phospho-
rylation of the two receptor systems. One site previously
attributed to action of a staurosporine-insensitive ki-
nase in the acinar cell was absent in the CHO-CCKR cell.
Site-directed mutagenesis was utilized to eliminate pre-
dicted sites of protein kinase C action, but only two of
four such sites affected the phosphopeptide map of this
receptor. Chemical and radiochemical sequencing were
performed on these and other phosphopeptides which
were present in both the CHO-CCKR cells and agonist-
stimulated pancreatic acinar cells to provide direct ev-
idence for the phosphorylation sites actually utilized.
Thus, these data support the usefulness and limitations
of a model cell system in studying receptor phosphoryl-
ation and desensitization.

Receptor phosphorylation in response to agonist stimulation
is a well established mechanism for desensitization, an impor-
tant and ubiquitous process to protect the cell from overstimu-
lation. This covalent modification of the receptor has been
implicated in uncoupling the receptor-G protein interaction,
mediating binding of arrestin-like proteins, and even signaling
receptor sequestration, internalization, and resensitization (2, 3).
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The molecular details of these events, however, are often
implied based on indirect data, due to difficulties in the direct
identification of phosphorylation sites in sparse membrane pro-
teins. This is often based on the presence of consensus sites in
primary sequence analysis, and on the change in receptor be-
havior observed after truncations, deletions, or substitutions,
often of multiple residues. Nonspecific and indirect effects can
clearly result from such approaches.

We recently reported the ability to generate a detailed two-
dimensional phosphopeptide map for radiochemically pure cho-
lecystokinin (CCK)! receptor present as an extremely sparse
plasmalemmal protein in the pancreatic acinar cell (1). Be-
cause of its sparsity and physicochemical properties, this re-
ceptor has been extremely difficult to purify to scale suitable for
direct sequencing. The only successful report of such an effort
utilized pancreata from 250 rats as source of this receptor (4).

With the cloning of the cDNA encoding this receptor (4), it
has been possible to establish tissue culture cell lines express-
ing large numbers of receptors. We have established a CHO cell
line which expresses approximately 25 times the normal recep-
tor density (CHO-CCKR line expressing 125,000 receptors per
cell) (5). This type of cell line has been extensively utilized to
determine the impact of mutagenesis on the function and reg-
ulation of other receptors. It is unclear, however, how closely
such a cell line parallels the native cell in these activities.

In this work, we have demonstrated that the CCK receptor
expressed on the CHO-CCKR cell line is phosphorylated in
response to CCK stimulation. Like the native cell receptor, the
predominant domain for phosphorylation was the third intra-
cellular loop; however, the time course of phosphorylation and
dephosphorylation of the recombinant receptor was quite dis-
tinct, suggesting differences in the equilibrium between rele-
vant kinases and protein phosphatases. Application of two-
dimensional phosphopeptide mapping demonstrated both
qualitative and quantitative differences in sites of phosphoryl-
ation in these two receptor-bearing cells. After mutagenesis of
consensus sites was insufficient to fully explain the identity of
the sites of phosphorylation, we increased the scale of the
phosphopeptide mapping and obtained direct sequence evi-
dence for several sites of receptor phosphorylation utilized by
both of these cells.

MATERIALS AND METHODS

Reagents—Synthetic CCK-8 was purchased from Peninsula Labora-
tories (Belmont, CA). The CCK analogue-agarose affinity resin was
synthesized as described (6). Subtilisin was purchased from Boehringer
Mannheim (Indianapolis, IN). Other reagents were analytical grade.

! The abbreviations used are: CCK, cholecystokinin; CHO, Chinese
hamster ovary; HPLC, high performance liquid chromatography; TPA,
12-O-tetradecanoylphorbol-13-acetate.
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CCK Receptor Constructs and Expression Systems—The rat CCK-A
receptor-bearing CHO-CCKR cell line was established as we described
(5). This has been previously characterized to demonstrate that it
expresses approximately 125,000 receptors per cell and that agonist
occupation results in a full biological response (5). This line was main-
tained in suspension culture in spinner flasks in Ham’s F-12 medium
containing 5% Fetal Clone 2 supplement (Hyclone Laboratories, Logan,
UT) in a 37 °C humidified incubator containing 5% CO.,.

The rat type A CCK receptor cDNA we previously cloned (5) was
subcloned into the pPBK-CMYV expression vector (Stratagene, La Jolla,
CA), and was mutagenized by the method of Sayers et al. (7). Correct
sequences of all constructs were confirmed by DNA sequencing using
the dideoxynucleotide chain termination method (8). COS-7 and
CHO-K1 cells were acquired from ATCC (Rockville, MD), and were
cultured in Dulbecco’s modified Eagle’s medium with 5% Fetal Clone 2
supplement (Hyclone Laboratories). They were transfected with 2—4 ug
of DNA using DEAE-dextran or Lipofectin (9). Transient transfectants
were harvested for study 48 to 72 h after transfection. Stable receptor-
bearing cell lines were established as we described (5).

CCK Receptor Phosphorylation—CHO-CCKR cells were harvested
from spinner flasks and washed with phosphate-free Krebs-Ringer-
Hepes medium containing 25 mMm Hepes, pH 7.4, 104 mM sodium chlo-
ride, 5 mM potassium chloride, 1.2 mM magnesium sulfate, 2 mm cal-
cium chloride, 2.5 mM D-glucose, essential amino acids, non-essential
amino acids, and glutamine. The cellular ATP pool was radiolabeled by
adding 10 mCi of H,32PO, to cells suspended in 20 ml of phosphate-free
Krebs-Ringer-Hepes medium, and incubating them for 30 min at 37 °C
in a well oxygenated atmosphere. Aliquots of cells were then incubated
with agonists using conditions previously established to provide opti-
mal receptor phosphorylation. As we have described previously (10),
incubations were terminated by the addition of inhibitor buffer contain-
ing 25 mM Hepes, pH 7.4, 104 mM sodium chloride, 10 mM sodium
fluoride, 2 mMm EDTA, 2 mM EGTA, 20 mM sodium pyrophosphate, 0.1
uM sodium orthovanadate, 0.1 uM phenylmethylsulfonyl fluoride, and 1
png/ml leupeptin. The CCK phosphoreceptor was then purified by a
modification of the procedure previously described (1). Cells were dis-
rupted by sonication, the plasma membrane-enriched fraction was pre-
pared (5), and receptor was solubilized using 1% digitonin. The super-
natant from this procedure was then applied to a CCK analogue (CCK-
OPE) affinity column (6), and the eluate was separated on a 10%
SDS-polyacrylamide slab gel by electrophoresis using the conditions
described by Laemmli (11). The protein of interest was identified by
autoradiography of the polyacrylamide gel, and it was eluted by homog-
enization of the relevant slice with a Dounce homogenizer as we have
described (1). We have previously demonstrated the radiochemical pu-
rity of the phosphoreceptor at this stage of purification (10).

In experiments requiring chemical rather than radiochemical purity
of the CCK phosphoreceptor, the eluted samples were then desalted and
buffer was exchanged over a 0.6 X 8-cm size exclusion column (Seph-
adex G-50) run with buffer containing 50 mM ammonium bicarbonate
and 0.01% digitonin. The relevant fractions were then loaded onto a
wheat germ agglutinin-agarose affinity column, washed with 0.5 M
sodium chloride, and eluted by electrophoresis in SDS-containing
buffer. This procedure was then followed by another desalting step and
the relevant fractions were dried under vacuum. They were then ready
for further purification by HPLC or mapping procedures described
below.

One-dimensional Phosphopeptide Mapping—Radiochemically pure
CCK phosphoreceptor was cleaved by treatment with cyanogen bromide
as described (1). Products were then separated on an 8 M urea-SDS gel
by electrophoresis (12) to provide information regarding the general
domain(s) of receptor phosphorylation.

Two-dimensional Phosphopeptide Mapping—For fine mapping of re-
ceptor phosphorylation sites, we used subtilisin cleavage and the two-
dimensional phosphopeptide mapping system previously described (1).
In these experiments, the purified receptor was treated with 20 ul of 1%
subtilisin in 50 mM ammonium bicarbonate and 0.5 mm dithiothreitol
for 18 h at 37 °C, followed by another addition of 10 ul of subtilisin after
2 h of incubation. The two-dimensional maps were prepared on micro-
crystalline cellulose thin layer plates 20 X 20 cm and 200 pwm thick.
Plates were dried and applied to x-ray film or a PhosphorImager plate
to generate the map profiles. Each construct was studied a minimum of
four times in independent experiments. Only those changes which were
consistent in all of these replicates were noted.

Phosphoamino Acid Analysis—Individual phosphopeptides on the
two-dimensional map which were identified by autoradiography were
isolated by scraping and eluted by sonication in 0.1% trifluoroacetic acid
followed by centrifugation. Phosphoamino acid analyses were per-
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formed by thin layer chromatography by the method of Nairn and
Greengard (13).

Phosphopeptide Purification and Sequencing—Individual phos-
phopeptides on the two-dimensional map were also further purified by
reversed phase HPLC in preparation for sequencing. This involved
pooling material from several maps, drying it under vacuum, and in-
jecting it onto an octadecylsilane column 4.6 X 250 mm, 5 um, 300 A
(Vydac 218TP54) with the solvent system consisting of 0.1% trifluoro-
acetic acid as buffer A and 100% acetonitrile in 0.1% trifluoroacetic acid
as buffer B. A gradient was utilized which increased the composition of
buffer B at 1% per min, from 0 to 40%. The radioactive peaks were
identified by y counting, and were then applied to Sequalon-AA discs
(Millipore, Bedford, MA) in preparation for Edman degradation se-
quencing in an Applied Biosystems System 476 Protein Sequencer
(Foster City, CA).

When chemical purity had not been attained, the eluates from the
thin layer plates were further purified on a 40% alkaline polyacryl-
amide gel using the technique of West et al. (14). Bands identified by
autoradiography were then eluted and again separated by reversed
phase HPLC prior to Edman degradation sequencing.

Two types of Edman degradation sequencing were utilized. These
included automated pulsed liquid sequencing in the Applied Biosystems
Instrument and manual Edman degradation radiochemical sequencing.
In peptides having more than one potential site of phosphorylation, the
phosphoserines were identified indirectly by modification with an al-
kanethiol prior to automated Edman sequencing using a method based
on the procedure of Meyer et al. (15, 16). The manual sequencing was
performed after binding the purified peptides to 20 mg of N-(2-ami-
noethyl)-3-aminopropyl glass beads in buffer containing 10 mg/ml 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide for 2 h at room tempera-
ture. This was alkalinized with triethylamine and dried under vacuum,
with the whole cycle repeated three times. Thirty ul of triethylamine:
methanol:phenylisothiocyanate (1:7:1) was added and incubated at
50 °C for 5 min. The sample was then dried under vacuum and washed
three times with methanol. Twenty ul of trifluoroacetic acid was then
added for 5 min at room temperature, before the next cycle was begun.
In each cycle, the methanol extract was counted in a y spectrometer.

RESULTS

Phosphorylation of the CCK Receptor in CHO-CCKR Cells—
Demonstration of phosphorylation of a receptor in an intact cell
requires methodology to rapidly and efficiently purify the phos-
phoreceptor from the vast majority of phosphoproteins present
in the cell. The methodology we previously established and
validated for the pancreatic acinar cell (10) was directly appli-
cable to the CCK receptor-bearing CHO-CCKR cell as well. The
key step for this was the specific adsorption of the receptor to
an affinity resin incorporating a CCK analogue which effi-
ciently binds to both high and low affinity states of the CCK
receptor (CCK-OPE) (6, 17).

Like our previous observations in pancreatic acinar cells
(10), agonist stimulation of the CHO-CCKR cells resulted in
increased phosphorylation of the CCK receptor (Fig. 1). This
occurred in a concentration-dependent manner for both CCK
and the phorbol ester, TPA. When stimulated similarly and
treated in the same way, no phosphorylation was observed in
this region of an SDS-polyacrylamide gel used to separate
products of phosphorylation of the parent cell line, CHO-K1
cells (data not shown).

However, unlike the acinar cell experience in which treat-
ment with the protein kinase C inhibitor, staurosporine, inhib-
ited only approximately 50% of receptor phosphorylation stim-
ulated by CCK (18), in the CHO-CCKR cells this treatment
reduced receptor phosphorylation by 75 * 7% (Fig. 2). Of fur-
ther interest, the time course of CCK receptor phosphorylation
in response to CCK stimulation was quite different in the
CHO-CCKR cell than in the acinar cell. The phosphorylation of
the recombinant receptor occurred rapidly upon agonist stim-
ulation, reaching its maximal level in 15 min and maintaining
that level through the 30-min time point, while in the acinar
cell receptor phosphorylation peaked within 2 min and re-
turned to its basal state over the same interval (18) (Fig. 3).
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Fic. 1. CCK and TPA stimulated phosphorylation of the CHO-
CCKR cell CCK receptor in a concentration-dependent manner.
Shown are typical autoradiographs of the M, = 85,000-95,000 region of
a SDS-polyacrylamide gel used to purify the CCK receptor from cells
stimulated with the noted secretagogues, as well as means = S.E. for
three independent experiments. Basal receptor phosphorylation is con-
sidered to represent 0% and the maximal response to CCK is considered
to represent 100%.

Basal CCK-8 TPA
Stauro - + - +
CCKR e
5
=% 100 -
29 s
2<% 75
]
o=
R
a s 50
=0
er T
gé 25 -
Q
5
X
gz ° 1]
o
25 T T T T
CCK CCK TPA TPA
+ +
Stauro Stauro

Fic. 2. Staurosporine (10 pum) partially inhibited CCK-stimu-
lated CCK receptor phosphorylation, and completely inhibited
that stimulated by TPA. Shown is a representative autoradiograph of
the M, = 85,000-95,000 region of a SDS-polyacrylamide gel used to
purify the CCK receptor after stimulating the CHO-CCKR cells under
the conditions described, as well as means + S.E. for three independent
experiments.

Phosphopeptide Mapping—To determine the domain of the
CCK receptor which was phosphorylated in the CHO-CCKR
cells, the purified phosphoprotein was cleaved with cyanogen
bromide as we have previously reported (1). Like the acinar cell
receptor, the CHO-CCKR cell receptor was phosphorylated pre-
dominantly on a M, = 9,900 band corresponding to the size of
the third intracellular loop (Fig. 4) (1). Overexposure of the
autoradiograph revealed less than 2% of phosphorylation to be
in the range of M, = 4,200, corresponding to a serine and
threonine-rich domain in the carboxyl-terminal tail of the re-
ceptor. The amino acid sequence of these two domains of the
CCK receptor are shown in Fig. 4, with the consensus sites for
phosphorylation by protein kinase C [(R/K;_5,X, )-S*/T*-(X,_
o,R/K;_5) > S*T*(Xy_o,RIK;_3) > R/K,;_3,X,5 o)-S*/T*] noted
(19). This very broad definition suggests the presence of 9
potential sites of action of protein kinase C within the third
intracellular loop (serines 260, 264, 271, 274, 275, 289, 307, and
314, and threonine 276), and 3 sites within the carboxyl-termi-
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Fic. 3. CCK (1 um) stimulated the rapid and stable phospho-
rylation of the CCK receptor in the CHO-CCKR cells. Shown is a
typical autoradiograph of the M, = 85,000-95,000 region of a SDS-
polyacrylamide gel used to purify the CCK receptor after stimulating
the CHO-CCKR cells for the time noted, as well as means = S.E. for
four independent experiments.

nal tail (serines 430 and 433, and threonine 424) of this recep-
tor. It should be noted that this is a much broader definition
than is used by the most common program to identify such
sites, PROSITE (20). That program predicts the phosphoryla-
tion of only four residues, representing serines 260, 264, and
275 within the third intracellular loop and threonine 424
within the carboxyl-terminal tail. Site mutants in which each
of these residues was changed to an alanine residue were
constructed and analyzed (Fig. 5b, below).

We have previously established methodology to separate
sites of phosphorylation of the acinar cell CCK receptor by
generating a two-dimensional phosphopeptide map after sub-
tilisin cleavage of the radiochemically pure receptor phospho-
protein (1). Fourteen distinct phosphopeptides were reproduc-
ibly observed on such a map of the acinar cell CCK
phosphoreceptor stimulated by CCK treatment (1). Similar
treatment of the CHO-CCKR cells resulted in the phosphoryl-
ation of all but one of these phosphopeptides, identified as
phosphopeptide 12 (Fig. 5a). Consistent with the staurosporine
sensitivity of the receptor phosphorylation observed in Fig. 1,
the site missing from the CHO-CCKR maps (phosphopeptide
12) represented one of the sites previously attributed to a
staurosporine-insensitive kinase, thought to likely represent
the sites of action of a member of the G protein-coupled recep-
tor kinase family (1, 18).

TPA stimulation of the CHO-CCKR cells resulted in a two-
dimensional phosphopeptide map which was qualitatively sim-
ilar to that observed for the CCK receptor on the pancreatic
acinar cell after similar treatment (Fig. 5a). Like the experi-
ence in the acinar cell, phosphopeptides 4 and 12 were not
observed after TPA stimulation, and phosphopeptide 2 was
observed only after CCK stimulation, and not in response to
TPA stimulation. Of note, phosphopeptide 6, which in the aci-
nar cell was phosphorylated much more heavily in response to
TPA than CCK (1), was not observed to be differentially phos-
phorylated in response to these agonists in the CHO-CCKR
cell.

Characterization of Specific Sites of Phosphorylation—Phos-
phoamino acid analysis of each of the CHO-CCKR cell CCK
receptor phosphopeptides observed in the two-dimensional
phosphopeptide map were determined (data not shown). All of
the phosphopeptides incorporated phosphoserine, with two of
the peptides also incorporating stoichiometrically significant
amounts of phosphothreonine (phosphopeptides 7 and 8). For
both of these, quantitation suggested a 1:1 ratio of the two
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Fic. 4. Shown is a diagram of the predicted amino acid sequence and membrane topography of the rat CCK-A receptor, with
predicted sites of cyanogen bromide cleavage noted. The two domains in which data support the possible phosphorylation are accentuated,
with consensus sites for protein kinase C action noted. Shown is a representative autoradiograph of a one-dimensional phosphopeptide map of the
CCK receptor after cyanogen bromide cleavage which has been separated on a SDS-urea acrylamide gel.

phosphoamino acids.

Since one of the strong consensus sites for protein kinase C
action was Thr*?* (T*24.1-R), sited within the minor phos-
phopeptide fragment of M, = 4,200 which was observed after
cyanogen bromide cleavage, the possibility that this repre-
sented phosphopeptide 7 or 8 was explored by site-directed
mutagenesis. Fig. 5b illustrates representative two-dimen-
sional phosphopeptide maps of CCK-stimulated CHO cells ex-
pressing a CCK receptor construct in which Ala replaced
Thr*?, In comparing this with the wild type receptor pattern
seen in Fig. 5a, there were no consistent differences between
the two maps, suggesting that this was not the phosphothreo-
nine observed in phosphopeptides 7 or 8.

The identity of phosphopeptides can also be inferred from
analysis of the receptor sequence, since the two-dimensional
phosphopeptide map provides information regarding the ex-
pected charge of any given spot. Since both phosphopeptides 7
and 8 are on the cathodic side of the site of application, they are
expected to be positively charged at the pH of the buffer (3.5)
used for thin layer electrophoresis. There are only two addi-
tional threonine residues (Thr?’2 and Thr?”®) which are present
in candidate domains of the CCK receptor and are near serine
residues (both phosphoserine and phosphothreonine are pres-
ent in phosphopeptides 7 and 8). Both of these residues could
theoretically be present within basic peptides, although no
cleavage sites can be engineered for Thr?7® to theoretically give
it the expected charge. The expected charge of K-K-P-S271(P)-
T272(P) would be consistent with the position of these phos-
phopeptides on the map. Of interest, Thr?? does not fit any of
the established consensus motifs for the action of protein ki-
nase C. Due to the minor nature of these phosphopeptides on
the map, this has not yet been directly demonstrated. Ser?"®,
which fits the strong consensus motif for protein kinase C

action, was also mutagenized to an Ala residue, but failed to
have any consistent effect on the phosphopeptide map. This
suggests that this residue is not utilized as a site for phospho-
rylation. Another predicted site for protein kinase C action was,
however, utilized by the cell. Phosphopeptide 6 was postulated
to represent K-K-S264(P)-A-K, based on similar calculation ra-
tionale. Indeed, this was directly confirmed by mutagenesis of
Ser?%* to Ala, with elimination of this phosphopeptide after
CCK stimulation (Fig. 5b). Also, stimulating this construct
with the phorbol ester, TPA, failed to demonstrate phosphopep-
tide 6 (data not shown).

Several of the major phosphopeptides present on the two-
dimensional map were purified to chemical homogeneity and
directly sequenced. These are shown in Table I, along with
their calculated charges at pH 3.5 and the charge predicted by
the map position. A representative example of this process is
represented by phosphopeptide 5. This spot was recovered from
7 thin layer plates by scraping, and eluted into 0.1% trifluoro-
acetic acid upon sonication and centrifugation. The superna-
tant was then diluted with aqueous buffer A of the reversed
phase HPLC system, and injected onto the C-18 column. The
elution profile is shown in Fig. 6. The identity of this peak was
confirmed by re-running it on a two-dimensional phosphopep-
tide map to demonstrate its migration at the position of phos-
phopeptide 5. The peptide in the major radioactive peak was
then applied to a Polybrene-coated glass fiber filter which was
exposed to automated Edman degradation sequencing, as well
as manual cycles of Edman degradation with quantitation of
the radioactivity eluted in each cycle (Fig. 6). This confirmed its
sequence as D-A-SQGO(P)-Q-K-K-SQG4(P).

For phosphopeptides which were not adequately purified by
a single HPLC step, an intermediate step of alkaline polyacryl-
amide gel electrophoresis was introduced and they were rerun
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FiG. 5 a, shown are typical autoradiographs of two-dimensional phos-
phopeptide maps of the CCK receptor after subtilisin cleavage, and a
numbered key for these maps. These represent the CCK receptor ex-
pressed on the pancreatic acinar cell (¢) and CHO-CCKR cell (b) stim-
ulated by CCK, and the CHO-CCKR cell stimulated by TPA (c). All of
the previously described phosphopeptides are seen on the CCK-stimu-
lated acinar cell map, while only phosphopeptide 12 is missing from the
analogous CHO-CCKR cell map, and phosphopeptides 4 and 12 are not
seen after stimulating the CHO-CCKR cell with TPA. b, shown are
typical autoradiographs of two-dimensional phosphopeptide maps (af-
ter subtilisin cleavage) of CCK receptor site mutants which were stim-
ulated by CCK. S275A and T424A mutants were not consistently dif-
ferent from control maps (seen in a). The S260A mutant consistently
reduced phosphopeptide 5 by half of the expected intensity (since this
phosphopeptide has two sites of phosphorylation), while the S264A
mutant consistently eliminated phosphopeptide 6.

on HPLC (Fig. 7 shows representative data from phosphopep-
tides 9 and 10).

In addition to radiochemical sequencing, the phosphoserines
in phosphopeptides 9 and 10 were specifically identified by
their conversion to S-propylcysteine with 1-propanethiol using
the method of Madden et al. (16) prior to sequencing. The
S-propylcysteine residue is compatible with the Edman degra-
dation chemistry and gives an easily identifiable phenylthio-
hydantoin peak on the ABI 476 protein sequencer. Phos-
phopeptide 9 was identified as G-G-S**7(P)-R-L and
phosphopeptide 10 was identified as L-S*3°(P)-R-Y using this
approach.

DISCUSSION

Despite the demonstrated importance of phosphorylation of
G protein-coupled receptors as a molecular mechanism for re-
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ceptor regulation, there are few examples of the direct demon-
stration of specific receptor residues which are phosphorylated
in the intact cell (21). This relates in large part to the sparsity
and extreme hydrophobicity of receptor molecules which make
purification difficult. While this problem can be overcome with
cell lines which express larger numbers of receptors than na-
tive receptor-bearing cells, it is critical to understand that a
given site of phosphorylation present in such a cell is also
utilized in the native environment. Potential differences exist
in the cellular complement of protein kinases and phosphata-
ses, as well as in the microenvironment in which the recombi-
nant receptor might reside. The present approach to this prob-
lem was addressed by comparing the two-dimensional
phosphopeptide maps of the same receptor in both its native
cellular environment and in a receptor-expressing cell line.

Indeed, the CCK receptor expressed on the CHO-CCKR cell
line was phosphorylated in response to CCK stimulation in a
concentration-dependent manner, much like the native recep-
tor on the acinar cell. The time course of that phosphorylation
was different, however. Whereas the native receptor was phos-
phorylated rapidly and reversibly, peaking within 2 min and
rapidly returning to its basal state, the recombinant receptor
established and maintained its level of phosphorylation
throughout this time interval. Perhaps the receptor phospha-
tase activity we recently described (22) is not present in the
CHO-CCKR cell line. There could also be differences in the
cellular complement of kinases which act on the receptor.

Consistent with these possibilities, there were both qualita-
tive and quantitative differences in the phosphopeptide maps
of the CCK receptor phosphorylated in the pancreatic acinar
cell and in the CHO-CCKR cell. There are important insights to
be derived both from these differences and from the extensive
similarities proven by the maps. As we have demonstrated, a
cell line expressing large numbers of receptor molecules pro-
vides an ideal substrate to directly sequence the prominent
sites of receptor phosphorylation. When these are sites ob-
served in the native environment as well, we can be certain of
their relevance.

The absence of a site of phosphorylation within the same
receptor molecule expressed on two different cells could be
explained several ways. The intracellular signaling events pre-
viously observed suggests that the conformation of the receptor
in the plasma membrane was appropriate and that at least
some coupling and signaling events were intact. Given the
complexity of intracellular signaling events and cross-talk, it is
possible that a subset of signaling events was not stimulated in
the model cell line. It is also possible that a relevant kinase
might have been absent in the cell line. We believe that this is
the most likely explanation for the absence of phosphorylation
of peptide 12 in the CHO-CCKR cells. This should be an excel-
lent cellular system to introduce candidate kinases in an at-
tempt to phosphorylate the CCK receptor on the appropriate
residue.

The sites of CCK receptor phosphorylation by protein kinase
C provide important insights. Clearly the enzyme was translo-
cated and activated by CCK and TPA, as previously observed
(23, 24). The predicted topology of the receptor based on hydro-
phobicity and on analogy with other “heptahelical receptors”
suggests that there are 12 consensus sites for action by protein
kinase C (4 of these were identified by the (S*/T* X, R/K) motif
recognized by the PROSITE data base (20)) which are in sites
within the third intracellular loop and the carboxyl-terminal
tail of the receptor which would be predicted to be accessible.
Despite which definition of protein kinase C consensus is cho-
sen, there are several of these sites which are not utilized by
these cells, likely reflecting inaccessibility to the activated ki-
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TABLE I
Title

. NH,-
Number Phosphopeptide Sequence P-Ser terminal

Calculated
charge

Predicted

COOH-
K R D charge

terminal

5 DAS>*(P)QKKS**(P)
9 GGS**"(P)RL
LS**(P)RY

+1
+1
+1

-1
-1

—0.47 +2
—0.47 -
—0.47 -

- —0.27
+1 -
+1 -

+0.26
+0.53
+0.53

~+0.25
~+0.5
~+0.5

A B

Phosphopeptide5  DAS?)(P)QKKS?%4(P)

2000

60004 1500

(
PM

1000

2000 500

0 OHT'.HE"T

? ? T
29 30 40 D A S5260Q K K 5264

Minutes

FiG. 6. Purification and radiochemical sequencing of phos-
phopeptide 5. Shown is the HPLC profile of the final step in purifica-
tion, with a repeat two-dimensional phosphopeptide map of the product,
and the radioactive elution profile of the Edman degradation cycles.

CPM

Minutes

FiG. 7. Purification of phosphopeptides 9 and 10. Shown are
HPLC profiles and an autoradiograph of the alkaline polyacrylamide
gel used to separate the products.

nase. Currently, there are no meaningful conformational mod-
els for the loop regions of receptors in this family. Perhaps such
data can be built into a model of these regions in the near future.

The functional impact of phosphorylation of this receptor,
and the significance of each site of phosphorylation is clearly of
interest. In analogous G protein-coupled receptors, phosphoryl-
ation mediates binding of arrestin-like proteins which interfere
with G protein-coupling and thereby block initiation of signal-
ing cascades (25). Indeed, in work in preparation,?2 we have
demonstrated that desensitization of the stimulated inositol

2R. V. Rao, B. F. Roettger, and L. J. Miller, manuscript in
preparation.

trisphosphate response occurs rapidly in both pancreatic acinar
cells and receptor-bearing CHO-CCKR cells, at the time of
initiation of CCK receptor phosphorylation in these cells. Of
note, that report demonstrates that this desensitization per-
sists in both types of cells, even after the acinar cell receptor
becomes dephosphorylated. This likely reflects the migration of
this receptor into the “insulation compartment” we recently
described in the acinar cell (26). This represents a postulated
mechanism for desensitization in which G protein uncoupling
occurs as a result of receptor immobilization in a plasmalem-
mal compartment depleted in G proteins, rather than requiring
receptor phosphorylation to interfere with this step in signal-
ing. It will be quite interesting to determine whether receptor
phosphorylation plays any role in directing the receptor into
this or other cellular compartments of desensitization.
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