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Abstract

Little is known about the function of the central portion of the 2™ intracellular loop (i2

loop) of peptide receptors in activation of downstream pathways and receptor modulatory processes

like receptor internalization or chronic down-regulation (DR). Recent data suggest arole for i2 loop
hydrophobic amino acids in these processes. We used site-directed mutagenesis to address these
issues with the gastrin-releasing peptide receptor (GRP-R). Each i2 loop residue from #142 to #148
was mutated and the receptors were expressed in Balb 3T3 cells. Two mutants showed a minimal
(<2-fold) decrease in affinity. Five mutants showed decreased efficacy for activating phospholipase
C (PLC). Two double mutants (IM****AA and VM*** AA) showed a minimal decreasein
affinity, but had a decreased ability to fully activate PLC. Only the IM double mutation had
decreased maximal internalization, whereas the R**°A single mutant showed an increase,
suggesting atonic inhibitory role for Arg-145 in internalization. Three single and both double
mutants showed decreases in receptor DR. There was aweak correlation between the extent of
GRP-R internalization and the maximal PLC activation, whereas changesin the maxima PLC
activation were significantly (p=0.008) coupled to receptor DR. This study shows that amino acids
of the i2 loop of the GRP-R are important in activation of PLC, internalization and down-
regulation, but not for affinity. Our results support the proposal that internalization and chronic
down-regulation have differing dependence on PLC and are largely independent processes, since

some mutants showed no changes in internalization, but significant alterations in down-regulation.
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Receptors for the mammalian bombesin (Bn)-related peptides GRP and neuromedin B are
responsible for a number of physiological and pathological processes (Tache et al., 1988; Bunnett
1994). Physiological effectsin the CNS include the regulation of circadian rhythm, body
temperature and satiety, and in the Gl system include the release of many gastrointestinal
hormones, trophic effects, and the regulation of gallbladder and smooth muscle contractility (Tache
et al., 1988; Bunnett 1994). Pathological effects include stimulation of the growth of various human
tumors including small cell lung cancer, prostate cancer and breast cancer (Tache et al., 1988;
Bunnett 1994). Cloning and pharmacologic studies have described two mammalian Bn receptors,
the gastrin-releasing receptor (GRP-R) with high affinity for GRP, and the neuromedin B (NMB)
receptor with high affinity for NMB (Kroog et al., 1995a). Both mammalian Bn receptors are
members of the G protein-coupled receptor superfamily and are coupled to phospholipase C (PLC)
with activation resulting in an increase in P, mobilization of intracellular Ca®* and activation of
protein kinase C (Jensen 1994; Kroog et al., 19954). Both receptors on activation by agonists
undergo receptor modulating processes including internalization, down-regulation and
desensitization (Kroog et a., 1999; Benyaet al., 1994b; Kroog et al., 1995a; Benya et al., 1994c).

GRP receptors are widely distributed in the brain, especially in the hypothalamus, the
olfactory tract, dendate gyrus and cortex. Peripherally, GRP receptors are expressed on smooth
muscle cells of the intestine, stomach and bladder and on hormone-secreting cells, as well as
pancreatic acinar cells (Kroog et al., 1995a; Bunnett 1994). Previous structure-function studiesin
the GRP-R reveal arole for the 3 intracellular loop (i3 loop) and the COOH-terminus of the
receptor in coupling to phospholipase C and receptor modulatory processes (Benyaet al., 1993;
Benyaet al., 1995). However, little is known about the role of the receptor domains toward the N-
terminal of the GRPR from thei3 loop. Only one study has analyzed a GRP-R domain N-terminal
to the 3rd intracellular loop and identified the importance of thei2 loop-DRY motif in G-protein
coupling and receptor internalization (Benya et al., 1994a). In studies on muscarinic cholinergic

receptors hydrophobic residues in the central portion of the i2 loop were described to be important
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for G protein-coupling and internalization (Moro et a., 1993; Moro et a., 1994). However, nothing

is known about the function of the central portion of thei2 loop in the GRP-R or most
gastrointestinal peptide hormone/neurotransmitter receptors. An amino acid sequence alignment
shows conservation of the hydrophobic i2 loop residues between the Bn receptor family members
and other G protein-coupled receptors (Fig. 1). Furthermore, a second recent study demonstrates
that i2 loop residues in muscarinic receptors that are located between the DRY motif and the central
hydrophobic residues show further evidence for arole of thei2 loop in G protein activation
(Burstein et al., 1998; Spalding and Burstein, 2001). Therefore, in this study we have investigated,
using mutagenesis, the importance of the central portion of the GRP-R i2 loop for receptor affinity,
activation of PLC, GRP-R internalization and chronic down-regulation.

Our results demonstrate that the central portion of the GRP-R i2 loop is important for
coupling to PLC and the regulation of the two receptor modulatory processes, receptor
internalization and chronic receptor down-regulation, but not for receptor affinity. Using thesei2
loop mutants we found that chronic receptor down-regulation correlates well with the mutant GRP-
R’s ability to activate PLC, whereas internalization does not, supporting the proposal that these two
GRP receptor modulating processes are independent processes and have different cellular

mechanisms.
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Materialsand Methods
Materials

pcDNA3, oligonucleotides, LipofectAMINE™ reagent, and LipofectAMINE™ Plus
reagent were from Invitrogen (Carlsbad, CA). QuikChange™ Site-Directed Mutagenesis Kit was
from Stratgene (La Jolla, CA). Restriction endonucleases (Hindl1l, Xbal, and Smal) were from
New England BioLabs (Beverly, MA). Dulbecco’ s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), penicillin-streptomycin, 100x, trypsin-EDTA, and Dulbecco’ s phosphate-
buffered saline (PBS) were from Biofluids (Rockville, MD). The aminoglycoside G418 sulfate was
from Mediatech, Inc. (Herndon, VA). Balb 3T3 cells were from American Type Culture Collection
(Rockville, MD). Bn and leupeptin were from Bachem Biosciences (King of Prussia, PA). Na|
(2,200 Ci/mmol) was from Amersham Pharmacia Biotech (Piscataway, NJ). 1,3,4,6-Tetrachloro-
3o, 60c-di phenylglucouril (IODO-GEN™) and dithiothreitol were from Pierce Chemical (Rockford,
IL). Bovine serum albumin fraction V was from ICN Pharmaceutical Inc. (Aurora, OH). Bacitracin
and 4-(2-aminoethyl)-benzenesulfonyl-flouride (AEBSF) were from Sigma (St. Louis, MO). Myo-
[2-*H(N)]inositol was from Perkin Elmer Life Sciences (Boston, MA). Dowex AG1-X8 anion
exchange resin (100-200 mesh formate form) was from BioRad (Richmond, CA). Hydro-Fluor
scintillation fluid was from National Diagnostics (Atlanta, GA). KELL for Windows, version 6.0
was from Biosoft (Ferguson, MO), and GraphPad Prism 3 was from GraphPad Software Inc., (San
Diego, CA).

Construction of Mutant Receptors

The pcDNA3-mouse GRPR construct used has been described before (Tokita et al., 2001).
Mouse GRP-R mutants were made by using the QuikChange™ site-directed mutagenesis kit,
following the manufacturer’s instruction except that the annealing temperature was 60°C and the
Dpnl digestion was for 2 hours. For verification of the correct nucleotide sequence the entire
coding region of the GRP-R mutants was sequenced using an automated DNA sequencer (ABI

PRISM ™ 377 DNA sequencer, Applied Biosystems Inc., Foster City, CA).
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Preparation of Stable Cell Lines Expressing Mutant GRP-Rs

For stable transfection Balb 3T3 cells were seeded on a 10 cm dish at adensity of 10°
cellg/dish in DMEM supplemented with 10% (v/v) FBS, 100 U/ml penicillin, and 100 ug/ml
streptomycin one day prior to transfection. Cells were maintained at 37°C with a5% CO,
atmosphere. The following morning cells were transfected with 5 ug of plasmid DNA by
lipofection (Felgner et al., 1987) using 30 pl of lipofectAMINE reagent and 20 ul of
lipofectAMINE Plus reagent in serum-free DMEM for 3 hours at 37°C. Then the medium was
replaced with DMEM supplemented with 10% (v/v) FBS, 100 U/ml penicillin, and 100 ug/ml
streptomycin. The following day cells were trypsinized and split into two 10 cm dishes, one which
was used for a binding assay to check for expression of the GRP-R. The second 10 cm dish was
trypsinized again 2 days later. Cells were plated at arange of different densities on 10 cm dishesin
Selecting Medium (DMEM containing 10% (v/v) FBS, 100 U/ml penicillin, 200 ug/ml
streptomycin, and 800 mg/L G418 sulfate). Selecting Medium was changed every 3 days.
Approximately 10 days later single colonies growing in selecting medium were picked and
transferred to 24 well flasks containing Keeping Medium (DMEM containing 10% (v/v) FBS, 100
U/ml penicillin, 100 ug/ml streptomycin, and 300 mg/L G418 sulfate). Clones were expanded to
75 cm? flasks in Keeping Medium. 5 to 10 clones were studied using™|-[ Tyr*]Bn binding studies.
Clones that expressed the mutant GRP-R at asimilar level as the wild-type GRP-R (reflected by
similar Bmax in the binding data analysis) were selected.

Binding of **°I-[ Tyr*]Bn to GRP-R Transfected Cells

125 Tyr*|Bn (2,200 Ci/mmol) was prepared as described previously using iodogen and
purified using HPLC (Benyaet al., 1994b). Monoiodinated **°I-[Tyr*|Bn has been shown to be
fully biologically active (Singh et al., 1990). Homologous competitive binding studies using the
GRP-R-transfected cells were performed as described previously (Benya et al., 1994b). Briefly,
cells were seeded on 75 cm? flasks and split 1:5 one day prior to the experiment. Mechanically

disaggregated cells were suspended for 1 hour at room temperature in 300 pl binding buffer [24.5
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mM HEPES (pH 7.4), 98 mM NaCl, 6 mM KClI, 2.5 mM NaH,PO,, 5 mM sodium pyruvate, 5 mM

sodium fumarate, 0.5 mM CaCl,, 1 mM MgCl,, 2.2 mM KH2PO4, 5 mM theophylline, 2 mM
glutamine, 11 mM glucose, 1% (v/v) amino acid mixture, 1% (v/v) essentia vitamin mixture, 0.1%
(w/v) bacitracin, and 0.2% (w/v) bovine serum albumin] with 50 pM I Tyr*|Bn (2,200 Ci/mmol)
in the presence of the indicated concentrations of unlabeled Bn. The cell concentration was
adjusted to 0.1-1x10° cells/ml to assure that no more than 15% of the total added radioactive ligand
bound. At the end of the incubation, 100 ul of cell suspension was centrifuged at 10,000 x g for 1
min to separate bound from unbound ligand. The pelleted bound ligand was washed twice with
PBS containing 1% of bovine serum abumin and counted in agamma-counter. Nonspecific
binding was the amount of radioactivity associated with GRP-R transfected cells when the
incubation mixture contained 1 uM Bn. Nonspecific binding was <15% of total binding in all
experiments, and all values reported represent specific binding (i.e., total minus nonspecific
binding). Analysisof binding data was performed using the least-square analysis curve-fitting
program KELL (Munson and Rodbard, 1980), which permitted comparisons in mathematically
derived receptor number (Bmax) and affinity (Kp) of GRP-R wild-type and mutants.

Chronic Down-regulation of GRP-Rs

Chronic receptor down-regulation was defined as a decrease in cell surface binding after
long-term agonist treatment as was assessed as described previously (Benyaet al., 1994b). Briefly,
cells were plated in Keeping Medium at a density of 4x10° cells/185 cm? flask. Twenty-four hours
later medium was replaced with DMEM containing 2% (v/v) FBS, 100 U/ml penicillin, 100 pug/ml
streptomycin, 300 mg/L G418 sulfate with or without 10 nM Bn. After incubation at 37°C for 24
hours, cells were washed and down-regulation was measured by assessing the binding of *2°I-
[Tyr*]Bn to compare the number of GRP-R per cell in Bn-treated and non-treated cells. Binding
dose-inhibition curves of Bn-treated and non-treated cells were analyzed using the curve-fitting

program KELL (Munson and Rodbard, 1980). Down-regulation of mutant GRP-R was compared
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to wild-type GRP-R down-regulation and expressed as the percentage of decreasein
mathematically derived receptor number (Bmax)-

Internalization of GRP-Rs

Internalization was performed as described previously (Koenig et al., 1997; Benyaet a.,
1994b; Benya et al., 1994a) with minor modifications. Cells were transfected three days prior to
the experiment and split in 24 wells two days prior to the experiment. On the day of the experiment
cells were washed with PBS and preincubated for 15 min in binding buffer [24.5 mM HEPES (pH
7.4), 98 mM NaCl, 6 mM KCI, 2.5 mM NaH,PO,, 5 mM sodium pyruvate, 5 mM sodium fumarate,
0.5 mM CaCl,, 1 mM MgCl,, 2.2 mM KH,PO4, 5 mM theophylline, 2 mM glutamine, 11 mM
glucose, 1% (v/v) amino acid mixture, 1% (v/v) essential vitamin mixture, and 0.2% (w/v) bovine
serum albumin] containing bacitracin (0.1%) and Sigma's protease inhibitor cocktail (1/1000).
Cells were incubated with 50 pM **I-[Tyr“|Bn in binding buffer for various times at 37°C. After
incubation, the 24 well plates were put onice. Cells were washed twice with ice-cold PBS
containing 1% BSA. One ml of acid-stripping solution (0.2 M acetic acid, 0.5 M NaCl) was added
for 10 min at 4°C. The supernatant after acid stripping was collected into the first set of counting
tubes. Then PBS without calcium or magnesium was added and the aspirant saved in a second set
of tubesto be counted. Finally, 250 ul of 0.05% trypsin/0.02% EDTA was added per well and after
incubation for 15 min, the cells were added to the second set of tubes and both sets were counted
using a Cobrall Autogamma Counter (Packard, Sterling, VA). All data points were performed in
duplicates. In all cases parallel incubations with unlabeled bombesin to determine nonspecific
binding were performed. Internalization results are expressed as percentage of the total specific
acid-resistant *?°I-[ Tyr¥|Bn binding. Analysis of internalization datawas done using the GraphPad
Prism software and the approach of Koenig and Edwardson (Koenig and Edwardson, 1997).
Equation #2 from their review paper (Koenig and Edwardson, 1997) was used: Rs = 1/(ketk;) [Kr
(ReotRe) + (keRso — KrReo) exp[-(ketk)t] where ke is the constant of endocytosis, K is the constant

of recycling, Rsis the number of receptors on the cell surface, R is the number of receptorsin
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endosomes and t is the time of the incubation. Ry (i.e., the amount of receptors in the endosomes
at time t=0) was set to zero. Thisyielded Rs = Ry { kit+ke exp[-(ketko)t]} /(ketk). Since Re = Ry —
Rs the % internalized receptor = 100 R/Ry = 100 (1 — R/Ry). Thisfinally endsupin the
relationship % internalized receptor = 100 ke [1-exp[-(Ketk.)t]/(ketk:). Nonlinear regression
showed for the wild-type GRP-R a ke of 0.19 £ 0.025/min and a k; of 0.24 £+ 0.040/min, whichisin
the range of other G protein-coupled receptors (Koenig and Edwardson, 1997). The time needed
for 80% of maximal internalization (= tgy), expressed in minutes was then derived from the
relationship tgy = -IN(0.2)/(Ket+k;).

M easurement of [°H]Inositol Phosphates

Changesin [°H]IP were performed as described previously (Benyaet al., 1994b). Briefly,
cells were plated onto 24 well flasks at a density of 10* cells/well in Keeping Medium. 24 hours
|later cells were loaded with 3 pCi/ml myo-[2-*H(N)]inositol in DMEM containing 2% (v/v) FBS,
100 U/ml penicillin, and 100 mg/ml streptomycin for 24 hours. After washing, cells were then
incubated with PBS and 20 mM LiCl for 15 minutes at 37°C. Then cells were incubated with
varying concentrations of Bn in IP buffer [135 mM NaCl, 20 mM HEPES, 2 mM CaCl,, 1.2 mM
MgSO4, 1 mM EGTA, 20 mM LiCl, 11.1 mM D-Glucose, 0.5% bovine serum albumin] at 37°C.
After 60 minutes the reaction was stopped with 1% (v/v) HCl in methanol. Total [*H]IP was
isolated by anion-exchange chromatography as described previously (Benya et al., 1994b). Briefly,
free [*H]inositol was removed by washing with 3 volumes of water. 5 mM disodium tetraborate in
60 mM sodium formate was used to remove [*H]glycerophosphoryl inositol. Total [*H]IP was
eluted with 1 M ammonium formate in 100 mM formic acid. Eluates were assayed for their
radioactivity after the addition of Hydro-Fluor scintillation fluid. All data points were performed in
duplicate.

Preparation of Cell Membranes

For Gpp(NH)p studies cell membranes of Balb 3T3 cells transiently transfected with wild-

type or mutant GRP-R constructs one day prior to membrane preparation were used.
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Disaggregated cells were resuspended in homogenization buffer (50 mM Tris, pH 7.4, 0.2 mg/ml

soybean trypsin inhibitor, 2 mg/ml benzamidine and 1 mg/ml bacitracin). Cells were homogenized
on ice using a Polytron (Beckman Instruments, Palo Alto, CA) at speed 6 for 30 seconds. The
homogenate was centrifuged at 1500 rpm for 10 minutes in a Beckman GS-6KR centrifuge. The
supernatant was recentrifuged in a Sorvall RC-5B Plus (SS-34 rotor) at 15,000 rpm for 20 minutes
and the pellet was resuspended in homogenization buffer at a concentration of 0.5x10° cellsml and
stored at —20°C.

Binding of **°I-[Tyr*]Bn to Balb 3T3 Cell Membranes

To analyze the effect of the non-hydrolyzable guanine analogue Gpp(NH)p on binding of
121 Tyr"|Bn, cell membranes were incubated with 50 pM *°I-[ Tyr*]Bn either alone or with 0.1
mM Gpp(NH)p in binding buffer (50 mM Hepes, 5 mM MgCl x6H,0, 1 mg/ml bacitracin and 1%
BSA) for 60 minutes at room temperature. At the end of the incubation, 100 ul of cell suspension
were added to 3 ml of cold PBS containing 1% BSA and immediately applied to awet Whatman
glass microfiber filter (GF/C) on a 12-well manifold (Millipore, Bedford, MA). The filter was
washed twice with cold PBS containing 1% BSA and counted in a gamma-counter.
Statistics

Comparison of receptor affinity and receptor number between wild-type and mutant
receptors were analyzed with the nonparametric Mann-Whitney U test. Comparisons of potency
and efficacy for [H]IP generation between wild-type and mutant receptors were made using the
Student’s 2-tailed, paired t-test. Regression lines, correlation coefficients and their significance
were calculated using aleast-squares analysis. The time-course of internalization was analyzed
using a curve-fitting program in GraphPadPrism 3 (San Diego, CA). The Kp and B Of all
receptors was calculated using aleast-squares curve-fitting program KELL. P valuessmaller than

0.05 were considered significant.
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Results

The proximal part of the 2™ intracellular loop of all members of the Bn receptors contains a
DRY motif (Fig. 1) which has been extensively studied (Benyaet al., 1994a; Benyaet a., 1995).
Immediately distal to the DRY motif the central part of the 2 intracellular loop (i2 loop) of the
mouse gastrin-releasing peptide receptor (amino acids 142-148 of the GRP-R, Fig. 1) is well
preserved among receptors of the Bn receptor family and a number of other G protein-coupled
receptors (Fig. 1). Thisregion of thei2 loop includes the conserved DRY XXV (1)XXPL motif (Fig.
1) (X isany amino acid and L is leucine or another bulky, hydrophobic amino acid) that has been
shown to be important for coupling and internalization (Moro et a., 1993). To study the relevance
of the amino acid residues of the central 1C2 region of these receptors for receptor affinity,
activation and receptor modulatory processes (internalization and chronic down-regulation) seven
point mutants were made starting at alanine-142 of the GRP-R. Each individual amino acid was
mutated to an alanine, except alanine-142 in the native GRP-R which was mutated to a serine.

Three different wild-type GRP-R clones that bound different amounts of radioligand were
studied in detail. Affinity constants (Kp) for all 3 clones for Bn were closeto 1 nM and results for
the two clones with the lowest and highest receptor number are shown in Fig. 2 and Table 1. The
receptor number (Brax) ranged between 353 and 1760 fmol/10° cells. Wild-type GRP-R clones #10
and #9 expressing 353 and 1760 fmol/10° cells, respectively, were used for further studies (Table
1). Both clones demonstrated similar potencies for Bn (ECs 0.22-0.31 nM, Table 1) and
stimulation by Bn resulted in similar efficacies for [*H]IP generation, with each receptor showing a
9-10 fold increase (Table 2). These results suggest that differences in receptor number in this range
do not result in alterations in either agonist affinity, potency or efficacy for activating
phospholipase C. For each GRP-R mutation three to four stable clones were studied by binding
studies and at |east one stable clone for each was identified that expressed the GRP-R point
mutation near the range of the two wild-type GRP-Rs (Table 1). Five of the seven single GRP-R

mutants had a similar affinity to the wild-type GRP-Rs (i.e. 0.9-1.2 nM), however I'*A and M**'A
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had aslight, approximately 2-fold decrease in affinity for GRP as assessed by binding of **I-

[Tyr|Bn (1.7-1.8 nM, Table 1, Fig. 2).

Each of the single mutant GRP-Rs activated phospholipase C as assessed by their abilities
to generate inositol phosphates (Table 1, Fig. 2). Six of the seven single amino acid GRP-R
mutants had a similar potency to the wild-type GRP-R for stimulating an increase in [°H]IP (ECso
0.24-0.35 nM, Table 1), however the I***A mutant demonstrated an approximate 2-fold decrease in
potency (ECs, 0.7 nM, Table 1). Even though the GRP-R mutants demonstrated similar basal
levels of [®H]IP accumulation, the different single mutants showed a marked variation in efficacy
for stimulating [°H]IP (Table 2). Instead of the 10-fold increase in [*H]IP caused by the wild-type
GRP-Rs, less than a 3-fold increase was seen with the I'*A, V**A, and the M**'A receptor
mutants (Fig. 2, Table 2). Maximal [*H]IP generation with the A***S and the D**®A mutant was
reduced to approximately 50% of that seen with the wild-type GRP-R receptor cells (Table 2).

Because of the effect of alterations of I***A and M**’A on receptor affinity (Table 1) as well
astheir effects on maximal phospholipase C activation as well as that of V**A, we made two
double mutants, IM**3**'AA and VM**¥AA. Each of the double mutants demonstrated only a 2-
fold decrease in receptor affinity (Fig. 2, Table 1). However, the potency of the IM double mutant
for stimulating an increase in [°H]1P was more than 300-times lower than the wild-type GRP-R,
wheresas the potency of the VM double mutant was not altered (Fig. 2, Table 1). The efficacy for
activating phospholipase C was markedly reduced in both GRP-R double mutants. The VM double
mutant stimulated about 20% and the IM double mutant only 10% of the maximal |P increase seen
with the wild-type GRP-R (Table 2).

To determine whether a difference in receptor-G protein-coupling contributed to the
reduced ability of the GRP-R mutants to activate phospholipase C, we studied the effect of the non-
hydrolzyable guanine analogue Gpp(NH)p on binding of **°I-[Tyr*|Bn to cell membranes of Balb
3T3 cellsthat transiently expressed either wild-type or mutant GRP receptors (Fig. 3). Increasing

concentrations of Gpp(NH)p decreased *#I-[Tyr*|Bn binding to cell membranes of GRP-R
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expressing cells dose-dependently with a half-maximal effect at approximately 1 uM Gpp(NH)p
and amaximal inhibition a 0.1 mM Gpp(NH)p (data not shown). Similar decreases of *°|-
[Tyr*]Bn binding to the wild-type GRP-R were seen with membranes obtained from cells
expressing the R145A mutant (Fig. 3). In contrast, the *°1-[Tyr*]Bn binding to membranes
expressing either the I'**A, the M**A or the IM double mutant was not (1***A and IM double
mutant) or significantly less (M**’A) inhibited by 0.1 mM Gpp(NH)p (Fig. 3).

Previous studies report that wild-type GRP-R israpidly internalized (Benya et al., 1994b;
Benyaet a., 1994a). Studiesin other GPCRs show the second intracellular loop amino acids can
play an important role in mediating this process (Moro et al., 1994; Aroraet a., 1995). Therefore,
we investigated the ability of the various GRP-R mutants and the wild-type GRP-Rsto internalize
radiolabeled Bn (Table 2, Fig. 4). Both Balb 3T3 cell clones, stably transfected with wild-type
GRP-R, showed amaximal internalization of 46-47% of the bound radioligand after 60 minutes of
incubation with ligand (Table 2, Fig. 4), with 80% of the maximal internalization seen at 4.6-5.7
minutes (Fig. 4, Table 2). Six of the point mutations did not significantly alter maximal
internalization in the stable GRP-R mutants. However, with the R™°A point mutant, maximal
internalization was significantly increased to 132% of the maximal seen with wild-type GRP-R
internalization (Table 2, Fig. 4). All of the mutants demonstrated similar kinetics of internalization
except for the M**’A mutant, which demonstrated a significant prolongation of the time needed to
reach 80% of maximal (i.e. tgo), indicating a delayed internalization process (Table 2). The two
double mutations demonstrate different effects on GRP-R internaization (Fig. 4, Table 2).
Although the time needed to reach 80% of maximal internalization (i.e., tgo) of the R* A mutant
was not changed, the rate constant of recycling (k) (0.11 £+ 0.01 vs. 0.24 £ 0.04, p <0.01), but not
the rate of constant of endocytosis (ke) (0.16 = 0.01 vs. 0.19 + 0.02, p=0.32), was significantly
reduced by more than one-half relative to the k; of the wild-type GRP-R. This result pointsto an
ateration of the recycling process in this mutant as the actual cause of the overall increased

maximal receptor uptake. 1'** A and M**’ A demonstrated asignificant prolongation of their tg,
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values, indicating a delayed internalization process (Table 2). The two double mutations

demonstrate different effects onGRP-R internalization (Fig. 4, Table 2). Both double mutants
demonstrate a decrease in the maximal internalization compared to the wild-type GRP-R (Table 2,
Fig. 4). Thetimeto reach 80% of maximal internalization was significantly prolonged with both
double mutants compared with the wild-type GRP-R (Table 2). In all of the GRP-R mutants with a
prolonged tgy the ke rate constant was significantly decreased relative to wild-type levels.
Interestingly, in two of the kinetically altered GRP-R mutants (1*** A and M**’ A) thek, rate
constant was also significantly decreased compared to the wild-type GRP-R (0.13 + 0.01 and 0.10
+0.02 vs. 0.23 £ 0.04, p <0.015).

To ascertain that the changes in internalization were not artifacts of the selection process
used to isolate stable clones, we repeated the experiments in Balb 3T3 cells transiently transfected
with the wild-type GRP-R or with the selected mutants which had altered internalization in the
stably transfected cells. Balb 3T3 cellsthat were transiently transfected with the wild-type GRP-R
construct showed a maximal internalization of 31+3.5% of the radioligand at 120 minutes (Fig. 4,
inset). The stimulatory effect on maximal internalization seen with the stable GRP-R mutants (Fig.
4) by the R145A mutation was confirmed in the transient GRP-R transfected cells (39+4% at 120
minutes) (Fig. 4, inset). Theinhibitory effect of the IM double mutant (21+5.4% at 120 minutes)
was also confirmed. No other single or double GRP-R mutant showed a significant effect on
maximal internalization.

Previous studies demonstrate the wild-type GRP-R can undergo chronic down-regulation,
however the molecular mechanism is largely unknown. To determine the possible importance of
the GRP-R i2 loop in activating processes involved in mediating chronic down-regulation we
determined the effect of these GRP-R mutations on chronic GRP-R down-regulation (Fig. 5). To
assess down-regulation, after preincubation with Bn, homologous competitive binding assays were
performed to assess remaining cell surface receptors. Similar to a previous study with the GRP-R

(Benyaet al., 1994b), no significant change in the affinity (Kp) of the receptor for bombesin was

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 11, 2003 as DOI: 10.1124/jpet.103.055087
This article has not been copyedited and formatted. The final version may differ from this version.

16

seen during down-regulation, demonstrating that the down-regulation reflects loss in cell membrane
receptor protein. Wild-type GRP-R was down-regulated by 61.3+3.4% after a 24 hour incubation
with Bn (Table 2, Fig. 5). The magnitude of the chronic down-regulation was altered in three of
the seven single GRP-R mutants and in both double mutants (Table 2). In contrast to wild-type
GRP-R, the A¥?S, the I'*A and the M**’A GRP-R mutants showed a significant decrease (40-60%
of control) in maximal down-regulation (Fig. 5, Table 2). Down-regulation of the VM double
mutant also was decreased by 38% and the IM double mutation completely inhibited all down-
regulation (Fig. 5, Table 2).

Previous studies (Benya et a., 1994a; Benya et al., 1993) have demonstrated that GRP-R
internalization and down-regulation are at least partially dependent on phospholipase C activation.
To analyze this relationship in more detail, we correlated the magnitude of maximal phospholipase
C activation with the wild-type GRP-R and different GRP-R mutants as assessed by maximal
stimulation of [*H]IP with the extent of maximal internalization (Fig. 6, top panel) and extent of
maximal receptor down-regulation (Fig. 6, bottom panel). There was only a weak (p=0.04)
association between the maximal increase in [*H]IP and the degree of internalization. This
conclusion was further supported by the result that almost maximal internalization occurred with
minimal changes in [2H]IP, which was reflected in the low slope (i.e., 0.3 x) of the regression
equation (Fig. 6, top panel). In contrast, the extent of maximal activation of phospholipase C
showed a significant (p=0.008) correlation with the maximal degree of chronic GRP-R down-
regulation (Fig. 6, bottom panel). This latter conclusion was further supported by the correlation of
the different GRP-R mutants to stimulate maximal changes in these two processes which showed a
proportional increase in [H]IP with increasing down-regulation (Fig. 6, bottom panel), resulting in

aslope of 0.8 for the regression equation, which was not significantly different from unity.
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Discussion

The GRP-R is a G-protein coupled receptor that is a member of the mammalian Bn receptor
family (Kroog et al., 1995a). Activation of the GRP-R, like other members of the Bn receptor
family stimulates phospholipase C (PLC), phospholipase D and tyrosine kinases (Kroog et al.,
1995a; Bunnett 1994; Rozengurt, 1988; Tsuda et al., 1997; Sinnett-Smith et al., 1993), aswell as
various receptor modulatory processes (receptor desensitization, internalization, down-regulation)
(Benyaet al., 1994c; Benya et al., 1994b; Benyaet al., 1994a). Despite the importance of the GRP-
R in many physiological and pathological processes (Tache et al., 1988; Bunnett 1994), littleis
known about receptor structural domains mediating the changesin intracellular mediators or
receptor modulatory processes. Limited data exist from previous studies supporting the conclusion
that the carboxyl terminus of the GRP-R, similar to a number of other GPCRs, isimportant in
activating processes mediating internalization, but not down-regulation, chronic desensitizaton or
activation of PLC (Benyaet al., 1995; Benyaet al., 1993). Furthermore, alterationsin the 3
intracellular loop (i3 loop) have been shown to have important effects on Bn receptor activation
and both receptor internalization and down-regulation (Lameh et al., 1992; Tseng et al., 1995;
Benyaet al., 1995; Benyaet al., 1994a). In other GPCRs the 2™ intracellular loop (i2 loop) of the
receptor isinvolved not only in mediating receptor activation, but also in receptor internalization
(Wong et al., 1990; McClue et a., 1994; Thompson et a., 1998; Schreiber et al., 1994). Studies of
the GRPR in this region have mainly focused on the i2 loop’s N-terminal DRY motif whichis
present in many GPCRs and which is shown to be important for receptor activation and
internalization in anumber of G-protein coupled receptors (Fraser et al., 1988; Fraser et al., 1989;
Wang et al., 1991; Jones et al., 1995; Benya et a., 1994a). However, afew recent studies reveal
that hydrophobic residues in the central part of thei2 loop can be important for some GPCRs for G-
protein coupling and to stimulate receptor internalization (Moro et al., 1993; Modrall et al., 2001,
Aroraet a., 1995; Moro et a., 1994). Nothing is known of the importance of this region in GRP

receptors. Therefore, the aim of the present study was to examine the importance of the central
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portion of thei2 loop of the GRP-R for mediating activation of PLC, receptor internalization and

chronic receptor down-regulation, using receptor mutagenesis.

In general, anumber of our findings support the conclusion that aterationsin the central
portion of the GRP-R i2 loop have aminimal effect on receptor affinity, however this receptor
region was important for activation of intracellular mediators. First, of the 7 receptor mutations of
the central portion of the GRP-R i2 loop examined only two showed a small decrease (i.e. <2-fold)
in receptor affinity and/or potency for activating the receptor and stimulating PLC activity.
Second, even two double mutants of the two amino acids showing a small decrease in receptor
affinity when present alone, had a minimal effect on receptor affinity. Third, one double mutant
[IM¥34AA], however, demonstrated a greater than 300-fold decrease in potency for activating
PLC demonstrated these amino acids in concert can play an important role in coupling of the GRP
receptor to PLC. Fourth, five of the single mutants and each of the double mutants showed a
decreased efficacy for activating PLC, demonstrating the importance of this receptor region for
maximal coupling and activation of this intracellular receptor cascade. Of note, it was shown for
all the GRP receptors studied, that the likely cause for the decreased coupling to PLC is altered
receptor-G protein coupling. This conclusion is supported by the comparison of the effect of
Gpp(NH)p on the different mutants with the change in binding affinity. Each of the GRP-R
mutants examined showing a decrease in affinity had defective G-protein coupling, whereas the
GRP-R mutants without altered affinity, retained G-protein coupling.

Our results of effects of mutations in the GRP-R’si2 loop on binding to Bn and on the
potency have both similarities and differences to data coming from the literature. The findings that
the single mutants 1'**A and M**’A [GRP-R] and both double mutants reveal not only a slight but
significant shift in affinity, but also are uncoupled from the G protein and thereby from PLC,
corresponds well with Lefkowitz and Costa’ s ternary complex model (Lefkowitz et al., 1993). This
model predicts a diminished affinity of the receptor to the agonist for the case of a decreased G-

protein coupling ability of the receptor. These data also agree with results on corresponding
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mutations in the histamine H2 receptor (Smit et al., 1996) and the angiotensin Il receptor (M odrall

et al., 2001) that show adecrease in affinity to agonist binding as well as a decreased ability to
stimulate PLC. In contrast to our result, with the M**’A mutant in the GnRH receptor (Aroraet al.,
1995), the thromboxane A2 receptor (Zhou et a., 1999), and the angiotensin |1 receptor (Modrall et
al., 2001), a corresponding mutation to our M**’A caused either no change or asmall decreasein
affinity relative to the wild-type receptor. There are no datain the literature to compare our finding
that two of our mutants, the I'**A[GRP-R] and the IM'****’AA double mutant, cause a shift in the
potency for receptor activation. However, there are studies on corresponding mutations to

M** A[GRP-R] in the m1 muscarinic cholinergic receptor (Shockley et al., 1997) and in the
histamine H2 receptor (Smit et al., 1996) that both found decreases in potency for activation of
PLC and adenylyl cyclase, respectively. In contrast, we did not find a significant alteration in
potency for activating PLC with this mutation in the GRP-R. Several studies in other GPCRs have
investigated the effect of i2 loop mutations on the efficacy of the ligand-stimulated 2nd messenger
production. Our findings are in agreement with results of studies on corresponding mutations in the
histamine H2, GnRH, thromboxane A2, angiotensin |l and the human m5 muscarinic cholinergic
receptor (Smit et al., 1996; Arora et al., 1995; Zhou et al., 1999; Modrall et a., 2001; Burstein et
al., 1998). From studies of the m1 muscarinic and 2-adrenergic receptor mutants, Moro et al.,
(Moro et al., 1993; Moro et al., 1994) proposed a new motif for G-protein coupling of these
receptors [DRY XXV (1) XXPL, where X is any amino acid and L is leucine or another bulky,
hydrophobic amino acid]. In the GRP-R the lle-143 and Met-147 correspond to the V(1) and the L
in this motif. Our findings that the 1'**A and M**’A single mutants as well as the IM double mutant
have markedly reduced efficacy for stimulation of PLC are in agreement with this model. Thereis
only one study (Blin et al., 1995) that has investigated residues next to the hydrophobic residues
discussed above, such as Ala-142, Val-144 and Asp-148, which we found are also important for
maximal efficacy for PLC activation. In thisstudy (Blin et al., 1995) corresponding mutant to our

A¥S[GRP-R] in the m3 muscarinic cholinergic receptor suggested arole for thisresiduein G-

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 11, 2003 as DOI: 10.1124/jpet.103.055087
This article has not been copyedited and formatted. The final version may differ from this version.

20

protein coupling. Interestingly, in our study Pro-146, which is well conserved in this positionin a
number of GPCRs (Fig. 1), did not show any changes in receptor affinity or activation when
mutated to alanine. Thisisin agreement with data from studies on the m1 muscarinic cholinergic
receptor (Moro et al., 1993), but is different from data on the m5 muscarinic cholinergic receptor
(Burstein et al., 1998). The notion that several adjacent residues of thei2 loop have afunction in
coupling to signaling processes downstream of the GRP receptor, agrees with the recent findings on
the protein structure of GPCRs in which it was discussed that the i3 loop interacts with G proteins
and that thei2 loop isin close contact to the i3 loop in the ground state of the GPCR and loops
away once the receptor is activated (Spalding and Burstein, 2001; Palczewski et al., 2000; Zeng et
al., 1999). Mutationsin thei2 loop could, therefore, interfere with the dynamic actions of thei2
loop and thereby decrease the GPCR’ s capability to interact properly with the G protein. This
proposal is further supported by our preliminary 3-D modeling data of the GRP-R using the
rhodopsin 3D structure as atemplate (data not shown). Residues lle-143 and Val-144 of thei2 loop
are located close to the N-terminal part of the 3rd intracellular loop at a distance that could allow
interactions to occur.

After activation, wild-type GRP-R similar to other GPCRs undergoes internalization (Benya
et a., 1994b; Pandoal et al., 1982; Benya et al., 19944), down-regulation (Benya et a., 1994b;
Benyaet al., 1995; Benyaet a., 2000) and desensitization (Benya et al., 1994b; Benya et al., 1995;
Benyaet a., 2000). Our results show that amino acid residues of the central portion of thei2loop
play an important role in mediating both internalization and down-regulation of the GRP-R.
Alterations of 3 residues (R*A, M*A, IM¥*34AA) resulted in changes in internalization rate
and/or magnitude. Whereas no single alteration of a residue decreased the magnitude of maximal
internalization the alteration of one residue (Arg-145) caused an increase in maximal internalization
suggesting that the presence of Arg-145 was having arestraining effect on internalization in the
wild-type receptor. Interestingly, computer fitting of the internalization data of the R™ A mutant

using the models of Koenig et a. (Koenig and Edwardson, 1997) reveaed that the rate constant of
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recycling (k;) but not the rate constant of endocytosis (ke) was significantly reduced by more than
one-half relative to the k, of the wild-type GRP-R. This result points to an ateration of the
recycling process in this mutant as possibly contributing to the overall increased maximal receptor
internalization seen. There are no datain the literature about an effect of a corresponding mutation
in another receptor on internalization. However, using the receptor selection and amplification
technology (R-SAT) on thei2 loop of the m5 muscarinic cholinergic receptor, Burstein et al.,
suggested a pivotal role of the corresponding residue to Arg-145 in switching between active and
inactive conformations of this receptor (Burstein et al., 1998). Sincein their hands substituting this
residue by any amino acid rendered the m5 cholinergic receptor congtitutively active, they
hypothesized that the native arginine residue in this position is important for "switching off" the
receptor. We show that Arg-145 of mutated GRP-R is neither changed in the potency nor the
efficacy for PLC activation. Nevertheless, our finding that this residue inhibits internalization in
combination with data of Burstein et al., (Burstein et al., 1998) is of interest in the light of recent
findings that the process of receptor endocytosis by itself modulates the activation of intracellular
growth cascades (Pierce and Lefkowitz, 2001). Theinhibitory effect of the mutations on the lle-
143 and the M et-147 — seen in both single and double mutants — corresponds well with studies on
the m1 muscarinic cholinergic, the f2-adrenergic and the GnRH receptor (Moro et al., 1994;
Shockley et al., 1997; Aroraet al., 1995). In contrast, astudy on the angiotensin Il receptor showed
no effect on internalization (Modrall et al., 2001). The greater effect on internalization of the Ile-
143 and the M et-147 mutations together, than either alone on internalization rate and magnitude,
suggests a synergistic role of these amino acid residues and is in agreement with data on the m1
muscarinic cholinergic receptor (Moro et al., 1994). The changed kinetics of the internalization
process in these mutants (i.e., the prolonged tgy values) correlated well with significantly decreased
endocytic rate constants (ke) in all of these mutants. Interestingly, the single mutants also showed
receptor constants (k;) that apparently had a smaller impact on the tg, time than the decreased ke

constants.
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Chronic receptor down-regulation describes the agonist-dependent loss of receptor binding
sites on the cell membrane after long-term incubation with the agonist and leads to an attenuation
of the signal transduction by this receptor. Different molecular mechanisms in concert account for
this process, including intracellular degradation of receptor protein, long-term storage of receptors
in intracellular vesicles and various mechanisms of regulation of receptor mMRNA levels (von
Zastrow, 2001). Studies that examine the structure-function relationship of chronic receptor down-
regulation are rare. In our study alterations of 3 residues alone (A'*%S, A, M**'A) or in
combination (IM*****’/AA) reduced the ability of the GRP-R to undergo chronic down-regulation.
Our results with the M**" mutation in the GRP-R differ from those with the angiotensin 11 receptor
(Modrall et al., 2001) and histamine H2 receptor (Smit et al., 1996) where a comparable mutation
did not reduce the extent of chronic receptor down-regulation. However, they are similar to results
of acomparable I'**A mutation, M**’A mutation or double mutation (IM****’AA) in the m1
human muscarinic cholinergic receptor (Shockley et al., 1997). These results demonstrate that in
addition to serines, threonines and a PK C consensus sequence in the COOH terminus of the GRP-R
(Benyaet al., 1993), residuesin thei2 loop of the GRP-R are important in mediating chronic down-
regulation as well as receptor internalization.

The current study of the GRP-R structure-function of the i2 loop provides some insights
into the possible relationship between GRP-R internalization and chronic down-regulation as well
asthe possible role of PLC activation in mediating these two receptor modulatory processes. With
the 32-adrenergic receptor chronic receptor down-regulation was proposed to be important in
mediating chronic desensiti zation, whereas both of these processes were proposed to be
independent of receptor internalization (Proll et al., 1993). One study proposed that GRP-R
internalization mediates chronic receptor down-regulation and desensitization (Pandol et al., 1982).
However, other studies involving mutant GRP-Rs, wild-type GRP-R and the closely related NM B-
R propose that chronic GRP-R down-regulation is closely linked to chronic desensitization,

wheresas internalization is likely not coupled to these processes (Benya et al., 2000; Benyaet al.,
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1994c). Support is provided in our study for GRP-R internalization and chronic down-regulation

not being closely coupled processes because of the different effects of 12 loop mutations on the two
receptor modulatory processes. Whereas the magnitude of down-regulation was decreased by
various single mutations (1A, VA, M**A), the magnitude of internalization was unaltered.
Conversely, the R*A mutation augmented internalization, whereas it had no effect on chronic
down-regulation. Conflicting results are reported on the role of 2™ messengers and
phosphorylation in mediating receptor internalization and down-regulation. Studies on both .-
adrenergic receptors (Strader et al., 1987; Cheung et al., 1989; Cheung et a., 1990; Campbell et al.,
1991) and PLC-linked muscarinic cholinergic receptors (Lameh et al., 1992; Thompson and Fisher,
1990) have provided differing results for their role in mediating internalization, as have studies
investigating the relationship between PLC activation and EGF-R internalization (Chen et al., 1989;
Chen et al., 1987; Honegger et al., 1987). With 3-adrenergic receptor, receptor phosphorylation
may play an important role in each of these receptor modulating processes. A previous study
showed GRP-Rs deficient in COOH terminal phosphorylation sites have impaired internalization
(Benyaet al., 1993). Studies on the GRP-R examining agonist-dependent phosphorylation of the
receptor revealed arapid, non-protein kinase C- (PKC) dependent phase of phosphorylation (<10
min) that can be differentiated from a phase that is PK C-triggered |ate phosphorylation (Kroog et
al., 1995b). In vitro studies suggested that the best candidate for the rapid phase of phosphorylation
is G protein-coupled receptor kinase 2 (GRK2) (Kroog et al., 1999). Since >90% of the
internalization process has reached its maximum by 10 min, GRK2 would be a good candidate for
the GRP-R phosphorylation that is necessary for the internalization process to occur. On the other
hand chronic receptor down-regulation likely is a process that requires PK C-mediated
phosphorylation of the GRP receptor since this process has much slower kinetics than from
internalization (Benyaet a., 1994b), and mutation of the C-terminal PKC consensus site abolished
this process (Benya et a., 1995). Studies of the wild-type GRP-R as well as various mutant GRP-

Rs have proposed that GRP-R chronic down-regulation and internalization are mediated by
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different intracellular mediators and PLC activation is not equally important in both of these
receptor modulatory processes (Benya et al., 1995; Benya et al., 1993; Benyaet al., 1994a; Benya
et a., 2000). Using GRP-R mutants that do not activate PL C-cascades, GRP-R mutants with PKC
consensus site lacking, various COOH-terminal truncation GRP-R mutants and various
glycosylation-deficient GRP-R mutants (Benya et al., 1995; Benyaet al., 1993; Benyaet al., 1994a;
Benyaet al., 2000) it has been shown that maximal PLC activation is not needed for maximal
internalization. The resultsin the present study provide support for these proposals. In the present
study a GRP-R mutant (IM**31*’AA) with only 11% of the wild-type's ability to activate PLC was
able to reach more than 70% of the maximal internalization of the wild-type GRP-R (Benyaet a.,
1995; Benyaet al., 1993; Benyaet a., 1994a; Benya et al., 2000). Although there was a strong
correlation (r=0.95) between the maximal stimulation of total 1P with the rate of endocytosis (rate
constant ke), there was only aweak correlation (p=0.04) between the extent of GRP-R
internalization and the maximal extent of phospholipase C activation for the variousi2 loop
mutants. Furthermore, almost maximal internalization (i.e., 90%) occurred with minimal changes
in PLC activity. In contrast, the extent of maximal activation of phospholipase C and the maximal
degree of chronic receptor down-regulation demonstrated a highly significant relationship
(p=0.008) and the slope of the repression equation was almost unity, demonstrating progressive
increasesin PLC activity resulted in similar increases in down-regulation.

In conclusion, we show that amino acid residues of the central portion of the i2 loop of the
GRP-R are important in coupling the receptor to G proteins and to PLC, in mediating receptor
internalization and chronic receptor down-regulation; however, they are not essentia for high
affinity receptor binding. Our results are consistent with the proposal that maximal activation of
the PLC cascade by GRP-R is essential for chronic GRP receptor down-regulation, but not or only
minimally required in GRP receptor internalization. They are also consistent with the proposal that
chronic GRP receptor down-regulation is not mediated by GRP receptor internalization and these

are not coupled processes.

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 11, 2003 as DOI: 10.1124/jpet.103.055087
This article has not been copyedited and formatted. The final version may differ from this version.

25

References
AroraKK, Sakai A, and Catt KJ (1995) Effects of second intracellular loop mutations on signal
transduction and internalization of the gonadotropin-releasing hormone receptor. J Biol Chem

270:22820-22826.

Benya RV, Akeson M, Mrozinski J, Jensen RT, and Battey JF (19944a) Internalization of the
gastrin-releasing peptide receptor is mediated by phospholipase C-dependent and -independent

processes. Mol Pharmacol 46:495-501.

Benya RV, Fathi Z, Battey JF, and Jensen RT (1993) Serines and threonines in the gastrin-releasing

peptide receptor carboxyl terminus mediate internalization. J Biol Chem 268: 20285-20290.

Benya RV, Fathi Z, Pradhan T, Battey JF, Kusui T, and Jensen RT (1994b) Gastrin-releasing
peptide receptor-induced internalization, down-regulation, desensitization and growth: Possible role

of cAMP. Mol Phar macol 46:235-245.

Benya RV, Kusui T, Battey JF, and Jensen RT (1994c) Desensitizaton of neuromedin B receptors
(NMB-R) on native and NMB-R transfected cells involves down-regulation and internalization. J

Biol Chem 269:11721-11728.

Benya RV, Kusui T, Battey JF, and Jensen RT (1995) Chronic desensitization and down-regulation
of the gastrin-releasing peptide receptor are mediated by a protein kinase C-dependent mechanism.

J Biol Chem 270:3346-3352.

Benya RV, Kusui T, Katsuno T, Tsuda T, Mantey SA, Battey JF, and Jensen RT (2000)
Glycosylation of the gastrin-releasing receptor expression, G protein coupling, and receptor

modulatory processes. Mol Phar macol 58:1490-1501.

Blin N, Yun J, and Wess J (1995) Mapping of single amino acid residues required for selective

activation of Gg/11 by the m3 muscarinic acetylcholine receptor. J Biol Chem 270:17741-17748.

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 11, 2003 as DOI: 10.1124/jpet.103.055087
This article has not been copyedited and formatted. The final version may differ from this version.

26
Bunnett N (1994) Gastrin-releasing peptide, in Gut Peptides (Walsh JH and Dockray GJ eds) pp

423-445, Raven Press, New Y ork.

Ref ID: 2745

Burstein ES, Spalding TA, and Brann MR (1998) The second intracellular loop of the m5
muscarinic receptor is the switch which enables G-protein coupling. J Biol Chem 273:24322-

24327.

Campbell PT, Hnatowich M, O'Dowd BF, Caron MG, Lefkowitz RJ, and Hausdorff WP (1991)
Mutations of the human beta 2-adrenergic receptor that impair coupling to Gs interfere with

receptor down-regulation but not sequestration. Mol Pharmacol 39:192-198.

Chen WS, Lazar CS, Lund KA, Welsh JB, Chang CP, Walton GM, Der CJ, Wiley HS, Gill GN,
and Rosenfeld MG (1989) Functional independence of the epidermal growth factor receptor from a

domain required for ligand-induced internalization and calcium regulation. Cell 59:33-43.

Chen WS, Lazar CS, Poenie M, Tsien RY, Gill GN, and Rosenfeld MG (1987) Requirement for
intrinsic protein tyrosine kinase in the immediate and late actions of the EGF receptor. Nature

328:820-823.

Cheung AH, Dixon RA, Hill WS, Sigdl IS, and Strader CD (1990) Separation of the structural
reguirements for agonist-promoted activation and sequestration of the beta-adrenergic receptor.

Mol Pharmacol 37:775-779.

Cheung AH, Sigal IS, Dixon RA, and Strader CD (1989) Agonist-promoted sequestration of the
beta 2-adrenergic receptor requires regions involved in functional coupling with Gs. Mol

Phar macol 35:132-138.

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 11, 2003 as DOI: 10.1124/jpet.103.055087
This article has not been copyedited and formatted. The final version may differ from this version.

27
Felgner PL, Gadek TR, Holm M, Roman R, Chan HW, Wenz M, Northrop JP, Ringold GM, and

Danielsen M (1987) Lipofection: ahighly efficient, lipid-mediated DNA-transfection procedure.

Proc Natl Acad Sci USA 84:7413-7417.

Fraser CM, Chung FZ, Wang CD, and Venter JC (1988) Site-directed mutagenesis of human beta-
adrenergic receptors: substitution of aspartic acid-130 by asparagine produces a receptor with high-
affinity agonist binding that is uncoupled from adenylate cyclase. Proc Natl Acad Sci USA

85:5478-5482.

Fraser CM, Wang CD, Robinson DA, Gocayne JD, and Venter JC (1989) Site-directed mutagenesis
of m1 muscarinic acetylcholine receptors: conserved aspartic acids play important roles in receptor

function. Mol Phar macol 36:840-847.

Honegger AM, Dull TJ, Felder S, Van Obberghen E, Bellot F, Szapary D, Schmidt A, Ullrich A,
and Schlessinger J (1987) Point mutation at the ATP binding site of EGF receptor abolishes

protein-tyrosine kinase activity and alters cellular routing. Cell 51:199-2009.

Jensen RT (1994) Receptors on pancreatic acinar cells, in Physiology of the Gastrointestinal Tract,
3rd ed (Johnson LR, Jacobson ED, Christensen J, Alpers DH, and Walsh JH eds) pp 1377-1446,

Raven Press, New Y ork.

Jones PG, Curtis CA, and Hulme EC (1995) The function of a highly-conserved arginine residuein

activation of the muscarinic M1 receptor. Eur J Phar macol 288:251-257.

Koenig JA and Edwardson JM (1997) Endocytosis and recycling of G protein-coupled receptors.

TiPS 18:276-287.

Koenig JA, Edwardson JM, and Humphrey PP (1997) Somatostatin receptors in Neuro2A

neuroblastoma cells: ligand internalization. Br J Pharmacol 120:52-59.

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 11, 2003 as DOI: 10.1124/jpet.103.055087
This article has not been copyedited and formatted. The final version may differ from this version.

28
Kroog GS, Jensen RT, and Battey JF (1995a) Mammalian bombesin receptors. Med Res Rev

15:389-417.

Kroog GS, Jian X, Chen L, Northup JK, and Battey JF (1999) Phosphorylation uncouples the

gastrin-releasing peptide receptor from Gg. J Biol Chem 274:36700-36706.

Kroog GS, Sainz E, Worland PJ, Akeson MA, Benya RV, Jensen RT, and Battey JF (1995b) The
gastrin releasing peptide receptor is rapidly phosphorylated by a kinase other than protein kinase C

after exposure to agonist. J Biol Chem 270:8217-8224.

Lameh J, Philip M, Sharma YK, Moro O, Ramachandran J, and Sadée W (1992) Hm1 muscarinic
cholinergic receptor internalization requires adomain in the third cytoplasmic loop. J Biol Chem

267:13406-13412.

Lefkowitz RJ, Cotecchia S, SamamaP, and Costa T (1993) Constitutive activity of receptors

coupled to guanine nucleotide regulatory proteins. Trends Pharmacol Sci 14:303-307.

McClue SJ, Baron BM, and Harris BA (1994) Activation of Gi protein by peptide structures of the

muscarinic M2 receptor second intracellular loop. Eur J Pharmacol 267:185-193.

Modrall JG, Nanamori M, SadoshimaJ, Barnhart DC, Stanley JC, and Neubig RR (2001) ANG I
type 1 receptor downregulation does not require receptor endocytosis or G protein coupling. Am J

Physiol (Cell Physiol ) 281:C801-C809.

Moro O, Lameh J, Hogger P, and Sadee W (1993) Hydrophobic amino acid in the i2 loop plays a

key rolein receptor-G protein coupling. J Biol Chem 268:22273-22276.

Moro O, Shockley MS, Lameh J, and Sadee W (1994) Overlapping multi-site domains of the
muscarinic cholinergic Hm1 receptor involved in signal transduction and sequestration. J Biol

Chem 269:6651-6655.

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 11, 2003 as DOI: 10.1124/jpet.103.055087
This article has not been copyedited and formatted. The final version may differ from this version.

29
Munson PJ and Rodbard D (1980) LIGAND: A versatile computerized approach for

characterization of ligand-binding systems. Anal Biochem 107:220-229.

Needleman SB and Wunsch CD (1970) A general method applicable to the search for similarities

in the amino acid sequence of two proteins. J Mol Biol 48:443-453.

Palczewski K, Kumasaka T, Hori T, Behnke CA, MotoshimaH, Fox BA, Le Trong |, Teller DC,
Okada T, Stenkamp RE, Yamamoto M, and Miyano M (2000) Crystal structure of rhodopsin: A G

protein-coupled receptor. Science 289:739-745.

Pandol SJ, Jensen RT, and Gardner JD (1982) Mechanism of [ Tyr*Jbombesin-induced

desensitization in dispersed acini from guinea pig pancreas. J Biol Chem 257:12024-12029.

Pierce KL and Lefkowitz RJ (2001) Classical and new roles of beta-arrestins in the regulation of G-

protein-coupled receptors. Nat Rev Neurosci 2:727-733.

Proll MA, Clark RB, and Butcher RW (1993) Beta 2-adrenergic receptor mutants reveal structural
reguirements for the desensitization observed with long-term epinephrine treatment. Mol

Phar macol 44:569-574.

Rozengurt E (1988) Bombesin-induction of cell proliferation in 3T3 cells. Specific receptors and

early signaling events. Ann N Y Acad Sci 547:277-292.

Schreiber RE, Prossnitz ER, Ye RD, Cochrane CG, and Bokoch GM (1994) Domains of the human
neutrophil N-formyl peptide receptor involved in G protein coupling. Mapping with receptor-

derived peptides. J Biol Chem 269: 326-331.

Shockley MS, Burford NT, Sadee W, and Lameh J (1997) Residues specifically involved in down-
regulation but not internalization of the m1 muscarinic acetylcholine receptor. J Neurochem

68:601-609.

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 11, 2003 as DOI: 10.1124/jpet.103.055087
This article has not been copyedited and formatted. The final version may differ from this version.

30

Singh P, Draviam E, Guo Y'S, and Kurosky A (1990) Molecular characterization of bombesin

receptors on rat pancreatic acinar AR42J cells. AmJ Physiol 258: G803-G809.

Sinnett-Smith J, Zachary |, Vaverde AM, and Rozengurt E (1993) Bombesin stimulation of p125
focal adhesion kinase tyrosine phosphorylation. Role of protein kinase C, Ca?* mobilization, and

the actin cytoskeleton. J Biol Chem 268:14261-14268.

Smit MJ, Roovers E, Timmerman H, van de Vrede Y, Alewijnse AE, and Leurs R (1996) Two
distinct pathways for histamine H2 receptor down-regulation. H2 Leul124 --> Ala receptor mutant

provides evidence for a cAM P-independent action of H2 agonists. J Biol Chem 271:7574-7582.

Spalding TA and Burstein ES (2001) Constitutively active muscarinic receptors. Life Sci 68:2511-

2516.

Strader CD, Sigal IS, Blake AD, Cheung AH, Register RB, Rands E, Zemcik BA, Candelore MR,
and Dixon RA (1987) The carboxyl terminus of the hamster beta-adrenergic receptor expressed in

mouse L cellsis not required for receptor sequestration. Cell 49:855-863.

Tache Y, Melchiorri P, and Negri L (1988) Bombesin-like peptidesin health and disease. Ann N 'Y

Acad Sci 547:1-541.

Thompson AK and Fisher SK (1990) Relationship between agonist-induced muscarinic receptor
loss and desensitization of stimulated phosphoinaositide turnover in two neuroblastomas:

methodological considerations. J Pharmacol Exp Ther 252:744-752.

Thompson JB, Wade SM, Harrison JK, SalafrancaMN, and Neubig RR (1998) Cotransfection of
second and third intracellular loop fragments inhibit angiotensin AT 1a receptor activation of

phospholipase C in HEK-293 cells. J Pharmacol Exp Ther 285:216-222.

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 11, 2003 as DOI: 10.1124/jpet.103.055087
This article has not been copyedited and formatted. The final version may differ from this version.

31
TokitaK, Katsuno T, Hocart SJ, Coy DH, Llinares M, Martinez J, and Jensen RT (2001) Molecular

basis for selectivity of high affinity peptide antagonists for the gastrin-releasing peptide receptor. J

Biol Chem 276:36652-36663.

Tseng MJ, Coon S, Stuenkel E, Struk V, and Logsdon CD (1995) Influence of second and third
cytoplasmic loops on binding, internalization, and coupling of chimeric bombesin/m3 muscarinic

receptors. J Biol Chem 270:17884-17891.

Tsuda T, Kusui T, and Jensen RT (1997) Neuromedin B receptor activation causes tyrosine
phosphorylation of p125™¥ by a phospholipase C independent mechanism which requires p21™

and integrity of the acini cytoskeleton. Biochemistry 36:16328-16337.

von Zastrow M (2001) Endocytosis and downregulation of G protein-coupled receptors.

Par kinsonism Relat Disord 9:265-271.

Wang CD, Buck MA, and Fraser CM (1991) Site-directed mutagenesis of oi2A-adrenergic
receptors: identification of amino acids involved in ligand binding and receptor activation by

agonists. Mol Pharmacol 40:168-179.

Wong SK, Parker EM, and Ross EM (1990) Chimeric muscarinic cholinergic: beta-adrenergic

receptors that activate Gsin response to muscarinic agonists. J Biol Chem 265:6219-6224.

Zeng FY, Hopp A, Soldner A, and Wess J (1999) Use of a disulfide cross-linking strategy to study

muscarinic receptor structure and mechanisms of activation. J Biol Chem 274:16629-16640.

Zhou H, Yan F, Yamamoto S, and Tai HH (1999) Phenylalanine 138 in the second intracellular
loop of human thromboxane receptor is critical for receptor-G-protein coupling. Biochem Biophys

Res Commun 264:171-175.

%20z ‘ez |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on September 11, 2003 as DOI: 10.1124/jpet.103.055087
This article has not been copyedited and formatted. The final version may differ from this version.

TABLE 1 Mutant and native GRP-R receptor affinities, receptor numbers, and

potencies for stimulation of [*H]I P

32

Binding [*H]IP

GRP-R Ko Brnax ECso

[NM] [fmol/10%ells] [NM]
Wild-type #10 1.0+0.1 353+ 39 0.31+0.04
Wild-type #9 09+0.2 1760 + 264 0.22+0.02
A%s 09+0.1 605 + 55 0.30+0.01
11434 1.8+£0.3** 739+ 96 0.70+0.03*
Vo' 1.0+0.2 177 + 128 0.25+0.02
R™A 1.2+0.2 459 + 50 0.31+0.01
PA 0.7+0.1 540 + 76 0.24+0.02
M™A 1.7+£0.3** 1530 + 230 0.31+0.03
D¥8A 11+0.2 550 + 72 0.35+0.01
IMM47AA 1.9+0.2** 166+ 12 >100 **
VMMHAA 2.2+0.3** 458 + 46 0.45+0.05

Studies were performed as described in Fig. 2 legend. Receptor affinity (Kp) for Bn and

receptor number (Bmax) Were calculated using the least squares curve-fitting program KELL

(Munson and Rodbard, 1980). ECs is the concentration necessary for half-maximal increases

in [*H]inositol phosphates caused by Bn calculated using the curve-fitting program

Kaeidograph. Data are expressed as the mean = SEM of at least three separate experiments.

(* p<0.05, ** p<0.01, compared to wild-type #10)
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TABLE 2 Efficacy for stimulation of [*H]IP, inter nalization, and down-r egulation of
wild-type and mutant GRP receptors

[*H]IP Internalization Down-regulation
GRP-R Fold increase Maximal % tgo [MiN] [% of wild-type]

over basal internalized

Wild-type #10 96+26 47+2 57+0.3 100
Wild-type #9 10.1+1.4 46+ 3 46+08 100
Al¥’s 6.0+1.1* 43+2 57+0.7 64+5*
1143A 26+05* 45+3 70+06 52+ 7%
vi¥a 42+02* 40+ 4 54+ 1.2 84+7
RM5A 86+26 62+ 3* 6.3+0.1 106 + 6
ptea 73+14 48+ 1 47+01 80+8
M*¥A 1.9+0.8** 42+1 95+1.2* 42 + 12 **
DA 50+0.6* 49+2 45+02 123+ 23
IM347A A 1.1+03%** 25+ 3% 126+29* 0+0**
VMM#AN 20+09* 38+ 4* 85+1.5* 62+ 7 **

Stimulation of increases in [®H]IP was determined as described in Fig. 2. The efficacy of
[*H]IP stimulation is expressed as the fold increase over basal in total cellular [*H]IP
determined as described in Fig. 2 legend. Internalization was assessed as described in Fig. 4
and is expressed as the percentage of total saturable bound *#I-[Tyr*]Bn that was not
removed by acid-stripping. Tg isthe timein minutes that was needed for internalizing 80%
of maximal calculated as described in Methods. Down-regulation is expressed as the percent

decrease in the receptor number (Bmax) of cells pretreated with 10 nM Bn compared with
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control cells processed in parallel. Wild-type GRP-R were down-regulated 61+3% compared

to cells not treated with 10 nM Bn. Data are expressed as the mean £ SEM of at least three
separate experiments and each experiment each point was determined in duplicate.

(* p<0.05, ** p<0.01, compared to wild-type GRP-R.)
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FIGURE 1. Alignment of amino acid sequences of the 2" intracellular loop region of
Bn and various G protein-coupled receptors. The proxima and central portions of the
second intracellular loop (i2) and adjacent transmembrane domain I11 (TM I11) are shown.
Alignment was performed using the GAP algorithm (Needleman and Wunsch, 1970). The

amino acid residues in bold letters in the mouse GRP-R were mutated in this study.
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FIGURE 2. Ability of Bn toinhibit binding of [**I-Tyr“|Bn to mutant and wild-type

GRP-Rs and stimulate generation of [?H]IP. Results from stably transfected Balb 3T3
cells expressing wild-type and four representative mutant GRP-Rs are shown. Top panel:
Cells (0.1-1x10%ml) were incubated with 50 pM [**°I-Tyr*|Bn aone or with the indicated
concentrations of non-radioactive Bn for 60 minutes at room temperature. Data are expressed
as the percentage of specifically bound radioactivity in the absence of non-radioactive
peptide. For each experiment, values were determined in duplicate. Results are shown asthe
mean + SEM of at least three separate experiments. Bottom panel: After loading the cells
with [*H]myoinositol (1.5 uCi/well) cells were incubated for 60 minutes at 37°C with the
indicated concentrations of Bn and total [*H]IP assessed as described in METHODS. Data
are expressed as the mean = SEM of the fold increase over the basal value in dpm from at
least three separate experiments. Two wild-type GRP-Rs (#9, #10) are shown which differ 5-

fold in receptor number (see Table 1).
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FIGURE 3. Effect of the non-hydrolyzable guanine analogue Gpp(NH)p on binding of

125 [Tyr“|Bn to Balb 3T3 cell membranes expressing either wild-type or mutant GRP
receptors. Cell membranes of 0.5x10° cells/ml were incubated with 50 pM *#I-[Tyr*]Bn
alone or with 0.1 mM Gpp(NH)p for 60 minutes at room temperature. Results were
expressed as % change of specific binding to **I-[Tyr*]|Bn in the absence of unlabeled Bn.
Data are expressed as the mean = SEM of five independent experiments and in each
experiment each value was determined in duplicate. (* p<0.01, compared to wild-type GRP-

R)
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FIGURE 4. Internalization of [**°I-Tyr*|Bn by Balb 3T3 cells stably transfected with

mutant and wild-type GRP-Rs. Stably or transiently (insert), and transiently (insert) GRP-
R transfected cells (0.1-1x10%ml) were incubated with 50 pM [*?I-Tyr*|Bn for the indicated
times and the percent of total specific binding internalized determined using acid-stripping as
outlined in METHODS. Data are expressed as the mean +£ SEM of the percentage of total
specifically bound [**°I-Tyr%|Bn that was not removed by acid-stripping from four separate
experiments and in each experiment each value was determined in duplicate. In the stably
transfected cells the best fit of the mean time-course was generated for each GRP-R mutant

and the wild-type receptor using GraphPad Prim 3 as described in Methods.
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FIGURE 5. Chronic down-regulation of wild-type GRP-R and mutant GRP-Rs.

Twenty-four hours after plating, cells were incubated with or without 10 nM Bn for an
additional 24 hours at 37°C and then subjected to competitive binding experiments with 50
pM [**1-Tyr"|Bn alone or with the indicated concentrations of non-radioactive Bn. Dataare
expressed as the percentage of maximal specifically bound radioactivity in the absence of
non-radioactive Bn in control cells (i.e. not treated). For each experiment, values were
determined in duplicate. Results are shown as the mean + SEM of at least three separate

experiments.
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FIGURE 6. Correlation of the magnitude of maximal increasein [®H]IP with the
magnitude of maximal inter nalization and chronic down-regulation for the various
GRP-R mutants. For correlation analysis the magnitude of maximal [*H]IP generation,
internalization, and down-regulation for each GRP-R mutant was expressed as the percentage
of wild-type. The regression equation that best fit the data and the significance of the
correlation are shown, which were calculated by |east-square analysis using GraphPad Prism
software as described in Methods. Data from each of the two wild-type GRP-Rs and the nine
GRP-R mutant receptorsin Table 1 are shown. [3H]IP, maximal internalization and down-
regulation dataare from Tables 1 and 2. The equations of the regression equation and p
values are shown for [°H]IP versusinternalization (r=0.64) and for [®H]IP versus down-

regulation (r=0.75).
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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