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Classic models of receptor desensitization and inter-
nalization have been largely based on the behavior of
Family A G-protein-coupled receptors (GPCRs). The glu-
cagon-like peptide-2 receptor (GLP-2R) is a member of
the Family B glucagon-secretin GPCR family, which ex-
hibit significant sequence and structural differences
from the Family A receptors in their intracellular and
extracellular domains. To identify structural motifs that
regulate GLP-2R signaling and cell surface receptor ex-
pression, we analyzed the functional properties of a se-
ries of mutant GLP-2Rs. The majority of the C-terminal
receptor tail was dispensable for GLP-2-induced cAMP
accumulation, ERK1/2 activation, and endocytosis in
transfected cells. However, progressive truncation of
the C terminus reduced cell surface receptor expres-
sion, altered agonist-induced GLP-2R trafficking, and
abrogated protein kinase A-mediated heterologous re-
ceptor desensitization. Elimination of the distal 21
amino acids of the receptor was sufficient to promote
constitutive receptor internalization and prevent ago-
nist-induced recruitment of B-arrestin-2. Site-directed
mutagenesis identified specific amino acid residues
within the distal GLP-2R C terminus that mediate the
stable association with B-arrestin-2. Surprisingly, al-
though the truncated mutant receptors failed to inter-
act with B-arrestin-2, they underwent homologous de-
sensitization and subsequent resensitization with
kinetics similar to that observed with the wild-type
GLP-2R. Our data suggest that, although the GLP-2R C
terminus is not required for coupling to cellular machin-
ery regulating signaling or desensitization, it may serve
as a sorting signal for intracellular trafficking. Taken
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together with the previously demonstrated clathrin and
dynamin-independent, lipid-raft-dependent pathways
for internalization, our data suggest that GLP-2 recep-
tor signaling has evolved unique structural and func-
tional mechanisms for control of receptor trafficking,
desensitization, and resensitization.

Glucagon-like peptide-2 (GLP-2)! is a peptide hormone re-
leased from intestinal L-cells in response to nutrient ingestion
(1). GLP-2 action is initiated following binding to the glucagon-
like peptide-2 receptor (GLP-2R), a Family B G-protein-coupled
receptor (GPCR) (2) that has been localized to human enteroen-
docrine cells (3), murine enteric neurons (4), and both human
and rodent myofibroblasts (5) within the gastrointestinal tract.
GLP-2R signaling directly inhibits apoptosis in transfected
cells (6—8) and maintains gastrointestinal mucosal integrity
due to its ability to stimulate proliferation and inhibit cell
death in the intestinal crypt compartment (9—11). The cytopro-
tective effects of GLP-2, demonstrated in rodent models of
intestinal injury (for review, see Ref. 11), have generated in-
terest in the use of long-acting GLP-2 analogs for the treatment
of human intestinal disease.

Because long-acting GPCR agonists promote persistent re-
ceptor activation, concerns have been raised regarding possible
down-regulation of receptor signaling. The mechanisms regu-
lating GPCR desensitization, down-regulation, and intracellu-
lar trafficking have been extensively characterized for mem-
bers of the Family A rhodopsin-like GPCRs (for review, see Ref.
12), but few studies have addressed whether these cellular
processes are conserved for the structurally distinct Family B
GPCRs. Furthermore, existing reports suggest that this family
of GPCRs, which includes the highly homologous glucagon,
glucagon-like peptide-1 (GLP-1), and glucose-dependent insu-
linotropic polypeptide receptors (13), may have evolved distinct
mechanisms to regulate receptor signaling at the cellular level
(14-16). In this study, we attempted to delineate the mecha-
nisms regulating GLP-2R desensitization and identify struc-
tural motifs within C-terminal GLP-2R domains that link the

! The abbreviations used are: GLP-2, glucagon-like peptide-2; GLP-
2R, glucagon-like peptide-2 receptor; GPCR, G-protein-coupled recep-
tor; FBS, fetal bovine serum; FK, forskolin; H-89, N-[2-((p-bromocin-
namyl)amino)ethyl]-5-isoquinolinesulfonamide; ERK, extracellular
signal-regulated kinase; HRP, horseradish peroxidase; BHK, baby
hamster kidney fibroblast; DMEM, Dulbecco’s modified Eagle’s me-
dium; WT, wild type; PBS, phosphate-buffered saline; TBS, Tris-buff-
ered saline; GFP, green fluorescent protein; PKA, protein kinase A;
PKC, protein kinase C; MAPK, mitogen-activate protein kinase; JNK,
c-Jun N-terminal kinase.

This paper is available on line at http://www.jbc.org
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receptor to downstream signaling pathways and direct inter-
action of the receptor with intracellular sorting machinery.

It is generally accepted that intracellular GPCR domains,
most prominently the C terminus and 3rd intracellular loop,
regulate receptor desensitization, endocytosis, and intracellu-
lar fate by facilitating association of the receptor with various
cellular proteins. Receptor activation promotes phosphoryla-
tion of these intracellular domains, by either second messenger
kinases or G-protein receptor kinases. G-protein receptor ki-
nase-mediated phosphorylation facilitates B-arrestin binding,
promoting uncoupling of the receptor from G-proteins and en-
docytosis via clathrin-coated pits (for more detailed review, see
Ref. 12). We have previously shown that the GLP-2R undergoes
rapid and persistent ligand-induced (homologous) desensiti-
zation accompanied by clathrin- and dynamin-independent,
lipid-raft-dependent receptor endocytosis (17). Internalized
GLP-2Rs are then rapidly trafficked out of lipid-raft-derived
endosomes, where they converge on the early endosomal and
perinuclear recycling compartments. Identification of this al-
ternative trafficking pathway led us to hypothesize that unique
structural domains within the GLP-2R may be responsible for
directing the receptor through this intracellular fate. More-
over, these structural domains may be conserved for other
members of the GPCR superfamily.

To address our hypothesis, we used mutagenesis to identify
regions within the GLP-2R C terminus that regulate receptor
coupling to downstream signaling pathways or ligand-induced
receptor trafficking. Our study demonstrates that the GLP-2R
C terminus, which modulates the stable association with B-ar-
restin-2, is dispensable for G-protein-coupled signaling, homol-
ogous desensitization, and receptor endocytosis. However, the
GLP-2R C terminus is required for retention of un-liganded
receptor on the plasma membrane and may direct intracellular
trafficking of internalized receptors. Taken together, our data
suggest that this intracellular domain and its interacting pro-
teins likely govern alternative, currently unidentified, func-
tions in the regulation of GLP-2R activity.

EXPERIMENTAL PROCEDURES

Materials—Tissue culture medium was purchased from HyClone
(Logan, UT); fetal bovine serum (FBS), G418, and antibiotics were from
Invitrogen. 3-Isobutyl-1-methylxanthine, anti-FLAG (M1 or M2 as in-
dicated) antibody, anti-mouse IgG-agarose, mouse IgG, 2,2’-azinobis(3-
ethylbenthiazoline-6-sulfonic acid reagent, phorbol 12-myristate 13-
acetate, forskolin (FK), protease inhibitor mixture, and phosphatase
inhibitor mixture I were all obtained from Sigma. Dithiobis(succinimi-
dylpropionate) was purchased from Pierce Biotechnology (Rockford, IL).
The anti-B-arrestin antibody, Ro-31-8425, N-[2-((p-bromocinnamyl)-
amino)ethyl]-5-isoquinolinesulfonamide (H-89), and pertussis toxin
were purchased from Calbiochem. Phospho-p44/42 ERK1/2 antibody
was obtained from Cell Signaling Technology (Pickering, Ontario, Can-
ada). The antibody Hsp90 was purchased from BD Transduction Lab-
oratories (BD Biosciences, Mississauga, Ontario, Canada). The donkey
antibody anti-mouse-Cy3 was obtained from Jackson Laboratories
(West Grove, PA). Anti-mouse- and anti-rabbit-horseradish peroxidases
(HRP) were purchased from Amersham Biosciences. Human glucagon-
like peptide-2 (GLP-2) was from Bachem (Torrance, CA).

Plasmids—The expression vector pcDNA3.1 was obtained from In-
vitrogen. The pcDNA3.1-human GLP-2R (GLP-2R) plasmid was a gift
from NPS Pharmaceuticals (Salt Lake City, UT). The wild-type (WT)
FLAG epitope-tagged human GLP-2R (FLAG-GLP-2R) cDNA was gen-
erated as previously described (17). The expression vectors encoding
GFP-tagged rat B-arrestin-2 (B-arrestin-2-GFP) and untagged wild-
type rat B-arrestin-2 were kind gifts from Dr. M. G. Caron (Duke
University Medical Center, Durham, NC) and Dr. S. Ferguson (Robarts
Research Institute, London, Ontario, Canada), respectively.

Generation of Mutant GLP-2R Constructs—The truncated mutant
human GLP2R receptor cDNAs were generated by PCR with primers
that introduced a stop codon and an Xhol site following the codons
encoding amino acids 553 (WT), 503 (A504), 469 (A470), 449 (A450), or
443 (A444), utilizing pcDNA3.1-hGLP2R as a template. To generate the
A4445A mutant, five alanine residues were introduced 3’ to amino acid
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443, followed by a stop codon. Single and multiple point mutant GLP-
2Rs were also generated by PCR. The PCR products were cloned into
the FLAG-tagged-hGLP2R (pcDNA3.1) plasmid previously described
(17) (see Supplementary Material for details and primer sequences).
The authenticity of the WT and mutant FLAG-GLP-2R ¢cDNAs was
verified by automated sequencing (Core Molecular Biology Facility,
York University, Ontario, Canada).

Cell Culture—Baby hamster kidney fibroblasts (BHK-21), human
colon cancer epithelial cells (DLD-1), and human cervical cancer cells
(HeLa) were obtained from ATCC and maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 100 units of peni-
cillin/100 pg of streptomycin and either 10% (BHK and HeLa) or 5%
(DLD-1) FBS. DLD-1 cells stably expressing either the WT or mutant
GLP-2Rs were generated following transfection of linearized WT or
mutant GLP-2R constructs using FUuGENE™ (Roche Diagnostics)
and selection with 1.2 mg/ml G418. Pools of DLD-1 clones, stably
expressing the aforementioned plasmids, were used for further ex-
perimental analysis and maintained in media supplemented with 0.5
mg/ml G418. Transient transfections of BHK, DLD-1, or HeLa cells
were carried out using FuGENE™ according to the manufacturer’s
protocol.

Measurement of Cell Surface and Total Cellular GLP-2 Receptor
Levels—To assess levels of cell surface receptor, cells transiently trans-
fected with either WT or mutant FLAG-GLP-2R ¢cDNA constructs were
fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for
10 min at 4 °C. Fixed cells were incubated at room temperature with
FLAG (M1) antibody (1:2000) diluted in DMEM containing 10% FBS
and 1 mm CaCl, for 1 h, washed, and then incubated with anti-mouse-
HRP (1:1000) in DMEM (10% FBS/1 mm CaCl,) for 1 h. Cell-associated
horseradish peroxidase activity was quantified by incubation at room
temperature with 2,2'-azinobis(3-ethylbenthiazoline-6-sulfonic acid) (1
mg/ml) in 0.1 M sodium citrate, 0.1 M Na,HPO,, pH 4.0, and 1 ul of 30%
H,0,/ml. The reaction was stopped with 0.5% SDS/0.1% sodium azide,
and the absorbance of the HRP reaction product was measured at 405
nm. HRP background absorbance from cells transfected with either
untagged receptor cDNA or pcDNA3.1 was subtracted to determine
final absorbance values.

To assess receptor internalization, transfected cells were incubated
with agonist for the indicated periods of time prior to fixation. For
assessment of cell surface receptor recovery following internalization,
cells were incubated with agonist for 20 min at 37 °C, washed briefly
with warm PBS, and then re-incubated in DMEM supplemented with
serum for 30—120 min at 37 °C prior to fixation. To measure levels of
total cellular FLAG-GLP-2R, cells were permeabilized with 0.2% Triton
X-100 in PBS for 10 min at room temperature following fixation and
prior to incubation with the anti-FLAG (M1) antibody.

Measurement of Total cAMP Accumulation—24 h following transfec-
tion, cells were stimulated with 0-100 nMm GLP-2 diluted in media
containing 100 uM 3-isobutyl-1-methylxanthine for 10 min at 37 °C.
Ice-cold ethanol was added to each well (final concentration of 77%) to
stop the reaction. Following an overnight incubation at —20 °C, the
cAMP content of the ethanol extracts was measured by radioimmuno-
assay (Biomedical Technologies, Stoughton, MA).

Immunofluorescence Microscopy—BHK cells, grown in chamber
slides (Nalge Nunc, Int., Naperville, IL) and transiently transfected
with WT or mutant FLAG-GLP-2Rs, were incubated at 4 °C with anti-
FLAG (M1) antibody (1:350) for 1 h in DMEM buffered with 25 mm
HEPES (Invitrogen) and supplemented with 10% FBS and 1 mMm CaCl,.
After washing with PBS plus 1 mm CaCl,, cells were incubated at 37 °C
for 60 min in the absence (control) or presence of 10 nm GLP-2 diluted
in DMEM containing 10% FBS and 1 mMm CaCl,, to induce receptor
endocytosis, and immediately fixed with 4% paraformaldehyde plus 1
mM CaCl, at 4 °C for 30 min. Following permeabilization with 0.2%
Triton X-100/1 mMm CaCl, and blocking with 10% horse serum, 1%
bovine serum albumin, 1 mm CaCl, and 0.02% azide in Tris-buffered
saline (TBS, 20 mMm Tris-HCI, pH 7.6/136 mMm NaCl) for 1 h at room
temperature, the cells were incubated at room temperature with don-
key anti-mouse-Cy3 (1:1000) antibody diluted in 5% bovine serum al-
bumin/1 mm CaCl, in TBS. The slides were mounted using anti-fade
mounting media (DAKO Diagnostics Canada Inc., Ontario, Canada),
and visualized using a Zeiss LSM 510 confocal microscope with a 63
oil immersion objective (Carl Zeiss, Thornwood, NY). For co-localization
of FLAG-GLP-2R and B-arrestin-2-GFP, cells were transiently co-trans-
fected with B-arrestin-2-GFP and either WT or mutant FLAG-GLP-2Rs
prior to treatment and staining. Due to the lower cell surface receptor
levels of the truncated GLP-2R mutants, detector gain was increased to
visualize and document immunofluorescence associated with the la-
beled mutant receptors.
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Fic. 1. Schematic representation of the truncated mutant GLP-2R constructs. The amino acid sequence (residue numbers shown above
sequence) of the entire GLP-2R C terminus (W7T) is shown downstream of the predicted 7th transmembrane domain (TM7). The different truncated
mutant receptors were constructed using PCR as described under “Experimental Procedures” to introduce stop codons at specific positions, thus
shortening the C terminus as indicated. The A4445A mutant receptor was constructed to mimic the A450 mutant receptor in length but does not
contain any GLP-2R-specific C-terminal amino acid sequence. The A444 mutant is missing the entire predicted C-terminal tail.

Immunoprecipitation and Western Blot Analysis of FLAG-GLP-2R—
BHK cells transfected with untagged wild-type B-arrestin-2 and either
WT or mutant FLAG-GLP-2R constructs were washed twice with PBS
and treated for 0—60 min with 10 nm GLP-2 in serum-free DMEM
buffered with 25 mm HEPES. Cellular proteins were then cross-linked
for 30 min at room temperature while rocking following the addition of
freshly prepared dithiobis(succinimidylpropionate) dissolved in Me,SO
(1.25 mM final concentration). Plates were placed on ice and washed
twice for 5 min with cold media supplemented with 10% FBS. Following
two washes with ice-cold PBS, cells were lysed on ice for 30 min in
ice-cold lysis buffer containing 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 50 mm Tris, pH 7.5, 150 mm NaCl, 1 mm CaCl,,
protease inhibitor mixture, phosphatase inhibitor mixture, 5 mm NaF,
and 500 uM sodium orthovanadate (radioimmune precipitation assay
buffer). The protein concentration of cleared lysates was determined
using the BCA Protein assay kit (Pierce). 500 ug of each lysate was
pre-cleared for 1 h with anti-mouse agarose beads linked to 1 ug of
nonspecific mouse IgG and then incubated overnight at 4 °C with anti-
mouse agarose beads linked to 2 pg of anti-FLAG (M2) antibody. Im-
munoprecipitates were washed four times with radioimmune precipi-
tation assay buffer and treated with 10X reducing sample buffer for 1 h
at 37 °C prior to resolving by SDS-PAGE and transfer to Hybond-ECL
nitrocellulose membrane (Amersham Biosciences). In parallel, 40 ug of
each whole cell lysate was resolved to assess B-arrestin-2 expression
levels. Blots were blocked in 5% milk in PBS containing 0.2% Tween 20
and incubated at room temperature with anti-B-arrestin (1:1000). An-
tigen-antibody complexes were visualized with a secondary antibody
conjugated to horseradish peroxidase and an enhanced chemilumines-
cence (ECL) kit (Amersham Biosciences). Blots were stripped and re-
probed with anti-FLAG (M1) (1:1000) to monitor the levels of precipi-
tated WT and mutant receptors.

Desensitization Protocol and Determination of Intracellular cAMP
Content—To induce desensitization, stably transfected cells were in-
cubated with DMEM containing 10 nm GLP-2, 20 um forskolin, or
vehicle (PBS), as indicated, for 20 min. Following a brief wash with
warm PBS, the cells were allowed to recover in DMEM containing 5%
FBS for the indicated periods of time. The cells were then re-stimu-
lated with media containing 100 nm GLP-2 and 100 puM 3-isobutyl-1-
methylxanthine for 10 min at 37 °C. The reaction was stopped by a

quick wash with PBS at 4 °C followed by the addition of cAMP
extraction buffer (77% EtOH in DMEM containing 100 uM 3-isobutyl-
1-methylxanthine). The cAMP concentration in the ethanol extracts
was assessed by radioimmunoassay as described above. To assess the
effect of PKA inhibition on GLP-2R desensitization, cells were incu-
bated in media containing 10 pum H-89 for 30 min prior to and
throughout pretreatment and recovery periods.

Assessment of ERK1/2 Activation—HeLa cells transiently trans-
fected with WT or mutant GLP-2R receptors were serum-starved
overnight prior to stimulation with vehicle or 20 nm GLP-2 for 0-60
min, as indicated. Cells were lysed on ice in 50 mm Tris, pH 8.0, 150
mM NaCl, containing 1% Triton X-100, protease and phosphatase
inhibitor cocktails, and 500 uM sodium orthovanadate. 20 ug of each
cleared lysate was resolved by SDS-PAGE under reducing conditions
and transferred to nitrocellulose membrane. Following blocking for
1 h at room temperature in 5% bovine serum albumin in TBS con-
taining 0.02% Tween 20, blots were incubated overnight at 4 °C with
anti-phospho-p42/p44 ERK1/2 antibody (1:1000) diluted in blocking
buffer. A primary antibody against Hsp90 (1:2000) was used as a
loading control. Antigen-antibody complexes were visualized with a
secondary antibody conjugated to horseradish peroxidase and ECL.
To assess the roles of Gey,, subunit activation and PKC in GLP-2R-
dependent ERK1/2 activation, cells were preincubated with either
200 ng/ml pertussis toxin for 24 h or 1 uMm Ro-31-8425 (Ro) for 1 h
prior to and during stimulation with GLP-2.

Statistical Analysis—Statistical significance was assessed by one-
way analysis of variance followed by the Bonferroni multiple compari-
son post-hoc test using GraphPad Prism 3.03 (GraphPad Software Inc.,
San Diego, CA).

RESULTS

The GLP-2R C Terminus Modulates Cell Surface Receptor
Expression, But Not Adenylyl Cyclase Activation—Multiple
protein domains and structural motifs within the C-terminal
domains of GPCRs have been implicated in the control of re-
ceptor expression and signaling. To identify domains within
the GLP-2R that regulate receptor signaling, trafficking, and
desensitization, we constructed a series of mutant FLAG-
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Fic. 2. Progressive truncation of the hGLP2R C terminus results in decreased cell surface receptor expression, but enhanced

GLP-2-induced cAMP production. A, BHK cells transiently transfected with the same amount of FLAG-tagged wild-type (WT) or truncated
mutant GLP-2Rs ¢cDNAs were assayed for cell surface receptor expression (A) or total cellular receptor levels (B) using an HRP-linked
immunosorbent assay, as described under “Experimental Procedures.” The inset in A illustrates the low, but detectable, cell surface expression of
the A450 and A4445A receptor mutants. Data are mean * S.D. (n = 3) and are representative of four independent experiments. Statistical
comparisons demonstrating detectable cell surface expression (*, p < 0.05; *** p < 0.001) are relative to the A444 mutant whose cell surface
receptor expression was indistinguishable from the background HRP signal. Cell surface receptor levels for each truncated mutant GLP-2R were
also compared with that of the WT GLP-2R (***, p < 0.001). C, BHK cells transiently transfected with either WT or mutant GLP-2Rs were treated
with 0-100 nm GLP-2 for 10 min and assayed for total cAMP accumulation following treatment. Data (mean + S.D., n = 3) were fit to sigmoidal
dose-response curves using GraphPad Prism 3.03 and are representative of three independent experiments. D, BHK cells were transiently
transfected with eight times less of WT than truncated mutant GLP-2R ¢cDNAs to achieve similar levels of cell surface receptor expression as was
confirmed by enzyme-linked immunosorbent assay. The ratio of maximal cAMP production (100 nMm GLP-2, 10 min) to cell surface receptor
expression was calculated for each receptor construct and expressed relative to the WT GLP-2R ratio. Data are mean = S.D. (n = 3) and are
representative of four independent experiments. Statistical comparisons are relative to the WT receptor ratio (¥, p < 0.05; **, p < 0.01; and ***,

p < 0.001).

tagged GLP-2Rs with progressively shorter C-terminal tails
(Fig. 1). To assess the effects of C-terminal truncation on cell
surface receptor expression and activation of second messenger
signaling pathways, we transiently expressed either the FLAG-
tagged wild-type (WT) or mutant GLP-2 receptors in baby
hamster kidney fibroblasts (BHKSs). Basal cell surface receptor
expression was significantly decreased for all mutant receptors
as assessed by an enzyme-linked immunosorbent assay (Fig.
2A). The mutant receptor lacking the entire predicted C termi-
nus (A444) was not detected on the cell surface; however, six
C-terminal amino acids (A450) or replacement of the C-termi-
nal tail with five alanine residues (A4445A) was sufficient to
restore detectable cell surface receptor expression (Fig. 24,
inset). The decrease in cell surface expression was not simply
attributable to deficient cellular expression of the mutant re-
ceptor protein, because similar total cellular levels of WT and
mutant GLP-2 receptor proteins were detected following cell
permeabilization (Fig. 2B).

To determine the functional importance of the GLP-2R C-
terminal sequences for signal transduction, we assessed GLP-

2-stimulated cAMP accumulation for both wild type and mu-
tant receptors. Surprisingly, cAMP accumulation following
agonist stimulation of BHK cells transfected with the A533,
A504, or A470 mutants was only modestly decreased compared
with the WT receptor (Fig. 2C). The severely truncated A450
mutant exhibited a small, yet detectable GLP-2-induced cAMP
response, whereas the A4445A and the A444 mutants did not
activate adenylyl cyclase. Taken together with data in Fig. 24,
detectable cell surface expression is not dependent on the iden-
tity of amino acids in the proximal GLP-2R C terminus, but a
small number of receptor-specific amino acids within this re-
gion are necessary for Gag coupling. To directly compare the
magnitude of receptor signaling, cells were transfected to ex-
press approximately equal levels of cell surface wild-type or
mutant GLP-2Rs. When the maximal cAMP response for each
mutant GLP-2R was expressed relative to the cell surface re-
ceptor density (Fig. 2D), progressive deletion of the GLP-2R
C-terminal tail appears to paradoxically enhance receptor cou-
pling to adenylyl cyclase. These observations suggest that,
although the majority of the GLP-2R C terminus is dispensable
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Fic. 3. The C-terminal tail is re-
quired for retention of the GLP-2R at
the plasma membrane, but not for ag-
onist-induced internalization. BHK
cells transiently expressing either the WT 4°C
or the indicated truncated mutant GLP-2
receptors were prelabeled with anti-
FLAG (M1) antibody as described under
“Experimental Procedures.” Next, cells
were incubated for 1 h either at 4 °C to
prevent endocytosis, or at 37 °C in media Vehicle
alone (Vehicle) or with 10 nm GLP-2. Fol- 37°C
lowing fixation and permeabilization, the
receptor/anti-FLAG antibody complexes
were visualized by confocal microscopy
using a Cy3-conjugated secondary anti-
body. Due to lower cell surface receptor
levels for the truncated GLP-2R mutants, GLP-2
detector gain was increased to visualize 37°C
labeled receptors. Images are representa-
tive of three independent experiments.

for activation of Gag, sequences within the distal region may
act in part to constrain maximal levels of receptor signaling.

Truncation of the GLP-2R C Terminus Promotes Agonist-
independent Receptor Endocytosis—The C-terminal tail of
GPCRs may serve to ensure proper localization and/or stabili-
zation of peptide hormone-activated GPCRs on the plasma
membrane (18-22). To determine whether the decreased cell
surface expression of mutant GLP-2Rs lacking portions of the
C-terminal tail was due to differences in cellular localization
and/or trafficking, BHK cells transiently transfected with ei-
ther FLAG-tagged WT or mutant receptors were prelabeled
with anti-FLAG antibody (M1), as described under “Experi-
mental Procedures,” and next incubated in media alone (vehi-
cle) or with 10 nm GLP-2 for 60 min at 37 °C. Receptor-antibody
complexes were visualized by confocal microscopy. Because
intact cells were labeled with FLAG-antibody prior to stimula-
tion, detected immunofluorescence represented receptor that
was initially on the cell surface. Basal cell surface expression
for the A450 and A4445A GLP-2R mutant receptors was diffi-
cult to monitor, hence subsequent experiments were performed
using only the A533-, A504-, and A470-transfected GLP-2R
receptor cDNAs.

When endocytosis was inhibited by incubation of the cells at
4 °C, the WT and the majority of the mutant-labeled receptors
remained localized to the cell surface (Fig. 3, top panels). Fol-
lowing a 60-min incubation in media alone at 37 °C, the ma-
jority of the immunofluorescent signal associated with the pre-
labeled mutant receptors was detected within the cell, whereas
the WT receptor remained predominantly associated with the
plasma membrane (Fig. 3, middle panels). However, upon stim-
ulation with GLP-2, all of the receptor constructs appeared to
traffic to a similar perinuclear compartment within the cell
(Fig. 8, bottom panels). No detectable immunofluorescence was
observed when cells were transfected with either vector alone
(pcDNA 3.1) or the A444 mutant (data not shown). Thus, trun-
cation of the terminal 21 amino acids (A533 mutant) appears to
promote constitutive GLP-2R internalization; however, elimi-
nation of the majority of the C terminus does not affect the
ability of the receptor to undergo agonist-induced endocytosis
and subsequent trafficking into the recycling compartment.
Therefore, the distal GLP-2R C terminus may act to retain the
un-liganded receptor on the plasma membrane.

The C-terminal Tail Regulates GLP-2R Trafficking following
GLP-2-induced Receptor Endocytosis—Because GLP-2R inter-
nalization was not prevented by truncation of the C-terminal
tail (Fig. 3), we addressed whether trafficking of the receptor
back to the cell surface following endocytosis was altered by
removal of C-terminal receptor sequences. We have recently
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characterized WT GLP-2R desensitization and trafficking us-
ing transfected human epithelial colon cancer (DLD-1) and
BHK cell lines (17). Following treatment of either stably trans-
fected DLD-1:GLP-2R (Fig. 4, A and B) or BHK:GLP-2R cells
(data not shown) with vehicle or 10 nm GLP-2 for up to 20 min,
agonist was removed by washing, and cell surface-associated
receptor levels were measured following incubation in media
alone for up to 2 h to monitor the kinetics of receptor reappear-
ance. As shown previously (17), the WT GLP-2 receptor exhib-
ited slow cell surface reappearance kinetics. However, the cell
surface density of the truncated receptors recovered more rap-
idly than the WT receptor (Fig. 4A). In addition, the GLP-2R
C-terminal-truncated mutants did not appear to exhibit en-
hanced receptor degradation, because the level of total cellular
receptor protein for all transfected GLP-2 receptor cDNAs ap-
peared comparable during the time course of treatment and
recovery (Fig. 4B). Thus, truncation of the GLP-2R C terminus
does not inhibit internalization or trafficking but allows a more
rapid recovery of cell surface receptor levels following ligand-
induced internalization.

The Distal 21 Amino Acids of the GLP-2R C Terminus Are
Required for Agonist-induced Association with B-Arrestin-2—
Many GPCRs associate with the non-visual arrestins, also re-
ferred to as the B-arrestins, following agonist stimulation (for
review, see Ref. 23). Because the stability of the GPCR/B-
arrestin interaction is suggested to predict the trafficking ki-
netics of receptors (24, 25), we addressed whether the GLP-2R
interacts with B-arrestin-2. In BHK cells co-transfected with
GFP-tagged B-arrestin-2 (B-arrestin-2-GFP) and either the WT
or A470 mutant GLP-2Rs, B-arrestin-2-GFP was distributed
throughout the cytoplasm in the un-stimulated state (Fig. 5, A
and B, middle panel). Some co-localization of the WT receptor
and B-arrestin-2-GFP was detected near the cell surface (Fig.
5A, merge). In contrast, the A470 mutant receptor was mostly
detected within the intracellular space and did not associate
with B-arrestin-2-GFP, in keeping with the constitutive inter-
nalization of this receptor (Fig. 5B; see also Fig. 3). Following
exposure to 10 nm GLP-2 for 5, 20 (data not shown), or 60 min,
extensive redistribution of B-arrestin-2-GFP was observed in
the cells transfected with the WT receptor (Fig. 5A), but not the
A470 mutant (Fig. 5B). Furthermore, the WT receptor inter-
nalized and remained associated with B-arrestin-2-GFP (Fig.
5A), whereas internalized A470 mutant GLP-2 receptors did
not co-localize with B-arrestin-2-GFP (Fig. 5B).

To identify domains within the GLP-2 receptor C terminus
responsible for interaction with B-arrestin-2, we performed
similar experiments with the A504 (data not shown) and
A533 mutant receptors. Consistent with findings using the
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Fic. 4. Truncation of the GLP-2R C-terminal tail alters ago-
nist-induced receptor trafficking. DLD-1 cells stably expressing
either the FLAG-tagged WT or the indicated truncated mutant GLP-2
receptors were treated with media alone (Vehicle) or with 10 nm GLP-2
for 5—20 min to induce receptor internalization (shaded area). To mon-
itor reappearance of receptors on the cell surface, cells were treated for
20 min with 10 nm GLP-2, washed, and then incubated for up to 120 min
in the absence of agonist. Cell surface receptor levels (A) or total cellular
receptor levels (B) at the indicated time points were measured using an
HRP-linked immunosorbent assay, as described under “Experimental
Procedures.” Data for each receptor construct are expressed as a per-
centage of either cell surface receptor levels (A) or total cellular receptor
levels (B) at time zero. Data points represent mean = S.D. of triplicate
values and are representative of two independent experiments.

WT GLP-2R, some co-localization of B-arrestin-2-GFP and
the A533 mutant was detected near the plasma membrane in
un-stimulated cells (Fig. 5C). However, neither redistribu-
tion of B-arrestin-2-GFP nor co-localization of p-arrestin-2-
GFP with the A533 mutant GLP-2 receptor was observed
following agonist treatment.

To address whether untagged B-arrestin-2 physically associ-
ated with the WT or mutant GLP-2 receptors in an agonist-de-
pendent manner, cross-linking/immunoprecipitation experi-
ments were performed in transfected BHK cells. Following a
60-min incubation with GLP-2, B-arrestin-2 was co-immuno-
precipitated together with the FLAG-tagged WT GLP-2 recep-
tor (Fig. 5D). In contrast, no detectable B-arrestin-2 was ob-
served in immunoprecipitates of cells transfected with
B-arrestin-2 and either the A533 or the A470 mutant (Fig. 5D).
To address the possibility of a transient interaction between
B-arrestin-2 and the A533 mutant receptor, cross-linking and
immunoprecipitation was also performed following a 5-, 20-,
and 60-min treatment with GLP-2. Although the association of
B-arrestin-2 with the WT GLP-2 receptor increased in a time-
dependent manner, with maximal levels detected after a 60-
min incubation with agonist (Fig. 5E), no B-arrestin-2 was
detected in immunoprecipitates of the A533 mutant at any time
point (Fig. 5F). Taken together, this data suggest that the
distal 21 amino acids of the GLP-2R C-terminal tail are neces-
sary for agonist-induced, stable binding of B-arrestin-2. Fur-
thermore, although B-arrestin-2 appeared to extensively asso-
ciate and internalize with the WT GLP-2 receptor, this
association was not required for ligand-induced endocytosis or
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intracellular trafficking, because these processes were pre-
served for mutant GLP-2 receptors that do not bind B-arres-
tin-2 (Figs. 3, 44, 5B, and 50).

Mutation of Putative Phosphorylation Sites within the Distal
GLP-2R C Terminus Disrupts Agonist-induced Association
with B-Arrestin-2—Phosphorylation of specific amino acid se-
quences within intracellular receptor domains by G-protein
receptor kinases is believed to direct B-arrestin binding to
GPCRs (for review, see Ref. 12). To identify specific GLP-2R
residues that regulate the B-arrestin-2-receptor interaction, we
eliminated putative phosphorylation sites by mutating specific
serine residues to alanine within the C terminus (Fig. 6A). The
single mutation of Ser-551 to alanine (S551A) did not appear to
diminish B-arrestin-2 binding following agonist stimulation as
assessed following immunoprecipitation of the FLAG-tagged
mutant receptor from transfected BHK cells (Fig. 6, B and C).
Although a GLP-2 receptor that had the serine cluster Ser-528/
Ser-529/Ser-531 mutated (AALA) exhibited an approximate
50% decreased association with B-arrestin-2, a receptor con-
taining both the S551A and AALA mutations exhibited an even
greater reduction in B-arrestin-2 association (25% of WT) fol-
lowing stimulation with agonist for 60 min (Fig. 6, B and O).
The decreased, but not completely abrogated, association of the
mutated GLP-2Rs with B-arrestin-2 is similar to findings pre-
viously reported for the neurotensin-1 receptor, oxytocin recep-
tor, angiotensin II type 1A receptor, and substance P receptors
(26). Mutation of two additional upstream serine residues
(S460A and S482A) did not further decrease the association
with B-arrestin-2. Taken together, these data provide addi-
tional evidence that the distal C terminus directs agonist-
induced B-arrestin-2 binding and suggest that this stable as-
sociation most likely occurs following phosphorylation of
specific serine residues within this domain.

The GLP-2R C-terminal Tail Is Dispensable for Ligand-in-
duced Receptor Desensitization and Subsequent Resensitiza-
tion, but Is Required for PKA-mediated Down-regulation of
GLP-2R Signaling—Because B-arrestin is known to play a key
role in the desensitization of many GPCRs, most likely through
its ability to uncouple the receptors from G-protein subunits,
we addressed whether mutant receptors lacking the ability to
bind B-arrestin-2 could undergo homologous desensitization.
Because the S551A/AALA mutant receptor exhibited low, but
detectable, binding to PB-arrestin-2, we chose to examine
GLP-2R desensitization and resensitization kinetics using the
C-terminal truncated mutants, whose association with B-arres-
tin-2 was completely eliminated. Stably transfected DLD-1
cells expressing either WT or truncated mutant GLP-2 recep-
tors were pre-treated with either vehicle (control) or 10 nm
GLP-2, washed, and re-incubated in media alone for indicated
periods of time (recovery) prior to re-challenge with 100 nM
GLP-2 to assess the extent of agonist-induced desensitization
(Fig. 7). Surprisingly, all of the truncated receptors underwent
rapid, GLP-2-induced (homologous) desensitization followed by
slow resensitization kinetics similar to the WT receptor. There-
fore, it does not appear that regulatory domains within the
GLP-2R C terminus, including the amino acids necessary for
B-arrestin-2 binding, are required for desensitization of recep-
tor signaling or the subsequent recovery of receptor respon-
siveness. Moreover, we do not see a correlation between the
kinetics of receptor resensitization (Fig. 7) and receptor reap-
pearance on the cell surface (Fig. 4A), which is similar to our
previously published findings (17) and suggests that recovery
of basal cell surface GLP-2R levels may not be sufficient for
recovery of receptor signaling following agonist desensitization.

B-Arrestin-2 binding does not appear necessary for homolo-
gous GLP-2R desensitization; however, phosphorylation of in-
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Fic. 5. The GLP-2R distal C terminus is required for agonist-induced association with B-arrestin-2. A-C, BHK cells transiently
transfected with B-arrestin-2-GFP and either WT (A4), A470 (B), or A533 (C) truncated mutant GLP-2 receptors were prelabeled with anti-FLAG
(M1) antibody as described under “Experimental Procedures.” Cells were then incubated for 60 min at 37 °C in media alone (Vehicle) or with 10
nM GLP-2. Following fixation and permeabilization, the receptor/anti-FLAG antibody complexes were visualized by confocal microscopy using a
Cy3-conjugated secondary antibody. D-F, BHK cells were transiently transfected with untagged B-arrestin-2 and either WT or the indicated
truncated mutant GLP-2 receptor constructs. Following incubation in the absence (—) or presence (+) of 10 nMm GLP-2 for 60 min (D) or for the
indicated times (E and F), cells were cross-linked, harvested, and extracted as described under “Experimental Procedures.” Equal amounts of
protein from each cleared cell lysate were immunoprecipitated with anti-FLAG (M1) antibody and subjected to Western blot analysis to detect
co-immunoprecipitated B-arrestin-2 or the FLAG-tagged GLP-2 receptor constructs. Similar B-arrestin-2 expression levels between transfections
were confirmed by Western blot analysis of whole cell extracts. Images and blots are representative of two to three independent experiments.

tracellular domains by second-messenger kinases can also fa-
cilitate down-regulation of GPCR signaling (heterologous
desensitization) independently of arrestin. To address whether
this mechanism was responsible for GLP-2R desensitization,
we treated DLD-1 (Fig. 8) or BHK cells (data not shown) stably
expressing the wild-type GLP-2R with activators of either pro-
tein kinase A (PKA) or protein kinase C (PKC). Although acti-
vation of PKC with 400 nm phorbol 12-myristate 13-acetate did
not result in down-regulation of GLP-2R signaling (data not
shown), pre-treatment of cells with 20 um forskolin (FK), a
specific activator of adenylyl cyclase, decreased agonist-stimu-
lated cAMP accumulation to a similar extent as pre-treatment
with GLP-2 (Fig. 84). Moreover, concurrent pre-treatment of
cells with both GLP-2 and FK further potentiated GLP-2R
desensitization. Surprisingly, although inhibition of PKA ac-
tivity with 10 um H-89 blocked FK-induced GLP-2R desensiti-

zation, it had no significant effect on ligand-induced desensiti-
zation (Fig. 8B). Consistent with a role of the GLP-2R C
terminus in heterologous, but not homologous desensitization,
progressive truncation of this domain attenuated FK-, but not
agonist-mediated GLP-2R desensitization (Fig. 8C). Therefore,
although PKA activation can regulate GLP-2R signaling via
the C-terminal domain, neither PKA activity nor B-arrestin-2
binding appear necessary for down-regulation of GLP-2R sig-
naling in response to ligand. This suggests the existence of a
novel, currently uncharacterized, mechanism for homologous
GLP-2R desensitization.

Ligand-induced GLP-2R ERK 1/2 Activation Requires Cou-
pling to Ga;,,, but Is B-Arrestin-2- and PKC-independent—
GPCRs can activate MAPK signaling pathways through the
recruitment of B-arrestin-2 (for review see Refs. 23 and 27).
Previous studies of GLP-2R signaling in BHK cells did not
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Fic. 6. Mutation of putative phosphorylation sites within the distal GLP-2R C-terminal tail disrupt ligand-induced B-arrestin-2
recruitment. A, schematic representation of the GLP-2R C-terminal amino acid sequence downstream of the predicted 7th transmembrane
domain (TM7). Individual or clusters of serine residues (underlined and highlighted) were mutated to alanine by site-directed mutagenesis. B, BHK
cells transiently expressing either WT or mutant GLP-2 receptors possessing single or multiple point mutations as indicated, were incubated in
the absence (—) or presence (+) of 10 nM GLP-2 for 60 min prior to cross-linking, anti-FLAG(M1) antibody immunoprecipitation (IP) and Western
blot analysis as described in Fig. 5. Similar B-arrestin-2 expression levels between transfections were confirmed by Western blot analysis of whole
cell extracts. Blots are representative of two independent experiments. The ratios of co-immunoprecipitated B-arrestin-2 to total immunoprecipi-
tated receptor, calculated for each receptor mutant construct and expressed relative to the WT GLP-2R ratio, are shown in C. Quantification was
performed by densitometry. Data are mean * range of two independent experiments.
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Fic. 7. The C-terminal tail of the GLP-2R is not required for
homologous receptor desensitization or resensitization. DLD-1
cells stably expressing either the WT or the indicated truncated mutant
GLP-2 receptors were incubated for 20 min in the absence (—) or
presence (+) of 10 nMm GLP-2 (pre-treatment), washed, and allowed to
recover for either 30, 60, or 120 min. Cells were then re-challenged with
100 nm GLP-2 for 10 min prior to measuring intracellular cAMP con-
tent. Data for each receptor construct (mean + S.E. from two independ-
ent experiments each performed in quadruplicate) are expressed as a
percentage of their corresponding control (c) (pre-treatment in the ab-
sence of GLP-2 and additional 120-min recovery). Statistical compari-
sons are relative to the control (*#, p < 0.01; *** p < 0.001).

R
C 30 60120

= ¥+ + +
C 30 60120

S+ o+ o+
C 30 60120

detect significant ERK1/2 phosphorylation following agonist
treatment (28). However, GLP-2 treatment of HeLa cells trans-
fected with the GLP-2R led to activation of ERK1/2 that re-
quired both Gay, and By subunits, was Ras-dependent, and
was not the result of epidermal growth factor receptor trans-
activation (8). Therefore, we used HeLa cells transfected with
either the WT or mutant GLP-2 receptors to address whether
GLP-2R-mediated activation of ERK1/2 was dependent on re-
ceptor association with B-arrestin-2. Similar patterns of B-ar-
restin-2 association to the WT and A533 mutant receptors, as
assessed by cross-linking/immunoprecipitation, were observed
in HeLa and BHK cells (data not shown). Increased ERK1/2
phosphorylation was observed following short-term GLP-2
treatment of HeLa cells transfected with either the WT, A533,
A504, A470, or 460/482/AALLA/551 mutant GLP-2 receptors, but
not the A450, A4445A, or A444 mutants (Fig. 9A). Therefore,

elimination of the majority of the GLP-2R C terminus or mu-
tations, which attenuate B-arrestin-2 association, do not pre-
vent activation of the ERK1/2 MAPK signaling pathway.

It was recently suggested that early onset and transient
GPCR-mediated ERK1/2 phosphorylation is dependent on G-
protein-regulated PKC activity, whereas delayed onset and
persistent ERK1/2 activation is dependent on B-arrestin-2 (29).
Both the WT and A533 mutant receptors exhibited identical
time courses of rapid and transient ERK1/2 phosphorylation
following GLP-2 treatment in HeLa cells (Fig. 9B), consistent
with our data suggesting that GLP-2R MAPK activation is
B-arrestin-2-independent. The transient increase in ERK1/2
phosphorylation following acute stimulation of both the WT
and A533 GLP-2 receptor mutants was abrogated by pertussis
toxin pre-treatment (Fig. 9C) but was not affected following
inhibition of PKC with Ro-31-8425 (Fig. 9B), although the PKC
inhibitor efficiently blocked phorbol 12-myristate 13-acetate-
induced ERK1/2 phosphorylation (Fig. 9B). These data demon-
strate that GLP-2R-mediated ERK1/2 phosphorylation is G-
protein-dependent but does not require PKC activation or the
C-terminal domain of the receptor, including amino acid resi-
dues necessary for interaction with B-arrestin-2.

DISCUSSION

In this study we show that the progressive truncation of the
predicted GLP-2 receptor C-terminal tail did not abrogate ag-
onist-induced, G-protein-mediated activation of the adenylyl
cyclase or MAPK signaling pathways. However, the C terminus
was required for proper cell surface receptor expression, yet not
for ligand-induced endocytosis, because truncated mutant re-
ceptors were rapidly internalized and targeted to a conserved
intracellular compartment following incubation with GLP-2.
Following endocytosis, truncated mutant receptors reappeared
on the cell surface more rapidly than the full-length receptor
and failed to stably associate with B-arrestin-2. Mutation of
putative phosphorylation sites within the distal GLP-2R C
terminus diminished ligand-induced B-arrestin-2 association.
However, disruption of stable, ligand-induced pB-arrestin-2
binding to the GLP-2R, by site-directed mutagenesis or trun-
cation of the GLP-2R, did not affect transient, PKC-independ-
ent ERK1/2 phosphorylation.

Truncation of the distal GLP-2R C terminus appears to
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Fic. 8. PKA-mediated heterologous GLP-2R desensitization
requires domains within the receptor C terminus. A, DLD-1:
hGLP-2R cells were pre-treated for 20 min with either vehicle (media
alone), 10 nm GLP-2, 20 um FK, or both GLP-2 and FK, prior to a 30-min
recovery period and subsequent assessment of GLP-2-induced intracel-
lular cAMP accumulation as described in Fig. 7. B, DLD-1:hGLP-2R
cells were incubated in media containing either vehicle (Me,SO
(DMSO0)) or 10 um H-89 to inhibit PKA activity prior to, during desen-
sitization, and throughout recovery as in A. Data (mean * S.D.) are
expressed as a percentage of their corresponding control (vehicle pre-
treatment) and are representative of a least three independent exper-
iments performed in triplicate. Statistical comparisons are relative to
the vehicle control (white bars), and **, p < 0.01 for GLP-2 versus GLP-2
plus FK. C, desensitization of the WT or truncated mutant GLP-2Rs in
response to either 10 nm GLP-2 or 20 um FK was assessed in stably
transfected DLD-1 cells. Data for each receptor construct (mean + S.E.
from two independent experiments each performed in quadruplicate)
are expressed as a percentage of their corresponding control (Vehicle).
Statistical comparisons in A-C, as indicated, are *, p < 0.05; ** p <
0.01; ¥ p < 0.001; and ns, not significant.

promote constitutive internalization while not preventing G-
protein-coupled signaling, thus suggesting that the C termi-
nus directs stabilization of un-stimulated GLP-2Rs at the
plasma membrane. This characteristic may be conserved

C-terminal-independent Signaling and Endocytosis of the GLP-2R

among hormone-activated GPCRs, because many receptors
with peptide ligands (18, 19, 21, 22) exhibit decreased cell
surface expression following truncation of this intracellular
domain. Moreover, C-terminal truncation of the somatostatin
receptor 14 similarly promotes agonist-independent internal-
ization (30). This suggests the existence of as yet unidentified
conserved C-terminal structural motifs that direct proper
membrane retention of GPCRs activated by peptides. Sur-
prisingly, progressive truncation of the C terminus enhanced
the ability of the GLP-2R to activate adenylyl cyclase, an
observation also reported for the highly related glucagon
receptor (31) suggesting that this domain may tonically re-
press Gag signaling. Our data demonstrate that the GLP-2R
C terminus is not necessary for G-protein-dependent effector
activation but is required for proper expression and/or reten-
tion of the receptor at the plasma membrane.

Recently, GPCRs have been further classified into two sub-
groups based on their recycling kinetics and the specificity and
stability of B-arrestin binding. “Class A” GPCRs interact dif-
ferentially and transiently with the arrestin isoforms and tend
to recycle quickly, whereas “Class B” GPCRs form a stable
interaction with arrestin and traffic more slowly through the
cell (24, 25, 32). Our current data, along with previously pub-
lished findings (17), suggests that the wild-type GLP-2R, like
the vasopressin-2, angiotensin II type 1A, thyrotropin-releas-
ing hormone, neurokinin-1, and neurotensin-1 receptors, be-
haves as a Class B GPCR, based on the delayed trafficking
kinetics and the prolonged interaction between the receptor
and B-arrestin-2 (25). Furthermore, reduction of the ligand-
induced B-arrestin-2 association by mutation of serine residues
within the distal GLP-2R C terminus suggests that phospho-
rylation of this domain regulates stable binding of B-arrestin-2,
consistent with a Class B GPCR (26). In contrast, it is tempting
to propose that the truncated mutant receptors exhibit more
Class A-like characteristics based on their recovery kinetics.
However, the faster recovery of cell surface-truncated GLP-2R
levels may be due to more rapid trafficking of nascent or con-
stitutively internalized receptors from intracellular pools. Fur-
thermore, because the C-terminal truncated mutant receptors
did not appear to interact with B-arrestin-2, they do not con-
form to the classic definition of a Class A GPCR. Nevertheless,
because we have only assessed the B-arrestin-2 interaction at
fixed time points following ligand stimulation, we cannot ex-
clude the possibility that the truncated mutant receptors tran-
siently interact with B-arrestin-2.

The B-arrestins control a diverse array of functions in the
regulation of GPCR signaling, including the following: poten-
tiation of GPCR desensitization by uncoupling receptors from
G-proteins; facilitation of receptor endocytosis; and serving as a
scaffold to link GPCRs with intracellular signaling machinery
(for review, see Ref. 33). One may argue that the enhanced
cAMP accumulation observed for the truncated mutant recep-
tors may in fact represent defective desensitization, thus im-
plying a role for the C terminus and/or B-arrestin-2 association
in the down-regulation of GLP-2R signaling. However, our
results indicated that a truncated GLP-2R missing most of the
C terminus (A470 mutant), including the putative pB-arrestin-2
binding domain and the majority of available phosphorylation
sites, underwent rapid, homologous desensitization to a similar
extent as wild-type receptor. Interestingly, elimination of the
C-terminal tail does abrogate PKA-mediated heterologous
GLP-2R desensitization. Therefore, it is possible that the en-
hanced basal signaling of the truncated mutants is the result of
deficient regulation by agonist-independent PKA activity. Re-
sensitization of the GLP-2R following acute agonist stimulation
requires reappearance of receptors back on the cell surface
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Fic. 9. GLP-2R-dependent ERK1/2 activation in HeLa cells does not involve PKC or pB-arrestin-2, but is mediated through Ge;,. A,
HelLa cells were transiently transfected with 10 times less of the WT and 460/482/AALLA/551 mutant GLP-2R ¢cDNAs than of the truncated mutant
receptor cDNAs, to achieve similar levels of cell surface receptor expression (confirmed by enzyme-linked immunosorbent assay). 24 h following
transfection, cells were serum-starved overnight and then stimulated with 20 nm GLP-2 for 5 min. Levels of phosphorylated ERK1/2, or Hsp90 as
a loading control, were assessed by Western blot analysis of whole cell lysates. Blots are representative of four independent experiments. B, WT
or A533 mutant GLP-2R-transfected HeLa cells were serum-starved overnight and then pre-treated with vehicle alone or 1 um Ro-31-8425 for 1 h
prior to stimulation with 20 nMm GLP-2 for the indicated periods of time. To monitor the effectiveness of the PKC inhibitor, cells were pretreated
with or without Ro-31-8425 prior to stimulation with 100 nm phorbol 12-myristate 13-acetate (PMA) for 5 min. C, HeLa cells, transfected with
either WT or the A533 mutant GLP-2Rs, were pre-treated with 200 ng/ml pertussis toxin for 24 h, serum-starved overnight, and then stimulated
with 20 nm GLP-2 for the indicated periods of time. For B and C, whole cell lysates were immunoblotted as in A and are representative blots from

three independent experiments.

following internalization (17), a regulatory mechanism shared
by many GPCRs (12). However, consistent with our previous
report, our results illustrating the differential trafficking, yet
similar resensitization kinetics, of the wild-type and truncated
receptors further demonstrate that restoration of the basal cell
surface GLP-2R receptor levels is not sufficient for recovery of
receptor responsiveness. Thus, we conclude that the mecha-
nisms regulating homologous desensitization, and subsequent
resensitization, of the GLP-2R occur independently of phospho-
rylation or binding of B-arrestin and/or other C-terminal tail-
associated proteins. We are currently attempting to identify
the unique mechanism governing ligand-induced reductions in
GLP-2 signaling, which may involve phosphorylation-indepen-
dent G-protein receptor kinase activity (34, 35) or activation of
the regulators of G-protein signaling proteins (see Ref. 36
for review).

Interaction with the B-arrestins is also known to direct
GPCR endocytosis in clathrin-coated pits via interaction of
B-arrestin with the clathrin heavy chain and adapter protein
comlex AP-2 (37, 38). Truncation of receptors or elimination
of arrestin binding has been shown to prevent endocytosis of
GPCRs utilizing this internalization pathway (32, 39, 40).
Consistent with previously published data demonstrating
that GLP-2R endocytosis occurs via a clathrin- and dynamin-
independent, lipid-raft-dependent mechanism (17), the dis-
ruption of the GLP-2R/B-arrestin-2 interaction does not in-
hibit GLP-2R endocytosis. Nevertheless, we show that
truncation of the GLP-2R C terminus does appear to modu-
late intracellular receptor trafficking following ligand-in-
duced internalization, suggesting that the interaction with
arrestin may regulate intracellular trafficking downstream
of endocytosis. Although we have previously characterized
the clathrin- and dynamin-independent mechanism of
GLP-2R endocytosis in multiple cell lines heterologously ex-
pressing varying levels of receptor protein (17),2 we cannot

2J. L. Estall, J. A. Koehler, B. Yusta, and D. J. Drucker,
unpublished results.

exclude the possibility that the GLP-2R may utilize alterna-
tive internalization pathways depending on the level of sur-
face expression or the cellular context. Identification of a cell
line that expresses the endogenous GLP-2R would facilitate
further characterization of the mechanisms regulating
GLP-2R trafficking.

Because a stable interaction between B-arrestin-2 and the
GLP-2R does not appear to mediate homologous desensitiza-
tion or receptor internalization, we hypothesized that p-arres-
tin-2 recruitment may link GLP-2R signaling to G-protein-
independent effector pathways, namely ERK1/2 activation.
The B-arrestins can facilitate Ras-mediated MAPK activation
via interaction with Src (41), or by regulating transactivation of
receptor tyrosine kinases (27, 42). Furthermore, the B-arrestins
can recruit and scaffold ERK1/2, JNK3, and their upstream
kinases (43—-45), mediating a direct interaction between
GPCRs and the components of two MAPK signaling pathways.
However, disruption of the interaction between GLP-2R and
B-arrestin-2, either by GLP-2R C-terminal truncation or site-
directed mutagenesis, did not abrogate GLP-2-induced ERK1/2
phosphorylation. The transient time course of ERK1/2 phos-
phorylation following activation of either the wild-type or mu-
tant GLP-2Rs is consistent with this observation, because sig-
naling via B-arrestin-2 promotes delayed onset and sustained
MAPK activation (29, 46). Moreover, inhibition of Ge;/,-medi-
ated signaling abrogates GLP-2-induced ERK1/2 phosphoryla-
tion by both wild-type and mutant receptors, further confirm-
ing that GLP-2R MAPK activation is G-protein-dependent.

Interestingly, inhibition of PKC did not block GLP-2-in-
duced ERK1/2 phosphorylation in transfected cells, although
PKC has been implicated in the regulation of B-arrestin-2-
independent MAPK activation by GPCRs (46, 47). In general,
PKC is believed to act downstream of Ga,-mediated PLC
activation; however, GPCR-mediated MAPK signaling via
Gay,, has been previously reported (48), where it was sug-
gested to facilitate receptor tyrosine kinase transactivation.
Although activation of the GLP-2R in Hela cells does not
result in epidermal growth factor receptor transactivation
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(8), it remains possible that the GLP-2R modulates signaling
of other receptor tyrosine kinases. Nevertheless, delineation
of the PKC/B-arrestin-2-independent mechanism linking the
GLP-2R, and possibly other GPCRs, to the MAPK signaling
cascade is of substantial interest.

Because many GPCRs associate with both p-arrestin-1 and
B-arrestin-2 (25), the truncated mutant GLP-2 receptors may
retain the ability to interact with B-arrestin-1. Although it is
possible that interaction with this arrestin isoform directs
GLP-2 receptor desensitization, resensitization, and coupling
to MAPK, preliminary data from our laboratory suggests that
the GLP-2R does not physically associate with B-arrestin-1.%
Accordingly, we conclude that disruption of the GLP-2R-B-
arrestin interaction does not prevent GLP-2R desensitization,
internalization, or G-protein-dependent effector activation.
Thus, the functional relevance of the agonist-dependent stable
B-arrestin-2 association with the GLP-2R has yet to be deter-
mined and warrants further investigation.

In summary, our data demonstrate that the C terminus
directs proper plasma membrane GLP-2 receptor expression
and stabilization, stable recruitment of B-arrestin-2, and li-
gand-induced receptor sequestration within the cell. Thus,
the C terminus appears to somehow link the human GLP-2R
receptor to intracellular sorting machinery. Taken together
with our previously published observations (17), these results
suggest that the mechanisms regulating GLP-2R desensiti-
zation, resensitization, and coupling to G-protein-dependent
effector activation are distinct from those previously charac-
terized for many members of the GPCR superfamily. Further-
more, our study suggests that B-arrestin-2 may possess a
currently unidentified function in the regulation of GPCR
activity unrelated to desensitization, endocytosis, or coupling
to MAPK activation.
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