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Many G protein-coupled receptors possess carboxyl-terminal
motifs ideal for interaction with PDZ scaffold proteins, which can
control receptor trafficking and signaling in a cell-specific manner.
To gain a panoramic view of 3;-adrenergic receptor (3,AR) inter-
actions with PDZ scaffolds, the 3,AR carboxyl terminus was
screened against a newly developed proteomic array of PDZ
domains. These screens confirmed 3, AR associations with several
previously identified PDZ partners, such as PSD-95, MAGI-2,
GIPC, and CAL. Moreover, two novel 3, AR-interacting proteins,
SAP97 and MAGI-3, were also identified. The 3,AR carboxyl ter-
minus was found to bind specifically to the first PDZ domain of
MAGI-3, with the last four amino acids (E-S-K-V) of 3, AR being the
key determinants of the interaction. Full-length ;AR robustly
associated with full-length MAGI-3 in cells, and this association was
abolished by mutation of the 3, AR terminal valine residue to ala-
nine (V477A), as determined by co-immunoprecipitation experi-
ments and immunofluorescence co-localization studies. MAGI-3
co-expression with ;AR profoundly impaired 3;AR-mediated
ERK1/2 activation but had no apparent effect on 3, AR-mediated
cyclic AMP generation or agonist-promoted 3, AR internalization.
These findings revealed that the interaction of MAGI-3 with ;AR
can selectively regulate specific aspects of receptor signaling. More-
over, the screens of the PDZ domain proteomic array provide a
comprehensive view of ;AR interactions with PDZ scaffolds,
thereby shedding light on the molecular mechanisms by which
B,AR signaling and trafficking can be regulated in a cell-specific
manner.

Cellular responses to a given hormone or neurotransmitter can vary
markedly between different types of cells. In many cases, such cellular
differences are because of differential expression of receptor subtypes.
However, even cells expressing exactly the same receptor subtypes can
exhibit distinct responses to a given ligand, because receptors often
behave quite differently in distinct cellular environments. The traffick-
ing and signaling properties of G protein-coupled receptors (GPCRs),’
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which comprise the largest family of cell surface receptors, are known to
be especially influenced by cellular context. The activity of a GPCR
depends not only on the complement of downstream effectors
expressed in a given cell but also on the set of expressed G proteins,
kinases, and scaffold proteins that directly interact with the receptor to
shape its signaling capability.

PDZ scaffolds comprise a key class of GPCR-interacting proteins that
can strongly influence receptor trafficking and signaling. The term PDZ
is derived from the names of the first three proteins in which these
domains were first identified: the post-synaptic density protein PSD-95,
the Drosophila protein Discs-large, and the tight junction protein ZO-1.
PDZ domains are ~90 amino acids in length and bind to specific car-
boxyl-terminal motifs on their target proteins. There are three general
classes of PDZ domain: Class I domains, which recognize the carboxyl-
terminal motif S/T-X-¢ (where "¢ indicates a hydrophobic amino acid
and "X" indicates any amino acid), Class II domains, which recognize
the carboxyl-terminal motif ¢-X-¢, and Class III domains, which rec-
ognize D/E-X-¢ as their preferred carboxyl-terminal motif (1).

Many GPCRs possess carboxyl-terminal motifs appropriate for inter-
action with PDZ domains. One subfamily of GPCRs for which there are
already several reports of PDZ interactions is the subfamily of B-adre-
nergic receptors (BARs). This subfamily includes the closely related
subtypes B;AR, B,AR, and B;AR and mediates physiological responses
to epinephrine and norepinephrine (2). It has been shown that several
Class I PDZ proteins associate with the carboxyl terminus (CT) of B; AR,
including PSD-95 (postsynaptic density-95) (3-5), MAGI-2 (mem-
brane-associated guanylate kinase inverted-2) (4), CNrasGEF (cAMP-
dependent guanine nucleotide exchange factor, also known as PDZ-
GEF1) (6), GIPC (GAIP-interacting protein, carboxyl terminus) (7), and
CAL (cystic fibrosis transmembrane conductance regulator-associated
ligand, also known as GOPC or FIG) (8). MAGI-2 and PSD-95 are struc-
turally related PDZ proteins of the membrane-associated guanylate
kinase-like (MAGUK) family, but nonetheless they exhibit diametrically
opposing effects on agonist-induced B;AR internalization; MAGI-2
strongly promotes 8; AR internalization (4), whereas PSD-95 markedly
inhibits it (3, 4). In contrast, CNrasGEF and GIPC have no obvious
effects on B, AR endocytosis but rather regulate various aspects of ;AR
signaling (6, 7), whereas the Golgi-associated protein CAL directs ;AR
anterograde trafficking through the endoplasmic reticulum-Golgi com-
plex to the plasma membrane (8). Interestingly, despite the high degree
of overall sequence similarity between B,AR and B,AR, none of the
aforementioned B;AR-associated PDZ proteins interact with B,AR.

nergic receptor; MAGI, membrane-associated guanylate kinase-like protein with an
inverted domain structure; CNrasGEF, cAMP-dependent guanine nucleotide
exchange factor; GIPC, GAIP-interacting protein, carboxyl terminus; CAL, cystic fibro-
sis transmembrane conductance regulator-associated ligand; NHERF, Na*/H™*
exchanger regulatory factor; GST, glutathione S-transferase; CT, carboxyl terminus;
HA, hemagglutinin; HEK, human embryonic kidney; PBS, phosphate-buffered saline;
ERK, extracellular signal-related kinase.
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Instead, B,AR has been shown to interact with the Na*/H " -exchanger
regulatory factors NHERF-1 (also known as EBP50) and NHERF-2 (also
known as E3KARP) (9-11). These interactions mediate regulation of
Na'/H" exchange by 8,AR (9) and also dictate 8,AR postendocytic
sorting following agonist-promoted internalization (11).

It has been known for many years that ;AR exhibits differential
behavior in distinct cellular environments, with tissue-specific differ-
ences in the rate of receptor endocytosis being particularly pronounced
(12-15). Such differences in B;AR behavior in distinct cells may be
explained in large part by the differential expression of B; AR-interact-
ing proteins such as PDZ scaffolds, which as described above can
strongly regulate 3, AR trafficking and activity. Thus, it is a point of clear
physiological interest to determine the full set of PDZ scaffolds that can
associate with 3;AR. There are ~440 PDZ domains in the human pro-
teome, with ~25% of these being probable Class I PDZ domains (1). We
have recently prepared the majority of known or probable Class I PDZ
domains as hexahistidine-tagged fusion proteins and arranged them on
a proteomic array to facilitate the rapid analysis of PDZ domain-medi-
ated interactions (16). Here, we screened this PDZ domain array with
the B, AR-CT resulting in the confirmation of several known 3; AR/PDZ
interactions as well as the elucidation of several novel interactions. Fur-
thermore, one of the novel interactions, the association between ;AR
and MAGI-3, was found to occur in a cellular context and to also regu-
late B, AR signaling activity.

EXPERIMENTAL PROCEDURES

Preparation of Plasmids and Fusion Proteins—The B;AR and ,AR
carboxyl termini (the last 30 amino acids of the human ;- and f3,-ad-
renergic receptors) were amplified via PCR and subcloned into pGEX-
4T-1 for expression as GST fusion proteins. Point mutations of both
B,AR-CT and full-length Flag-B,AR construct (V477A) were intro-
duced via PCR and verified by ABI sequencing. The full-length V5/His-
MAGI-3 construct in pcDNA3 was kindly provided by Rich Laura
(Genentech). The individual PDZ domains of MAGI-3, and all of the
other PDZ domains utilized on the PDZ array, were amplified via PCR
and inserted into pET30A for expression as His/S-tagged fusion pro-
teins, as described (16).

PDZ Array Overlay Assay—Gridded nylon membranes were spotted
with His/S-tagged PDZ domain fusion proteins (1 pg/bin), as described
(16). The membranes were placed at room temperature for 24 h to dry
and then stored at 4 °C for later use. Prior to experiments, membranes
were blocked in blot buffer for 30 min at room temperature then over-
laid with 100 nm GST fusion proteins in blot buffer for 1 h at room
temperature. The arrays were washed three times with blot buffer, and
incubated with an horseradish peroxidase-conjugated anti-GST anti-
body (1:3000, Amersham Biosciences). Interactions of the GST fusion
proteins with the various PDZ domains were then visualized via chemi-
luminescence using the ECL kit (Pierce).

Blot Overlay Assay—The binding of receptor carboxyl terminus-GST
fusion proteins to His/S-tagged PDZ domain fusion proteins was
assayed via a blot overlay technique. The receptor CT-GST fusion pro-
teins (1 ug/lane) were run on 4—20% SDS-polyacrylamide gels (Novex,
San Diego, CA), blotted, and overlaid with the His/S-tagged PDZ
domains (50 nM final concentration) in blot buffer for 1 h at room
temperature. The blots were then washed three times with blot buffer
and incubated with S-protein horseradish peroxidase conjugate (Nova-
gen, 1:4000) for 1 h at room temperature and were visualized via chemi-
luminescence as described above.

GST Fusion Protein Pull-down Assay—GST fusion proteins were
purified from bacteria using glutathione-Sepharose 4B beads (Sigma)
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according to the manufacturer’s protocol and resuspended in PBS con-
taining 0.5% Nonidet P-40 and protease inhibitors. Equal amounts of
GST fusion proteins (conjugated on beads) were incubated with 1 ml of
clarified whole cell extracts from COS-7 cells transfected with His/V5-
MAGI-3. After incubation at 4 °C with gentle rotation for 4 h, the beads
were extensively washed with ice-cold PBS containing 0.5% Nonidet
P-40. Proteins were eluted from the beads with SDS-PAGE sample
buffer, resolved on SDS-polyacrylamide gels, and transferred to nitro-
cellulose. MAGI-3 was then detected via Western blotting with the
monoclonal anti-V5 antibody followed by a horseradish peroxidase-
conjugated anti-mouse IgG secondary antibody (1:2000).

Cell Culture and Transfection—All tissue culture medium and
related reagents were purchased from Invitrogen. HEK-293 and COS-7
cells were maintained in complete medium (Dulbecco’s modified eagle
medium plus 10% fetal bovine serum and 1% penicillin/streptomycin) in
a 37°C/5% CO, incubator. For transfections, 1 pug of total DNA was
mixed with Lipofectamine 2000 (15 ul) (Invitrogen) and added to 5 ml
of complete medium in 10-cm tissue culture plates containing cells at
~50-80% confluency. Following a 4-h incubation, fetal bovine serum
was added to the medium to 10%, and cells were then harvested after
48 h.

Western Blotting and Antibodies—Samples were run on 4-20% SDS-
polyacrylamide gels (Invitrogen) for 1 hat 150 V and then transferred to
nitrocellulose. The blots were blocked in "blot buffer” (2% nonfat dry
milk, 0.1% Tween 20, 50 mm NaCl, 10 mm Hepes, pH 7.4) for at least 30
min and then incubated with primary antibody in blot buffer for 1 h at
room temperature. The blots were then washed three times with 10 ml
of blot buffer each and incubated for 30 min at room temperature with
a horseradish peroxidase-conjugated secondary antibody (Amersham
Biosciences) in blot buffer. Finally, the blots were washed three more
times with 10 ml of blot buffer each and visualized via enzyme-linked
chemiluminescence as described above. Horseradish peroxidase-conju-
gated anti-GST, polyclonal anti-His, and horseradish peroxidase-con-
jugated anti-mouse IgG and anti-rabbit IgG secondary antibodies were
purchased from Amersham Biosciences. Monoclonal anti-V5 was from
Invitrogen, and monoclonal anti-hemagglutinin (HA) 12CA5 antibody
was from Roche Molecular Biochemicals. Polyclonal anti-MAGI-3,
anti-FLAG M2 monoclonal antibody, and anti-FLAG M2 affinity gel
were from Sigma. Polyclonal anti-B;AR (V-19) was purchased from
Santa Cruz.

Immunoprecipitation—Cells were harvested in ice-cold solubiliza-
tion buffer (10 mm Hepes, 50 mm NaCl, 5 mm EDTA, 1 mm benzami-
dine, 0.5% Triton X-100) and incubated end-over-end at 4 °C for 1 h to
achieve solubilization. Particulate matter was removed via centrifuga-
tion for 15 min at 15,000 X g (4 °C). The solubilizates were then incu-
bated with 30 ul of anti-FLAG M2 affinity gel (for transfected cells) or
30 ul of protein A/G-agarose plus 5 ul of polyclonal anti-B; AR antibody
(for brain lysates) for 2 h with end-over-end rotation at 4 °C. After five
washes with 1.0 ml of ice-cold solubilization buffer, the immunoprecipi-
tated proteins were eluted from the beads via incubation with SDS-
PAGE sample buffer and visualized via Western blot using appropriate
antibodies.

Cell Surface Expression Assay—Receptor expression in the plasma
membrane was quantified as described (17). Briefly, cells were grown in
35-mm dishes and incubated in the absence and presence of agonist.
The cells were then rinsed in PBS and fixed with 4% paraformaldehyde
in PBS for 30 min and then rinsed three more times in PBS and blocked
with blocking buffer (2% nonfat dry milk in PBS) for at least 30 min. The
fixed cells were incubated with primary antibody in blocking buffer for
1 h at room temperature. The dishes were subsequently washed three
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times with 2 ml of block buffer and incubated for 1 h at room temper-
ature with horseradish peroxidase-conjugated secondary antibody in
blocking buffer. Finally, the dishes were washed three times with 2 ml of
blocking buffer and one time with 2 ml of PBS and incubated with 2 ml
of ECL reagent for exactly 15 s. The luminescence, which corresponds
to the amount of receptor on the cell surface, was determined by using
a TD 20/20 luminometer.

Immunofluorescence Microscopy—HEK-293 cells were transiently
transfected with combinations of Flag-B,AR, Flag-V477A, and/or
V5/His-MAGI-3. Forty-eight hours after transfection, cells were
washed three times with Dulbecco’s PBS and then fixed in 4% paraform-
aldehyde in PBS for 30 min at room temperature. To visualize the sub-
cellular localization of B; AR and MAGI-3, cells were blocked and per-
meabilized with a buffer containing 2% bovine serum albumin and
0.04% saponin in PBS (”saponin buffer”) for 30 min at room tempera-
ture. The cells were then incubated with mouse monoclonal anti-FLAG
and rabbit polyclonal anti-His antibodies for 1 h at room temperature.
After three washes (1 min) with saponin buffer, the cells were incubated
with a rhodamine red-conjugated anti-mouse IgG at 1:200 dilution and
fluorescein isothiocyanate-conjugated anti-rabbit IgG at 1:200 dilution
(Jackson ImmunoResearch Laboratories) for 1 h at room temperature.
After three washes (1 min) with saponin buffer and one wash with PBS,
coverslips were mounted and rhodamine red-labeled 8, AR and fluores-
cein isothiocyanate-labeled MAGI-3 were visualized with a Zeiss LSM-
410 laser confocal microscope. Multiple control experiments, utilizing
either transfected cells in the absence of primary antibody or untrans-
fected cells in the presence of primary antibody, revealed a very low level
of background staining, indicating that the primary antibody-depend-
ent immunostaining observed in the transfected cells was specific.

Phospho-ERK Assay—Twenty-four hours after transfection, cells
were split into 6-well dishes and incubated in serum-free medium over-
night prior to experiments. Agonist stimulation was performed at 37 °C
in serum-free media for 5 min. The medium was removed, and cells
were then harvested in SDS-PAGE sample buffer. The samples were
sonicated briefly and analyzed via SDS-PAGE. The levels of p42/44 ERK
phosphorylation were visualized by Western blot using an anti-phos-
pho-ERK1/2 antibody (Cell Signaling Technology), whereas the levels of
total ERK in the same lysates were assessed using an anti-ERK antibody
(Cell Signaling Technology). Immunoreactive bands were visualized via
chemiluminescence and quantified using NIH Image 1.62. For each
sample, the level of phospho-ERK immunoreactivity was normalized to
total ERK immunoreactivity. Variation in total ERK immunoreactivity
between samples was typically very small (<10%), so only a small
amount of normalization was required in each experiment.

RESULTS

Proteomic Analysis of B,AR/PDZ Interactions—To obtain a pano-
ramic view of the set of PDZ domains that bind to 8, AR, a GST fusion
protein corresponding to the B; AR-CT was purified and subsequently
used in overlay experiments. Individual His/S-tagged fusion proteins of
96 distinct PDZ domains were purified and spotted on a gridded nylon
membrane (1 pg of fusion protein/bin) and then overlaid with purified
B,AR-CT-GST (100 nm). As shown in Fig. 1, B;AR-CT did not bind to
the majority of PDZ domains on the array but rather bound strongly to
a handful of specific PDZ domains. These included MAGI-1 PDZ1 (bin
Al), MAGI-2 PDZ1 and PDZ2 (A5-A6), PSD-95 PDZ3 (B8), CAL PDZ
(B10), and GIPC PDZ (D8), which are PDZ domains that have previ-
ously been reported to bind to 3;AR-CT (3, 4, 7, 8). The overlays of the
PDZ array also revealed 8,AR-CT interactions with MAGI-3 PDZ1
(A10) and SAP97 PDZ3 (C3), which have not previously been shown to
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interact with B;AR. In matching control membranes where GST alone
was overlaid onto the array, no binding of GST was detectable (data not
shown), demonstrating the low amount of nonspecific binding in these
assays. Because the interaction of B;AR-CT with MAGI-3 PDZ1 was
consistently the most robust association observed, we decided to char-
acterize this interaction further and assess its functional significance.

Structural Determinants of the B,AR-CT Interaction with MAGI-3
PDZ1—The binding of MAGI-3 PDZ1 to various point-mutated ver-
sions of the B;AR-CT was examined in overlay experiments (Fig. 24,
lanes 1-6). The wild-type amino acid sequence of 3;AR is SESKV. The
mutation to Ala of the terminal Val residue, as well as Ser at the —2
position, completely blocked binding to MAGI-3 PDZ1. In addition, the
mutation of Glu at the —3 position also impaired the interaction. How-
ever, mutation to Ala at the —1 and —4 positions had little effect. To
further characterize the structural determinants of this interaction, we
mutated the wild-type SESKV to SESRV, SETKV, and STSKV and
examined the binding of these mutant fusion proteins to MAGI-3 PDZ1
(Fig. 24, lanes 7-9). The mutation to Thr at the —3 position and Arg at
—1 strongly inhibited binding, but the mutation to Thr at the —2 posi-
tion had little effect on the interaction. These findings revealed a selec-
tive inhibition of binding to MAGI-3 PDZ1 by specific point mutations
to three of the last five amino acids of the B;AR-CT.

To examine the binding of the B,AR-CT to full-length MAGI-3
rather than simply the isolated PDZ1 domain, HEK-293 cells were
transfected with full-length V5/His-tagged MAGI-3, and pull-down
assays were performed using purified GST fusion proteins correspond-
ing to B; AR-CT with the terminal Val residue mutated to either Ala, Ile,
Met, or Leu (Fig. 2B). Each of these mutations completely abolished the
interaction between MAGI-3 and 8; AR-CT, revealing a critical impor-
tance of the terminal Val residue in mediating the B;AR/MAGI-3
interaction.

B,AR and MAGI-3 Associate in Cells—We next examined the inter-
action between full-length ;AR and full-length MAGI-3 in a cellular
context. HEK-293 cells were transfected with V5/His-MAGI-3 and
either Flag-B; AR or Flag-V477A, a mutant receptor with the terminal
Val changed to Ala. Co-immunoprecipitation experiments were per-
formed in the presence and absence of stimulation with the BAR-selec-
tive agonist isoproterenol (Fig. 34). MAGI-3 co-immunoprecipitated
with 8,AR, and the amount of co-immunoprecipitation did not signif-
icantly change when ;AR was stimulated with agonist for 15 min. No
co-immunoprecipitation was observed, however, between the V477A
mutant receptor and MAGI-3, revealing the importance of the terminal
Val residue for the cellular interaction of 8;AR and MAGI-3.

In addition to the transfection experiments, we also studied the inter-
actions of full-length endogenous ;AR and MAGI-3 in various native
tissues, including brain, heart, and kidney. Solubilized lysates derived
from these tissues were incubated with an anti-3; AR antibody linked to
protein A/G-agarose beads, and the resultant immunoprecipitates were
probed via Western blot for MAGI-3 co-immunoprecipitation using an
anti-MAGI-3 antibody. Robust co-immunoprecipitation of MAGI-3
with B;AR was observed from all three tissues (Fig. 3B). These data
reveal the existence of a physical complex between ;AR and MAGI-3
in native tissues where neither protein is overexpressed.

The potential co-localization of 3;AR and MAGI-3 in cultured cells
was examined via immunofluorescence microscopy (Fig. 4). HEK-293
cells were transfected with V5/His-MAGI-3 and/or Flag-3,AR or Flag-
V477A. When expressed alone, 3;AR and the V477A mutant receptor
were both predominantly localized to the plasma membrane (Fig. 44),
whereas MAGI-3 expressed alone was found predominantly in the
nucleus, with light cytoplasmic staining also evident (Fig. 4B). Strikingly,
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when co-expressed with wild-type B;AR, MAGI-3 was found almost
exclusively at the plasma membrane where it co-localized well with
B,AR (Fig. 4, C-E). In contrast, no co-localization was observed when
MAGI-3 was co-expressed with V477A (Fig. 4, F-H), as MAGI-3
remained predominantly targeted to the nucleus and exhibited little if

any co-localization with the mutant receptor. Stimulation of the cells
with isoproterenol (15 min) had no significant effect of the extent of
B1AR/MAGI-3 co-localization (data not shown). These data confirm
the findings from the co-immunoprecipitation experiments that 8; AR
and MAGI-3 can interact in cells and, furthermore, reveal that this
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FIGURE 3. Cellular association of full-length MAGI-3 and full-length ,AR. HEK-293
cells were transfected with V5/His-MAGI-3 in conjunction with either Flag-B8,AR wild-
type or Flag-B,AR V477A. Cells were incubated before harvesting in the absence or
presence of the B, AR-selective agonist, isoproterenol (/so, 10 um, 15 min), as indicated in
the figure. Co-immunoprecipitation of MAGI-3 (top panel) was apparent under basal
conditions (lane 3) as well as after the cells had been stimulated with isoproterenol (lane
4). Co-immunoprecipitation was not evident, however, when MAGI-3 was co-expressed
with the V477A mutant receptor (lane 5), revealing the importance of the valine residue
at the carboxyl terminus of 3, AR. Empty vector (lane 7) and MAGI-3-V5/His alone (lane 2)
were transfected as negative controls. The lower panel reveals the relatively equivalent
expression of Flag-B,AR and Flag-V477A. These data are representative of five inde-
pendent experiments. [P, immunoprecipitation; /B, immunoblot. B, 3,AR and MAGI-3
interact in native tissues. Solubilized lysates from homogenized rat tissues (heart, brain,
and kidney) were subjected to immunoprecipitation with a specific anti-8, AR antibody.
The immunoprecipitated complexes were then probed with an anti-MAGI-3 antibody
via Western blot. MAGI-3 was found to robustly co-immunoprecipitate with 3;AR from
all three tissues (lanes 2—4; n = 3 for each tissue). In contrast, MAGI-3 was not detected in
samples that were immunoprecipitated using an irrelevant antibody (first lane). Molec-
ular mass standards (in kDa) are shown on the left.

interaction results in a striking redistribution of MAGI-3 from the
nucleus to the plasma membrane.

MAGI-3 Modulates B,;AR-mediated ERK Activation—We next
explored the potential functional significance of the B;AR/MAGI-3
interaction. Because it has previously been reported that PSD-95 and
MAGI-2 strongly regulate 8; AR agonist-promoted internalization, we
studied B; AR endocytosis from the cell surface in the absence and pres-
ence of MAGI-3 co-expression. However, B;AR internalization in
response to a 15-min stimulation with isoproterenol (10 uM) was not
found to be significantly different when B;AR was expressed alone
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FIGURE 4. Co-localization of MAGI-3 and wild-type 3, AR but not the V477A mutant
receptor in cells. HEK-293 cells were transiently transfected with FLAG-tagged ;AR
alone (A), MAGI-3-V5/His alone (B), Flag-B,AR wild-type plus MAGI-3-V5/His (C-E), or
Flag-B,AR mutant (V477A) plus MAGI-3-V5/His (F-H). After fixation and permeabiliza-
tion, cells were stained with a mouse anti-FLAG M2 antibody followed by a Texas Red-
conjugated anti-mouse IgG and/or stained with a rabbit anti-His antibody followed by a
fluorescein isothiocyanate-conjugated anti-rabbit IgG. Co-localization of wild-type 8, AR
with MAGI-3 is revealed in yellow following merging of the two individual images, as

shown in E. These data are representative of 4-6 independent experiments for each
condition.

B1AR
V477A

(18 £ 4%) versus when B;AR/MAGI-3 were expressed together (16 =
5%, n = 4). In further functional studies, no differences were observed in
cyclic AMP generation following isoproterenol stimulation of ;AR
expressed alone (5.6 = 1.2-fold over untransfected cells) versus B; AR/
MAGI-3 co-expressed (5.1 = 1.0-fold over untransfected cells, n = 3).
However, as shown in Fig. 5, co-expression with MAGI-3 had a substan-
tial effect on B;AR-mediated activation of ERK. Isoproterenol-stimu-
lated ERK activation was more than 6-fold for B, AR expressed alone but
less than 4-fold when 3; AR and MAGI-3 were co-expressed (Fig. 5A4). In
contrast, no significant effect of MAGI-3 co-transfection was observed
on the ability of the V477A mutant receptor to couple to ERK activation
(Fig. 5B). A quantification of these data is presented in Fig. 5C. The
magnitude of the attenuation of B8;AR-mediated ERK activation by
MAGI-3 was comparable at three different time points (Fig. 5D). West-
ern blot analyses revealed that MAGI-3 co-expression had no effect on
the total expression levels of ;AR and also revealed that wild-type
B;AR and the V477A mutant receptor were expressed at comparable
levels. The stimulation of ERK phosphorylation induced by both wild-
type and mutant 3;AR was completely blocked by pretreatment of the
cells with pertussis toxin, which indicates a requirement for 8, AR cou-
pling to G;/G, in this signaling pathway (data not shown). These data
suggest that the ability of MAGI-3 to modulate 3, AR coupling to G;/G,
and downstream ERK activation is dependent on the physical interac-
tion between B, AR and MAGI-3.

Differential PDZ Domain Interactions of B;AR and B,AR—B, AR and
B,AR exhibit a high degree of sequence similarity, and even their car-
boxyl-terminal motifs (ESKV for B,;AR versus DSLL for B,AR) are
roughly similar, featuring acidic residues at the —3 positions, Ser resi-
dues at the —2 positions, and hydrophobic residues with long aliphatic
side chains at the terminal positions. To examine whether there may be
any overlap between ;AR and B,AR in their interactions with PDZ
domains, overlays of the PDZ domain array were performed with fusion
proteins corresponding to the carboxyl termini of both receptors. As
described above, B;AR-CT interacted with MAGI-1 PDZ1, MAGI-2
PDZ1/2, MAGI-3 PDZ1, PSD-95 PDZ3, SAP97 PDZ3, CAL PDZ, and
GIPC PDZ (shown earlier in Fig. 1). In contrast, overlays of the PDZ
array with B,AR-CT resulted in a pattern of binding completely distinct
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FIGURE 5. MAGI-3 specifically inhibits B,AR-stimulated ERK activation. COS-7 cells
were transiently transfected with Flag-8,AR, Flag-V477A mutant receptor, and/or
V5/His-MAGI-3. Twenty-four to forty-eight hours after transfection, cells were treated
with serum-free medium overnight. Serum-starved cells were stimulated with 10 um
isoproterenol (Iso) for 5 min at 37 °C. ERK activation was assayed as described under
"Experimental Procedures.” Expression of MAGI-3 was found to dramatically inhibit
B,AR-mediated ERK activation (A) but have little effect on ERK activation by the V477A
mutant receptor (B). C, quantification of the effect of MAGI-3 on B,AR- and V477A-
mediated ERK activation. The amount of phospho-ERK immunoreactivity observed fol-
lowing isoproterenol stimulation was expressed as a fold of the phospho-ERK immuno-
reactivity in the absence of stimulation. D, time course of the effect of MAGI-3 on 3;AR-
mediated ERK activation. The results from cells transfected with 3, AR alone are indicated
by the squares and solid line, whereas the results from cells co-transfected with 3;AR/
MAGI-3 are indicated by the triangles and dashed line. For both C and D, the data and
error bars represent means = S.E. for three independent experiments. The asterisks indi-
cate a significant decrease (p < 0.05) relative to phospho-ERK immunoreactivity in the
absence of transfected MAGI-3. WT, wild-type.

from that observed for B;AR-CT. As shown in Fig. 64, B,AR-CT bound
strongly to NHERF-1 PDZ1, NHERF-2 PDZ1, NHERF-2 PDZ2, and
PDZK1 PDZ2 but bound only weakly or not at all to other PDZ domains
on the array. To study the importance of the terminal amino acid in
mediating this difference in PDZ binding specificity between 8;AR-CT
and B,AR-CT, the aforementioned 3;AR-CT point mutant with the
terminal Val mutated to Leu (ESKL) was utilized to mimic the terminal
position of B,AR. Strikingly, this mutant did not detectably bind to any
of the PDZ domains that bound well to the wild-type 8; AR-CT. Instead,
the ESKL mutant bound strongly to NHERF-1 PDZ1, NHERF-2 PDZ2,
PDZK2 PDZ2, and also bound weakly to MAGI-3 PDZ5 (Fig. 6B),
whereas mutation of the terminal Val residue to Ala (ESKA) resulted in
a fusion protein that did not bind strongly to any of the PDZ domains on
the array (data not shown). These data emphasize the specificity of
binding between PDZ domains and their targets, as a single point muta-
tion to the B;AR-CT resulted in a switch of its PDZ domain binding
specificity to a profile much more comparable with that of the
B,AR-CT.

DISCUSSION

Interactions between the ;-adrenergic receptor and Class I PDZ
domain-containing proteins have been uncovered previously via several
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different techniques. B;AR interactions with PSD-95 (3) and GIPC (7)
were identified in yeast two-hybrid screens, whereas associations with
MAGI-2 (4), CNrasGEF (6), and CAL (8) were identified via biochem-
ical approaches. To get as comprehensive a view as possible of B;AR/
PDZ interactions, we turned to a proteomic approach in which most
known or putative Class I PDZ domains were expressed as fusion pro-
teins and arranged in a proteomic array. Screens of this array with
B1AR-CT revealed interactions with most of the previously reported
PDZ partners of 3;AR, as well as associations with two novel partners,
SAP97 and MAGI-3. The interaction with MAGI-3 was shown to occur
in cells and to exert significant effects on ;AR signaling, thereby vali-
dating the use of the proteomic PDZ array as a means of identifying
physiologically relevant interactions between PDZ scaffolds and trans-
membrane proteins, such as 3;AR, that possess potential PDZ-interact-
ing motifs. B;AR is known to regulate cellular physiology primarily by
coupling to G, but disruption of B;AR/PDZ interactions in cardiac
myocytes has been shown to result in dramatically increased coupling of
the receptor to G; (18). The relevant PDZ interaction underlying this
effect has not been conclusively identified, although it has been shown
in COS-7 cells that B;AR association with GIPC leads to decreased
G;-mediated ERK activation by B;AR (7). Interestingly, our data
reported here reveal that MAGI-3 interaction with 8, AR also strongly
impairs G;-mediated ERK activation by 3; AR. These findings reveal that
inhibition of G; coupling to ;AR is not unique to GIPC, but can also be
mediated by other PDZ partners of 3;AR. It is possible that such alter-
ations in receptor coupling to G proteins may occur through allosteric
changes in the accessibility of the G protein binding pocket of the recep-
tor following receptor association with PDZ proteins. MAGI-3 is known
to be abundantly expressed in cardiac tissue (19); thus 8; AR interaction
with MAGI-3 in cardiac myocytes may contribute to the previously
observed importance of the 3; AR PDZ-interacting motif in modulating
B,AR coupling to G proteins in this native cell type (18).

In addition to demonstrating regulation of 3; AR by MAGI-3, our studies
also revealed a converse regulation of MAGI-3 by 3,AR. Specifically, co-
expression with 3; AR resulted in a striking translocation of MAGI-3 to the
plasma membrane, whereas MAGI-3 expressed alone exhibited a predom-
inantly nuclear localization. MAGI-3 was first identified only several years
ago (19), and little is known at present about the set of cellular proteins with
which MAGI-3 can interact. Given the fact that we and others (20) have
observed strong MAGI-3 expression in the nuclei of certain cell types, it is
tempting to speculate that MAGI-3 may bind to various partners in the
nucleus and play a role in transcriptional regulation, as has been shown to
be the case for other PDZ scaffolds (21-24). If MAGI-3 does have a physi-
ological role in the nucleus, then the control of MAGI-3 localization via
association with transmembrane proteins such as ;AR may represent a
novel and specific mechanism by which such PDZ-interacting transmem-
brane proteins can influence nuclear function.

Our screens of the PDZ array revealed that 8,AR interacts with a
narrow set of PDZ partners entirely distinct from the set of PDZ
domains bound by B;AR. These findings are consistent with the fact
that B,AR has been previously reported to associate with NHERF-1
(9-11) and NHERF-2 (10) but not with any other PDZ partners. Inter-
estingly, mutation of the last amino acid of the 8; AR-CT to match the
last amino acid of B,AR-CT resulted in a striking change in 3, AR/PDZ
interactions, with the B;AR-CT now exhibiting strong binding to the
NHERF PDZ domains instead of its normal set of PDZ partners. This
observation emphasizes the specificity of interactions between GPCRs
and their associated PDZ scaffolds. ;AR and B,AR are known to bind
the same endogenous ligands and couple to the same G proteins but yet
are also known to exert significantly different effects on cellular physi-
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FIGURE 6. Switch of B, AR-CT binding specificity |
to a B,AR-like profile via mutation of the termi- H1 H4 7 T R
nal amino acid. Equal amounts (1 ng) of purified
His-tagged fusion proteins corresponding to 96

distinct PDZ domains were spotted on nylon
membranes. Overlay with GST fusion proteins (100
nm) corresponding to either the B,AR-CT (A) or a
point-mutated version of the 3;AR-CT (denoted in
B by replacement of the terminal valine residue
with leucine, ESKL) resulted in a switch of the
B1AR-CT binding specificity to a profile more sim-
ilar to that of the B,AR-CT. These data are repre-
sentative of 3-5 independent experiments for
each condition.
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ology in certain cell types (2, 25-32). The association of the two recep-
tors with unique sets of PDZ scaffolds is likely a key factor that underlies
the distinct cellular actions of ;AR and B,AR.

Differential association with PDZ scaffolds represents both a poten-
tial molecular explanation for differences between BAR subtypes and
also a probable mechanism underlying cell-specific differences in 8; AR
signaling and trafficking. Like most GPCRs, 3, AR exhibits marked var-
iation in its behavior in distinct cell types, with substantial differences in
the rate and extent of agonist-promoted internalization being especially
notable (12-15). Most PDZ scaffolds are not expressed uniformly across

2826 JOURNAL OF BIOLOGICAL CHEMISTRY

all tissues but instead tend to exhibit profound differences in expression
levels between different tissues and cell types (1). Thus, interactions of
GPCRs such as B;AR with PDZ scaffolds that exhibit distinctive pat-
terns of expression across different tissues may account for many exam-
ples of cell-type specific regulation of GPCR signaling and trafficking.
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